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Lessysttmes mécatroniqummbinentdes éléments issus du génie mécanique, électrique, contrdle

et logiciel. Due a la nature mUlGRPDLQH GH FHV VA\VWqgqPHV LO HVW QpFl
processus de conception optimal afin de réduire le temps et le cout de développement. De ce fait,
CHWWH WKqgVH VILQW p{ddhseptidn Xl [dUEaRNd ddassiE ide dédeloppement.

Ces boucles peuvent étre causé entre autresigmrinteractions négativagui affectent la
SHUIRUPDQFH HW OYLQWpJUDWVRQ FHde¢titomhe EBIRsgaaiéttete HW VR
du systéme.

SUHPLqQUHPHQW FHWWH WKgVH SURSRVH XQH QRXYHOOH PpW
HW GfpYDOXHU OHV GpSHQGDQFHV GXUDQW OHV é&suideVHV LQL
utiliséedans la créaVL RQ G Y ¥uD per@ed He représenter le niveau total de dépendances
QpJDWLYH GX VA\VWgPH /YLQGH[ HVW HQVXLWH XWLOLVp GDC
choisir des systémes étant plus faciles a concevoir. Finalement, une méthode dmatioodéli

permet de considérer de facon concurrente les dépendance positive et négative est présenté.

Par la suite, cette thése propos§ IWLOLVHU OHV QRPEUHV IORXV DILQ G
parametres. En premier lieu, la thése montre quedesres flous peuvent étre utilisé afin de
VLPXOHU OH FRPSRUWHPHQW GTXQ V\VWgPH PpFDWURQLTXH \
de conception utilisant la simulation floue est proposée afin de concevoir les systéemes
mécatronique de facon robusize plus, les nombres floues permettent de déterminer la stabilité

GX V\ VWgPH FH TXL SHUPHW OH GpYHORSSHPHQW GYXQH PpW
LQWpJUp TXL FRQVLGqUH j OD IRLV OYfDVSHFW SK\VLTXH HW |
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Mechatranic systemsare highly integrated devices, with elements from mechanical, electrical,
software and control engineering is thusnecessary to ensure a streamligedignprocess to
reduce development time and cost. Consequently, this thesis researtdmesssne of late stages
redesigns in mechatronics. The late stages redesigns may occupdoigléanswhile integrating

the different components and subsystems. Two saighese redesigns are unpredicted negative

interactions between the elementsha system, anmshadequate performance due to uncertainties.

To deal with the issue of negative interactions, this thesissiiiggestsa modeling methothat

enables to identify and assess negative dependencies early during the designlprectssn

that the modeling method can be efficiently used to detect dependencies that would be detrimental
WR WKH V\VWHPTV SHUIRUPDQFH DQG ZKTHeK Hagt dhHhisX L U H
modeling methodan index representing the total level of negatiependencies present within the
system igproposed The index is shown to be able to predict decrease of perforrdaed® the
negative dependenciaad carthusbe used as a valuable criterion during decision making. Finally,

a modeling method to hardtoncurrentlypositive and negative dependencies is suggested. This
modeling method is shown to have an impact on the currentijirexicomplexity metrics and

should thus allow to better represent the reality of the design.

Furthermore, to deal witthe issueof uncertainties affecting the performance of the system, this
thesis proposes a design methodology using fuzzy n@rfest, it is shown that fuzzy numbers

can be used tanodel andsimulate the uncertain behavior of mechatronic systems waitegb
computationally efficient. Then a robust design methodology is presented and shown to be effective
in optimizing a mechatronic system while reducing the uncertainties in the performance.
Furthermore, based on the use of fuzzy numbers in the modélihg mechatronic system, it is
shown that it is possible to determine the stability of the device under uncertainties. Finally, a fully
integrated robust design methodology is presented, which consider both contrdesagd
parameters selection, and whican be used to mitigate late stages redesigns due to improper

performance.

In sum, this thesis investigates and suggests multiple integrated design solutions to mitigate late

stages redesigns in the mechatronic design process.

P
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CHAPTER 1 ,1752'8&7,21

1.1 Problem Statement

Mechatronic systemare multi-domain devices resulting frothe integration okelements from
mechanical electrica] software and control engineering They are composed of actuators,
electronic systems (sensors, micantrollers), software elements and control algorithimese
systems are present in a wide virief producs such as flight simulators or manufacturing
equipment.The mechatronics domain decomposition and thegous application fields are

illustratedin Figurel.1.
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Figurel.1l: MechatronicdomainsRepresentatigrtaken from1]

Although mechatronic devices are highly versatitgrtmulti-domain nature results in multiple
complex relationshipbeing present between tlrevolved engineering domairig], [3]. These
relationships neetb be addressed as early as possible in the design process to ensure near optimal
designs and design actrgis Hence, the design of mechatronic devices is highéllengingand

the design research community intensively works towards developing araVingpmultrdomain

design methodologies.

One issue that needs to be addressed during the design prtgisg from theseomplex
relationshipsis thecostly late stageredesigns. Late stageedesigs couldoccur in mechatronics
due to unpredictechtegration issue$or instancavhere elements of the systenegatively interact

with one another, resulting in a loss of performance or inability to achieve the desired requirements.



One of the causes die kte stageredesigs are adverse effect depaencies, which occur when
normally operating components/subsystems induce noise that will deteriorate the performance of
other components/subsyste{B$, [4]. These dependencies are difficult tegict since they can

be resulting from a range of factors, and might be unnoticeable if the components/subsystems are
designedoy different teams of engineetdence, there is erucialneed to develop muidlomain
methodologies to identify as early as possible these adverse effects and thus mitigate their effect

during integration

Moreover, another challenge associated with mechatronic degicgsvhich camesult incostly
redesigs, is thar decreasegherformance under uncertainties. Uncertainitiethe desigmmay

arise fromthe fabrication processjeterioration of the components; from the unpredictable
operating environment. Consequently, on top of dealing with customer isgtoifs and
requiremerd, a mechatronic system needs topeeforming in arobustmanner Ensuring thag
mechatronic device is robust is challenging since the performance will be directly linked to the
robustness of the structure (mechanical), robustimeshe sensor performance (electronics),
robustness in the controller (contr@hd robustness in the decision algorithm (softw&ebustly
designing mechatronidevicesthus require well-adapted methods to ensure an efficient and

effective design preess.

Many challengeghusneed to be addressed during the design of mechatronic systeavsid
costly redesigngConsequently,here is a need to create methods, tools, and knowledge that will
support the mechatronic engineers during the dgmigeessMoreover, these methods and tools
need to be used as early as possibtee design process avoid time consuming redesigns when
reaching the latestagesThis PhD thesis subscribes inte#bovementionedines of research

work in terms of:
1. Adverse effects consideration and modeling

2. Robust design



1.2 Research Basis

1.2.1 Research Identification

The aim of this research issapporimechatronic engineers achievmore time andostefficient
mechatronic design process while allowing to obtain optimal systEmswork thus researches
on the phenomena of late stage redesign loops during mechsitlenglopmentA late stage
redesign is referred to as the need to modify the design dsys&m integration, either during
prototyping or manufacturing, due to inadequate performantesgeneric product development

process with the late stages redesigns is shoWwigurel.2.

System-Level Detail Desisn Testing and Production
Design ‘ Ve Refinement and Ramp-Up

Figurel.2: Generic Product Development Process Adapted f&dm

The inadequate performance can be a direct, or indirect, resukgaftive dependencies o

unaccounted uncertainties. Therefore, this resaatudised on thassumptioathat:

x ldentifying negativedependenciesand more precisely adverse effelgpendenciesn
early design stages should help mechatronic engineers to mitigate them early on and reduce

redesign

x Enabling more timefficient robust design methodology should help in allowing a larger
design space to be explored, and thus mitigate efifiect of uncertainties on the

performanceThisshouldthenavoid redesigadue to unaccounted factors.

Consequentlythe goal is to develop methods and tools that would help in better handling negative
dependencies and carry out more efficient robustgdemethodology during the early design

stages. This PhD thesis will thus try to answer the following research questions.
¥% RQL: How can negative dependencies be identified early during the design process?
¥ What are negative dependenciesnachatronic systas?

¥ Which negative dependencies would be the most impactful to system perfoPmance



¥ How can negative dependencies be modeled early during the design process
¥ RQ2: How can negative dependencies be used in early design stages?

¥ How can negative dependencies modelingritegrated to thelecisionmaking
proces8

¥ Whatdecisionmakingtool would allow effective use of negative dependencies?

¥ RQ3: How canmechatronic systems be robustly designed in an efficient and effective

integratel manner?

¥ What computationally efficient method can be used to compute uncertain response

propertie®

¥ Which optimization process can be used for an effective robust design methodology

in mechatronics, and which will allow to consider the mddtmain objetives?

¥, RQ4: How can the effect of negative dependencies be integrated while carrying out a robust

design methodology on mechatronic devices?

1.2.2 Research Hypothesis

This researclises one main researipothesis:

Fuzzy numbers can be used to capturencertaintiesrelated to the identification of negative
dependencies early during the design process while also enabling to develop

computationally efficient robust design methodologes
It is thereforehypothesized thdiy using fuzzy numbers, it will bgossible to support mechatronic

engineers in the early design stages.

1.2.3 Research Objectives

Based on the previously enumerated research questiahshypothess, the main research
objective of this thesis statedas follows.

Developingdesign support toolsthat use fuzzy numbers and whictwould allow to mitigate

late stages redesigns

From this main objectives, uiitiple subobjectives can be derived:



% SO1: Develop a methodology to assessid modelnegative dependenciaturing the

conceptual design phaasing fuzzy numbers

¥, SO2:Develop a method to integrate negative dependency moadéiB@l in thedecision

makingprocess during the conceptuasignphase
¥, SO3: Develop a robust optimization prasethat would

¥ Use fuzzy numbers to obtain uncertain performance properties of mechatronic

devices

T Integrate the dependency modeling of SO1

1.2.4 Research Methodologyand Research Process

In order to achieve the aboweentioned objectives and sobjectiveghis projecfollows thethree

steps methodology.

x Dependency Assessment his will be handled byhedevelopmentf a multidimensional
dependencythat will enable the appropriate assessment of the various dependencies
existing between the subsystems. Based on the classification of product related
dependenciepresented i3], it is possible to use thesategories as reported [B] such

as adverse effect.

The defined categories will allow to determine a level of dependency between the
subsystems based on the number of product retependencies. In order to accotort

the desigrrelated uncertainties, fuzzy numbers will be assigned teaheus dependency
dimensionsFinally, the modeling and assessment of the dependency wilbhe in a

design structure matrix.

x DecisionM aking During ConceptualDesign The modeling of the dependengsing the
design structure matrix needs to be used during decision making. To do so, elements from
graph theory will be used to consolidate the various dependencies into an index usable
during decisio making. This index will then be tested with various case studies to ensure

that it properly represents the reality of the design.



X Robust Optimization: Theneed foran efficient and effectiveéobust design methodology
will be handled using fuzzgimulation. The fuzzy simulation will use principles of fuzzy
arithmetic to calculate the uncertain response. This should allow to save computational
time. Then, the uncertain dynamic response will be used in an optimization loop, where the

aim will be toreduce the fuzzy uncertainty.

Moreover, his research has been accomplished following the Design Research Methodology as
suggested if7]. In the subsequent sections, elements from the methodology such as the Initial
Reference Model (IRM) and the Area of Relevance and Contribution (ARC) diagram will be
presented. Moreover, following the design research methodoldgy, dhe research stages are :
Research Clarification, Descriptive Study 1, Prescriptive Study, Descriptive Study 2. These stages

are clarifiedin Tablel.1.

Tablel.1: Research Methodology Stage

Stage Description

Research Clarification (RC) To clarify current understanding of tf
existing situation while identifying researt
goals, research questions, and rese:
hypotheses

Descriptive Study 1 (DS1) To obtain a detailed understandingeadsting
situation while suggesting factors to addr
during the PS stage.

Prescriptive Study (PS) To develop a design support and its evalua
plan
Descriptive Study (DS2) To evaluate the usability and usefulness of

design support

For each of the research questions presentib@ iprevious sectigithe aforementioned stages will
be carried out following therocessn Figure 1.3. It can thus beseen that the various methods

developed will be tested and improved based on\thél ¥waldafion. Moreover, insight and



knowledge acquired from previdysdevelopedmethods will be used in the development of the

othersubsequenthethods.
( N O
RC DS1
RQ1
RQ2
RQ3
RQ4
\ J N N l\ S
Litterature ‘ Tool D Synthetic Experimental Industrial
Survey o ey Case Study Case Study Case Study
(CS= Case Study M= Method

Figurel.3: Research Process

1.2.5 Line of Argumentation

Throughout this work, two &in lines of argumentation will be used to demonstréie need to
mitigate late stage redesigns. To express dmsnitial reference model (IRM) will be usgf]. An
IRM expresseshe relationship between various factor of influence. It is possible to describe in a



visual manner what is the effect of the increéseor decreasd€-) of one of thefactorson a
subsequent factor while enabling to state whether it is based on asswnitgoature or

experience.

First, the late stage redesggnay be linked to the improper integration of the various subsystems.
Indeed, it is often challenging to deal with complex systasitheir structure will be divided into
smaller modules, whickvill be developed by different teams. However, optimizing individual
modules, or subsystems, may not necessarily result in an optimal system due to negative
interactions. These negative interactions may thus lead to late stdgsigns, where integration

is done, and would result in costlier development process. The IRM fosshesis displayed in
Figurel.4.

Furthermore, another fagtthat would affect the redesign is improper system performance due to
unaccounted uncertainties. Indeed, no process being perfect, there will always be tolerances that
will need to be specified for the mechanical or electrical components. Moreovergvapgrating

conditions (dust, humidity, wind, temperature) could lead to a perturbation in the performance of

the system. If the uncertainties are not included from the beginning in the design process, this may
lead to costly redesigns when prototypes @ XIDFWXUHG GHYLFHY DUH WHVWFE
meet initial requirements. The IRM for this second issue is showigunel1.5.
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1.2.6 ResearchContribution and Deliverables

This thesis contributes to the existing knowledge in various Wayillustrate the contribution, an
area of relevance and contribution (ARC) diagfZms shown inFigurel.6. ARC diagramsllow

to represent through a mogdsimilar to a mind mapwvhich knowledge bases are necessary fer th
currentwork and to whickknowledgebase thework contributs. The contribution of this Ph. D.

work is summarized as:
1. A method that allows to identify adverse effects early during the design process

2. A complexity metric that represent the level of negative dependencies present in a system,
and which can be used as a criterion for concept evaluation

3. A design methodology thaseduzzy simulation to robustly optimize mechatronic devices

Finally, the deliverablefahis PhD work is in two parts:

1. A series of6 research articles relating the scientific development and contributions

accomplished during the span of the PhD studies

2. A set of freely available numerical todlsnd their respective documentation, that \aoul

allow:
a. the identification of negative dependencies early during the design process,

b. the integration of negative dependency modeling during early design decision

making,

c. to carry out efficient and effective robust design methodology with the information

available during early design stages

! The tools and developed codes are availabldidps:/github.com/COSIM.ab
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CHAPTER2  +2: 72 5($' 7+,6 76(6

The work in this thesis is reported in a papased formatrigure2.1 displays the layout of this

work, along the various papers that were written. Being highly linked together, the introduction
and literature review sections of the various papers may seem redundant if read for each article.
Hence, a collection ofKH SDSHUVY LQWURGXFWLRQ KDV EHHQ LQWHJU
thesis, in the literature review. Therefore, the reader will instead be directed towards the core parts
of the research articles. Provided that the background information secibadrapreviously read,

doing so should ensure a more streamlined and more pleasing reading. The reader is obviously
more than welcome to go through every research article as a whole. The two streams part of the
core of the thesis (Papetb) are further dtailed in the following susections. Finally, the other

paper thais QRW LQ WKH WK I8)\chvl§e reRIUHtrely @tSdddd not have similar
backgroundPaper 5 is provided lppendix B. Finally, Appendix C provides anpublished/non
submitted paper (at the time of writing) that investigates the subject of circular economy in

mechatronics.
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Introduction
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General Discussion
& Conclusion

Figure2.1: Layout of the Thesis

2.1 Handling Negative Dependencies

At first, Article 1 suggests a new method for identifying adverse effect dependencies using
knowledge available during the conceptual stage. The developed method uses fuzzy linguistic
variable, such as presented in Sectidhto describe 4 dimensions defining an adverse effect. This
dependency identification method allows to obtain a DSM of the system. Altiete 2 suggests

a graph theoretic approach to condense the informafitte DSM, obtained from the method in
Paper 1, into an index that can be used in decisiaking.Article 1 andArticle 2 only considers
negative effects. To cope with thisrticle 3 suggest a method for better concurrently handling
positive andhegative dependencies at both the system modeling level, and system analysis level.
The sections for a streamlined reading, continuing f@vapter 3andChapter 4are listed imrable

2.1
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Table2.1: Handling Ngative Dependencies Pap&wslected Sections

Article Sections

1: Assessmerdf Dependencies in Mechatronics Conceptual Det 5.5,5.6,5.7

of aQuadcopter Drone Using Linguistic Fuzzy Variables

2: Integrating Negative Dependencies Assessment Duri 6.3,6.4
Mechatronics Conceptual Design using Fuzzy Logic 6.5 excep6.5.1
Quantitative Graph Theory 6.6,6.7

3: Concurrent modeling of positive and negative depender 7.2,7.5-7.8
using complex numbers and its impact complexity metrics
development

2.2 Fuzzy Simulation Based Robust Design

Two papers were written based on the fuzzy simulation of mechatronic systems, Paper 4 and Paper
5. Paper 4 is the first try at using fuzzy simulation to carry out robust design methodology. Paper

5 is more an exploratory work: it uses a slightly differamthmetic than in Paper 4 with another

case study, which was intended to confirm the suitability of fuzzy simulation. Furthermore, a third
paper has been written based on the analysis of mechatronic systems using fuzzy number. Paper 6
suggests a methodahcan be used to include the modeling of the adverse effects in the dynamic
model of the system and analyze its stabilligble2.2 shows which sections are relevant for the

reader to go through.

Table2.2: Fuzzy Simulation BaseddBust Design Selected Sections

Article Sections
4. Fuzzy Simulation Based Robust Design Methodology Full Paper Except Sectio
Mechatronic Systems 8.2.5

5: Robust Design Support using Fuzzy Simulation of Uncer In appendix A: A.4, A5,
Dynamic System: A SelBalancing Robot Case Study A.6

Handling Adverse Effects During the Preliminary Design 10.3.3,10.4,10.5
Mechatronic Devices: A Fuzzy Approach
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3.1 Mechatronic DesignProcess

As any other products, mechatrodeviceshave to go through various design stagéesestages
aredefined as Conceptual Design, Detailed Design @esign Productio8]. The conceptual

desig of a product consists of generating various potential solutions and then choosing the most
suitable one based upon evaluation of the design criteria. The detailed design takes the winning
concept and anatgs the various components in order to deterntireerequired properties so that

the desired design characteristics are met. Finally, the design production is the stage where
decisimsare made as to which processes will be employed in order to manufacture the product.
Moreover, there is often a fourth stage thatdesideredn mechatronic design: the preliminary
phase. Preliminary design is usuatigrried outbetween the conceptuphase and the detailed

design as a meawf obtairing initial dimensiors and control parameters.

The traditional process is to design mechatronics in a sequmatnedey where first the elements
from the mechanical domain are designed, then electramcsfinally the control method and
algorithms are developed. Howeverechatronicsystemsandthar subsystemsare subje@dto
complex dependencie$hese dependencieannegativelyaffect the performanseof the overall
system by making produgttegation activities more complexThese dependencies may result in
costlyand time consuming redesign if they are detected late during the design [Sjoddsace,

it is of the utmosimportance to design the mechatronic systems concurrently in order to achieve
a near optimatlevice[10]. The concurrent design allewdesign engineers to avoid the trap of
spending too many resourcashieving optimal subsystems in a specific dorwéhile taking the

risk of not forming an optimalintegrated devicg3]. This concurrat process is often referred to as

integrated design.

The usualmethodto carry outanintegrated desigmethodologyis by following the V-Design
approach, where first a system level design is carried out, tbemcarrentdomain specific one,
and finally system integration iachieved and this for each of the design stages. THa2egign

process for mechatronic development is showriguire3.1.
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Requirements Production

Requirements Verifications

<

Domain-Specific Design

Conceptual
Preliminary
Detailed
Prototyping ———

Figure3.1: V-Design Process adapted frii]

However thereexistsmany identified challenges related to the desigmethatronicsystemg2],

with the most notable and importabéing product related. Product related challenges can be
associated with the difficulty in assessing the conserpsof choosing between design
alternatives, lack of common design language and to the difficulty of transferring information
between the different engineering disciplines within product design pri@}edsor assessing the
consequences of selecting an alternative between two product cotieeptghosin [2] identifies

four solutionsRelationship managemef@esign Structure Matrice®omainMappingMatrices,
Informal descriptions (A3 overviewgl2]), Formal language description (SysMIL3]) and
Mechatronic concept descriptipandfinally simulation of phenomena (modelica, bond grdgh,

[15]).

Furthermore, the lack of common design language, unifying the design activities in the different
engineering domains, can be addressed by controlling design activities themugremers
management (systems engineering), and again by informal description and modeling language.
Finally, the challenge of transferring information can be dealt with by using systems engineering

and design model transformatifi6].
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To better deal with the aforent@ned challenges, each of the design stages in thdesign
process requianvell-adapted methodbleverthelesgt is stated irj8] thatalthoughthe conceptual
design stage is the one having the highest impact on tdepfioduct;t is alsothe one having the
least amount of available tools thus provides théighest opportunity for research as shown in
Figure3.2. Hence, there is a need to improve concefarad preliminaryjlesign tools to facilitate
the design process he currently existingnethodsfor the earlymechatronic desigrstages

(concepual, preliminary), and their common drawbacks, are described in the following section.

SUO0ISI29p JO Joeduw
$]00} Jo AjijiqejieAy

Conceptual Detailed Design
Design Design Production

Figure3.2 : Potential of research in conceptual design, taken [8m

3.2 Integrated Conceptual Design of Mechatronic Systems

Multiple researchworks have beencarried outin order to develop integratesbnceptualdesign
methodologiego facilitate decisiormaking. One ofsuchis the Mechatonic design quotient
(MDQ) [17], which consists of assessing the degree to wdsthsystem, such as a mosmatisfies
thedesignrequirementgspeed, weight, cost) usiagoercentage based level of satisfactoovards

the desired propertie$he MDQ has further been used to evaluate elite concepts of mechatronic
systemswhere, in this case, theystem was seen as a whole and therefore thgrdessieria were
assessed for thantiresysten{18]. The Mechatronic Index Vector (MIV) as proposed18j, [20]
considers three elements important to mechatronic systems (complexity, intelligence, flexibility)
and uses a fuzzy linguis scale to measure performance of the elemd®is Anothersolution

developed fomtegrated desigim a preliminary stage whichas stated previoushyidges between
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conceptual and detailed desigsithe Mechatronic Design Indicator (MD[21] that consists of
assessing the overall design performance of the system through a weightegatggof
performance metrics (ex: speed of response, accuracy, stabifity)assessment is carried @ut

[21] through the training of a neural network which is used in order to aggregate the various

metrics.

An approach combining the MDQ ahlV is developed in[22] £24]. The authorsntroduce the
multi-criteria mechatronic profile (MMPR which consiss of a vector comprising the most
important criteria for mechatranidesign namely the machine intelligence quotient, reliability
score, complexity, flexibility, and casMMP aggregates the criteria in order to obtain a global
design score that can be used by the design engineer for decision.support

Finally, the authos in [25] suggestto usethe abilities of the mechatronic systémevaluate a
concept§ preformance. These abilities are described as atleptability, configurabity,
dependability, etcThe authors use a scale to describe and evaluate the capacity of the system
towards the abilities, and then aggregate the evaluation using the Choquet integral to form a global

conceptscore.

Although the MDQ, MDI, MIV, and MMP ar@ntegrated conceptual design methods, they only
consider the whole system during the evaluation of the various criteria and not how each
componensubsystencontributes to the performance required by the design criteria. Furthermore,
ERWK WKH 0'4 DQG 003 HYDOXDWH 3HOLWH™ FRQFHSWV WKDW
omit the actual optimal solutionFinally, none of thementirely consider the complex
relations/dependencies between the various subsysteatged in the design procesgen though

it is one of the majoissuedo deal with during the design process.

3.3 Dependenciesn Mechatronics

A dependency is defined as being the relaimmthat exsts between twalements (components,
subsystems, systems) whenever one of tlfgra dependent)s affected by the othefthe
antecedent)However, a dependency is not limited to components/sgstadeed, a dependency
can be defined between functions dpde power), means (battery), and propertipewer
capacity. The research work presented3ih propcses a classification scheme fwoduct related

dependenciethat can be utilized when modeliagmechatronicystemas shown irFigure 3.3.
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Furthermore,liese dependencies calsobe classified as beingtra-packageintra-system, inter-
system intradomain and intedomain [26]. They shall be defined, lacking formal definition

specific tomechatronicsas sub:

X Intra-Package A dependency that exsstvithin a componentueh as the type of battery
(mean) and the durability (property)

X Intra-System A dependency that exssiithin a system such as the one existing between

D PRWRU Yo dr¥afembtioRD@Q@ G D ED W W kbpidyide pdv@EF W L R Q

X Inter-System A dependency that exsbetween two systems such as dibyewire
steering device command system and wheel actuation system.

x Intra-Domain: A dependency that exstvithin a domain of engineering such &go
functions related to an enginesfmn motion: lineato-rotational motion transformation and
induce vibration.

X Inter-Domain: A dependency that will exist between two domains such as the adverse
effect of a motor vibration (mechanical/electrical) on an accelerometer (electronics)

Domain Theory Id # Identified productrelated  Description

categories dependencies

Fu—Fu 1 Causal function Interactions between functions when the functionality of the product is seen as a process
flow

2 State/time function Dynamic relations between functions, where functions are executed at a specific time or
at specific events

3 Sync function Dynamic relation between two or more functions where the timing of the initiation or
ending of the concurrently executed functions must be considered

4 Response function Functions react on stimuli from other functions. The size and type of the stimuli have to
be matched between the functions

Fu-M 5 Fu-M disposition Proposing a means to a function in one domain will often have consequences in other
domains in terms of required supporting functions

Cumulative Fu-M The realisation of one function may require means from various disciplines
Adverse effect A means may have an adverse effect associated with it. The undesired adverse effect
can be formulated as a function (e.g. ‘create vibration)

Pr-M 8  Property scheme A single property of a product may have influencing factors allocated to various means.
How these means contribute to the one property is important to clarify to optimise the
product’s performance

M-M 9  Multidisciplinary means Some means have to satisfy boundary conditions, which are important to more than one
engineering discipline

10 Volume allocation Physical means have to be located spatially in the product and the volume may have
changing restrictions during the life phases of the product

11 Liveliness The flow of information between electronics and software must be designed without
causing a system-lock, which requires a cross-disciplinary effort

12 Physical interface Physical interfaces between modules and components have stakeholders from

electronics and mechanical engineering

13 Communication interface  Digital components may have analogue communication incorporated: also analogue
components may have a digital port. To ensure seamless integration, communication
protocols must be evaluated and agreed upon

Figure3.3: Product related dependencies as presented by [9]
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Finally, a dependency can be said tceliberpositive or negative. A positive dependency is one
that helps fulfill the functional requirements of the system. For instance, the dependency between
the battery (a meapand a motor (another mesais said to be positive as it works towards meeting

thefunctional requirement of the system.

Negative dependencies can occur in various forms where one of the common type would be the
noise (heat,vibration, electrmagnetic field) induced by functioning components. Other negative
dependencies are for instanite premature oxidation of components within a product due to
interacting materialfRegardlesshe form of the negative dependenttey will often result irthe

deterioration of product performance and integrity.

An example of a negativéependency is the one that could exist between a battery and a sensor,
when the heat generated by the battery affects the measurement of the sensor. We illustrate the

exampla of positive and negative dependenciebigure3.4.

Transform
Electrical
Energy to
Rotational
(function)

Signal Noise Battery
(Property) (mean)

Provide
Electrical
Energy
(function)

Generate
Heat
(function)

Figure3.4: Representation of positive and negative dependencies

3.4 Dependency ModellingUsing the Design Structure Matrix

Even thoughhe classitation of dependencies can ease titgntification dealing with thenstill
remairsa complex task and thus multiple researchers work toward improving methodologies to do
so. The research reported [&7] presents how SysML can be used to represent semantic
relationshig. Other tools such as tH2esign Structure Matrix (DSMg¢an be applied to model

system architecture, organization structures, processes ateMelvelationkips[28].
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A DSMis in fact the adjacency matrix of a graph. It thegresergthe dependeneesthat would

exist between theomponents of a system using a square matrix of dimemsipn being the
number of components in the systéfhe components of the systems would then be the nodes of
the graph, while the dependencies the edges. Using the DSM would then k@ipsieetta marker

in the matrix atow = i , column = j to theexpress the relationship that exists between the
antecedeni and the dependenj. An example of a DSM is shown Figure 3.5. Moreover,
Domain Mapping Matrice$29] can be used to map the relations and dependencies between
domains in a system artdus can extenthe DSM to be used in complex product development
Finally, by using DSMsand DMMstogether it is possible to form a Mulliomain Matrix (MDM)
whichwould then allowto represenall the component/domain interactions of the system

Figure3.5: Design Structure Matrix

The DSM isonly a mears of representing the relationship between any paielements, as
compared to SYEL which is a modeling languadpaving its own syntax and ontoladegardless
therestill exist modeling methods such as proposef8Bjithat helps identifying the depéencies
(spatial, energy, material, informatiaim)be entered in the DSNking a linguistic scale describing
whether the dependency is detrimental, undesired, indifferent, desired, or refuawgthetic
DSM using this method is shown kigure3.6.
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Figure3.6: DSM Built With the Method ir[30]

Alternatively, tie authors if31], [32] suggest the use of a high definition design structure matrix
(HDDSM). The HDDSMuses the generic types of interactiong3i0] andadd a lowe abstraction

level in their description. Thiallows to describe the interactions in a ma@ecific manner.A

sample of the specific types is displayed able3.1. Consequently, it should be possible to define

the interactionDV EHLQJ 2&RQWURO ,QIRUPDWLRQ ThiQwodeHhig G RI R(
methodshouldthusallow to have a more detailed view of the system that is being developed, and

potentially resulin better analysis and module creation.

Table3.1: Sample Interaction Types Adapted fr§32]

General Type Information Material Energy Spatial Movement
Specific Status Gas Chemical Proximity  Translational
Types Control Liquid Electrical Alignment Rotational
Solid Hydraulic
Magnetic

Furthermore, thevork in [33] suggestto model functional dependencies of mechatronic systems
based on three dependency types: Materiakergy and Information. They also extend the
functional dependency to a secondary type, such as d{8#j,ito better represent the information.
However, instead of using a DSM, the author88] suggest the modeling of dependis using

subsystems/components networks, which is done along the capture of the depefidanties H Q JW K

A lot of research is done around tD&Ms as they aravidely employeddue to their ease of use.
Indeed, the DSM ca be useddasily model a system by usiagsimple spreadsheethile still

remaining a compact representation of informatilthough DSM are easy to use, they are still
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time consuming for the design team. Indeed, it would be requirego over all potential
interactions in order to properly model the syst@wnsequently,acent work has been performed

to use some of the product related dependencies in order to develop a scheme to detect them at an
early design stage by using an afér and affected duality [20]. The former consists of determining
which components affect other components by considering adverse effects (such as heat release
and vibrations).

Many of the presented techniques are used to model dependencies but mbleteformally
quantify the level of dependency that exists within a system. Even though some quantifications are
used in DSM, it is mainly a desigrbased measure and thus the measure might not be transferable
to other systemswhile being prone to wertainty Therefore, to deal witthe imprecisionthis

thesis will poposeg in the subsequent chaptaxsexploit fuzzylogic based fuzzy numbers. Fuzzy
numbers willnot onlyallow the possibility to capture the uncertainty in the assessments of the
desgners but also enable fast computing of uncertain system respesidéng from the negative
dependencies
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4.1 Fuzzy Numbers

Fuzzy numbers arbounded fuzzy sets which also have the properties of being normal, convex,
and upper semicontinoy84], [35]. They represent imprecise information (uncertainty), as
compared to the classical real numbeBIWHQ UHIHUUHG W R wbith feprgdemtS”™ QX P

precise or exact informatioffuzzy numbers have rmembership level #x), specified between
[0,1], andwhichrepresergthe possibility of a value being a member of the nun®ensequently,

the membership at theenter of the number, referred to as ¢bee of the fuzzy numbeis 1 and
outside the supportsvhich bound the number, & such as shown iRigure4.1. Some of the

widely used fuzzy numbers ai@ instanceriangular or trapezoidal in shape

Figure4.1l: Sample Fuzzy Number

One way to represt fuzzy numbers is through a membership functidmchexpreseshow the
membership level variedn this thesis, the LR representation of a fuzzy nuriigrwill be used,
where it is possible to describe the membership of the fuzzy number by its left and right&urves.

trapezoidal(TrFN) fuzzy numbercan thus begiven byu TrEN(a b ¢ d), ; , wherea,d are

respectively the lower and upper support of the fuzzy numbebands the coreThe triangular
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fuzzy number would have the same membership funetsdhe trapezoidal one, but with ¢ .
Table4.1 displays two common fuzzy numbers that will be used throughout this work: Trapezoidal
(triangular), and Gaussian.

Table4.1: Mathematical and GraphicRepregntation of Common Fuzzy Numbers

Type Membership Function GraphicalRepresentation

if x a
88t a b
a© >1

1 if b »xdc

u-gifc x d

d co >
0 if d x

o o1
=
cr‘x o

O@OO

RX)

Triangular/Trapezoidal

Gaussian
s}
=

Furthermore, when working with fuzzy numbers, it is customary to discretize them along their

membershigevel. This discretizations referred to as theD) cuts, and represestinintervalat a

certain membership level. The discretizatisthusbe givenby0 £ D ... O landthe

resultingfuzzy numbemathematicatepresentation bfx], [ X, x] with X ,% being the lower

and upper bound of theterval at agiven D cut . This is further illustrated ifigure4.2.
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Figure4.2: Representation of alpkauts

4.2 Fuzzy Linguistic Variables

This special type of fuzzy numbers, originallsoposed by[36] allows to describe an event or
statement using words. Then, by considering standard triangular/trapezoidal fuzzy membership
functions, each component of the linguistic etsihssociated to a triangular fuzzy number (TFN)

or a trapezoidal fuzzy number (TrFN), which then allows to capture the uncertainty associated with
the linguistic statement. The uncertainty is thus captured by the support around the core of the
fuzzy nunbers. These special fuzzy numbers have been employed in Kansei engif33gyii33]

or to evaluate the appropriateness of alternafi88 A more extensive list of fuzzy linguistic
scales and their use is provided[d9]. Using words to describe a phenomer®ansually more

intuitive thanusingonly anumber. Hence, their use in engineering conceptual design is convenient

An example of a linguistic scale is presentedTiable 4.2 with their respective graphical

representation ifrigure4.3.

Table4.2: Fuzzy Linguistic Scale Examples

Very low Low Medium High Very high

TFN (0,0,0.2) (0.05,0.25,0.45)  (0.3,0.5,0.7) (0.55,0.75,0.95) 0.8,1,1)

TIFN (0,0,0.05,0.2)  (0.05,0.2,0.3,0.45) (0.3,0.4,0.6,0.7) (0.55,0.7,0.8,0.95) (0.8,0.95,1,1)
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aT aT
10 Very Low Low Medium High Very Hig 10 Very Low Low Medium High Very Hig
0.5 0.5 X X X X
0.0 01 02 03 04 05 06 07 08 09 10 0.0 01 02 03 04 05 06 07 08 09 10
() (b)

Figure4.3: Fuzzy Linguistic Scale for (a) TFN and (b) TrEN

4.3 Fuzzy Arithmetic

Fuzzy numbers have multiple properties, one of which is the ability to perform arithmetic
calculations. There are two approaches that are usually defined for the arithmetic operations on
fuzzy numbers. The first one being the use of interval arithmetith@nD cuts of the fuzzy
QXPEHUV DQG WKH VHFRQG RQH E[H. Qhls warlonl kKge\theHitdntkalQ VL R Q
arithmetic approactue to its ease of implementatiand computational efficiency.

4.3.1 Basic Arithmetic
The basiarithmeticoperationson fuzzy numbers are well defined in the literat[84], [35], [41].
For two given fuzzy numbersu,v having membership functions ,~, and D cuts

[u] ,[M,, D°[0,1], the basic operations are givenEqg(4.1) to (4.5) . Moreover, it is showrin

Figure4.4 how the addition operation effectively performed.

Addition
[u \40 [UD VipU p V]‘ (4.1)
Scalar multiplication
ku, kylif kg0
P 42)
u,kylif k,0

Multiplication

vy MUY U Y 40% B Vb

(4.3)
max{u,V ,u ¥ M\, Y V3
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Subtraction
[U \AD [uD V’Du D V] (44)
Division

T CEATI APV AT T 45)
max{u,/v,u jv ,u v, g/ y}

Vi

Figure4.4: Principle of FuzzyAddition

4.3.2 Hukuhara Difference and Division

The difference and division of fuzzy numbers as proposed by interval arithmefit odtshave
multiple drawbacks. Indeed, subsequepérationson fuzzy numbersvould necesaily increase
the spread of the result to a point where it will divergbis would be related to the fact that for a
give fuzzy numbem, according to interval arithmetic principte a {0}:.. Thus, instead of using
the standard definitiomn alternative is through thise the Hukuhara difference and divisjdg]

sothata a {0}, & a {§} . These operations are givenby. (4.6) and(4.7) respectively.

Hukuhara Difference
minti, v,yu, v .

HL Mo D \ 4.6
ol Cu (46)
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Hukuhara Division

W, IV Yy ALB,AILBL,

with
A u,if v, 0 5 E@v[jf Al,0 4.7)
u,if v, 0 =v jf A0 '
. o |
A quf v, 0 B @v[;_f AlL0
u,if v, 0 vjf A,0

Furthermore[42] mentions that the Hukuhara difference and division might not always produce a
proper fuzzy number(convex, upper semicontinuousnd thus suggest an algorithmic

approximation to the result which is givenkq. (4.8).

Given apartiton0 3 p .. DO 1
and W], obtained from 0
the Hukuhara Difference or Division :
3 (4.8
4y W 4 W
sz, min’z W e
Fork N 1,..0:® L °
7, max'z oW g

4.4 Aggregation of Fuzzy Numbers

Aggregation of fuzzy numbers allows to combine them and obtain a single fuzzy ny##jers
The aggregation operations used in this thésisa setX of fuzzy numbersx,, are the geometric

mean(GM) of Eq.(4.9) and arithmetic mea(AM) of Eq.(4.10) [44].

1/n

GM xS 4.9)
i1 ©

AM T ?)q-§ (4.10)
n e
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4.5 Defuzzification

Defuzzification is the process by which a fuzzy number is converted teparermber. There are
multiple ways that fuzzy numbers can be defuzzied, one of which is by using the centroid method
[43]. The centroid of a fuzzy number is given byEq. (4.11).

3R (X) xdx
- (4.11)
3R(x)dx

4.6 Fuzzy Simulation

Fuzzy simulation is used in this thesis as the prdogssich dynamical equations (i.e differential
equations) are simulated with the use of fuzzy arithmetic to compute each time step. As there are
multiple ways to compute fuzzy arithmetitjs necessary to compare the appresctand select

the most appropate one Hence, in this section we demonstrate the difference in computation
between various fuzzy solutions: standard interval arithmetic, transformation rigdh@dspecial
implementation of fuzzy arithmeticand the Hukuhara operationhroughout the comparison,

and subsequent papers in thisrk, the Monte Carlo simulation will be cd LGHUHG DV WKH 3

uncertain response.

Indeed, Monte Carlo simulation is a method to comgheedistribution of a process by varying
the inpusand calculating the statistics of the output. Monte Carlo simulation assumes that the input
variables are edected at random and that they are independent. The process for Monte Carlo

simulation is shown ifrigure4.5.

Draw Variables
from
Distribution

Simulate
System

Figure4.5: Monte-Carlo Simulation Process

To demonstrate thearious methods,a DC motoris usedas a simpleexample The dynamic

behavior of the motor can be approximatedty(4.12).
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Z KU ZI (4.12)

where £ are the angular velocity and acceleratidris the voltage input to the motdf,, I are
the motor constants. Thezzy simulatian is carried out for a step input bf 12 and parameter

values K 65, W 0.0%, and assuming 10% standard deviation on the parameétersthe

simulation, each parameter is instantiated as being a fuzzy number. Conseguenglpperation
of the simulation will be carried out following the fuzzy arithmetic rules. The result of the fuzzy

simulation for the simple DC motor is shownFigure4.6

Figure 4.6 showsthat the stegesponse of the simulation using standard interval arithmetic
diverges, which isan expectedresultdue to the interval arithmetic properti@his simple DC
motor shouldhot be unstable, antbnsequentlyhe standard arithmetic does not provide a good
estimate of the uncertain response, such as the one provided by theQddot&imulation. The
use of the Hukuharaperationswvield similar resulé to the use of the trangfoation method, and

consequently of the Monte Carlo simulation.

Moreover,Table4.3 compareshe simulation time of the various methods. It can be seenghnat

the Hukuhara method is faster than the Monte Carlo simulation (using 5000 iterations) and
significantly faster tharthe transformation method, which was carried out using the method
suggested if46].

Based on the simulation resjlit can be observed that the use of Hukuhara operators wield
promising results as to its use within an optimization loop. Indeed, it is able to reproduce uncertain
behavior without diverging as opposed to the standattnaetic and is much faster than the
transformation method based simulatidon.will thus be the preconized operatidor fuzzy

simulations in this thesis.
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Table4.3: Comparison of Simulation Time for DC Maton Intel i#6700K @ 4GHz

Simulation Type Simulation Time (s)
Monte Carlo 0.084
Standard 0.021
Transformation Methoc 0.453
Hukuhara 0.031

L1

Figure4.6: Simulation Result fobC Motor for (a) Monte Carlo, (b) Standard Fuzzy interval
arithmetic, (c) transformation method, and (d) Fuzzy arithmetic using Hukuhara difference and

division, with the colorbar representing the membership of the response

However, he implementation athe simulation might be challenging for more complex systems

than the DC motorindeed, &hough the use of the Hukuhara operators do result in an accurate
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approximation of the true behavior for the DC motor, it might not be the case for another system.
The work in[47] mentions that a linear system of differential equations solved with the Hukuhara
difference will often have two different possible solutions. The authddBirmentions that one

of the solution (dderivative) will have an increasing uncertainty whereas the othaer{ative)

a decreasing uncertainty.

Consequently[48] mentions that there is no clear way to determine how to solve the differential
equation, using one or the other solution, or if a combination of both needs to be used by
decomposing the time domain. There is thus not yet a waysiare that the solution is neither

over constrained nor under constrained and will be case dependent. However, in the light of
providing mechatronic engineers with a means of simulating mechatronic systems using fuzzy
numbers, we provide a mechatronic sfiesolution, which should be working for any type of

systemsThis is the solution employed for the fuzzy simulations carried out in this thesis.

Controllers are an important part of mechatrotineg will adjust the error from th@esired input
The cortroller command will either be positive or negative depending on the current state.
Therefore, an algorithmic checksuggestetb verify the sign of the control command and adjust

the operation accordingly. This check is provide&dn(4.13), for a control command(t) .

if u(f) @t0 x(t 1) x(t) u(t) dt
else Xt X)) 4 ( ¢y d

(4.13)

Doing so should thus ensure that the Hukuhara difference is used and that the simulation is not
under constrained which would ressin divergence, nor over constrained which would then result
in zero uncertainty around the nominal response. This would be equivalent to alternating between

the Ederivative and the-Berivative of the differential equations.
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Vol.4 pp. 031040

5.1 Abstract

Mechatronic devices are complex systems that integrate the mechanical, software, electrical and
control engineering domains. The mudisciplinary nature of these systems resirita Hghly
challenging design process, and thus it is believed that by using integrated design methodology it
would be possible to deal with the challenges. However, integrated design is difficult to achieve
due to the intrinsic complex interactions that ekistween the components of the system. These
interactions, or dependencies, can result in decreasing the performance of the system while
increasing the design difficulty, and it is thus necessary to deal with them early in the design
process. Although ther@re some methods to model dependencies, no methods exist to deal with
negative dependencies which might affect the mechatronic device. Therefore, we propose a method
that enables to identify and assess the negative dependencies that exist within somechatr
system. We first propose to define a negative dependency between two components through four
dimensions (affecting level, affected level, effect attenuation and functional closeness) and assess
these dimensions using fuzzy linguistic variables. We themonstrate the effectiveness of the
method by using a quadcopter drone as a case study which shows that it is possible to gain

knowledge regarding potential problems during integration.

5.2 Introduction

Mechatronic systems are the result of integration ethmanical components, electronics and
software, all aided by control algorithms. These systems are involved in many different industrial
domains, notably in robotics and in the automotive and aerospace industries. Since mechatronic

systems involve multiplaspects of engineering domains, it is of utmost importance to design the
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system concurrently while considering all of these interlacing aspects in order to achieve a near
optimal produc{10], hence avoiding the trap of having domapecific optimal subsystems that

do not form an optimal whole when put together due to negative depend@icigss concurrent

and collaborative approach have to be preferred over the traditional sequential desigrjI9¢thod
However, this approach is shown to be challenging to implement, especially due to the high number
of dependenciesatween the system componejS).

It is worth noting that a dependency is generally defined as the relationgtegitta between two
components when one affects the other. The affecting component is usually referred as the
antecedent while the affected one is the dependent. By being able to identify, as early as possible,
the various dependencies involved in a sysiesign, it is possible to either avoid them, or mitigate

their effects. TorrSmith et al[3] proposes a classification method to help identify product related
dependencies, which are dependencies that would exist between functions, means and properties.
More specifically, TorrySmith et al.[3] identifies 13 different types of product related
dependencies and provides a description foh @ddhese dependencies along some methods to
model them. One of the main identified dependencies are the adverse effect of means, which can
be related to functions such as release heat or induce vibrations, and can be detrimental to the
performance of thenechatronic device. However, those dependencies are difficult to identify as
there exists a very limited set of tools, if not at all, that could be used for dealing with them at early
design stages. Indeed, it is reported that undesired intermbttmween subsystems are usually

unforeseeable and are found after building physical protofifés

The late detection of negative adverse effects in the design stages can result in costly redesign loops
of certain components, or even #r@ire system in some cases, which in turns lengthens the design
process. This could cause increased costs and potential loss of technological edge in fast developing
fields where short timéo-market is crucial. Some methods do exist to try to identifyatiee
interactions in a qualitative way such as the Design Interference Detector (DID) methddglogy
[50],which consists of using qualitative physics to identify interactions. However DID requires a
vast knowledge base in order to be used, especially in terms of knowledge about previous failures
and features which might render the process computationsdlyyh Although some qualitative

methods exist, there is no method to assess adverse effects in a quantitative manner.
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By being able to identify and quantify negative dependencies in a system, design engineers will
have the opportunity to detect problenasly on as well as assess their severity. Doing so would

fsenable them to make better, more advised decisions as if there is a need to change or alter the

concept, or a component, or if the various adverse effects can simply be overlooked.

In order to conpensate for the lack of an efficient qualitative method for assessing dependencies,
we propose to use linguistic fuzzy variables to describe negative effects in a mechatronic system.
The use of linguistic variables will enable us to quantify the leve¢gétive dependencies between

the antecedent and the dependent and therefore support the design-teaisngnprocess.

This paper proposes a method that allows for both modeling and assessing the adverse effects that
could be present in a mechatronicteys. We first present the main existing methods to deal with
dependencies that have been traditionally used or recently introduced. We then present a new
method to model and assess adverse effects in mechatronic systems. Finally, we demonstrate the

use ofour proposed method with a case study on a quadcopter drone design.

5.3 Dependency Modelling

Dependencies are intrinsic to any system design, in particular mechatroniclomdtin systems,

and can be related to many factors. It is important to state thlaisipaper we only deal with
product related dependencj8sand thewwill be referred to as simply dependencies. As mentioned
previously, dependencies can exist between functions, means, and properties of mechatronic
system. For instance, a dependency could exist between a function such as to provide power and
the mean while would be the power source, such as a battery or a power pack. Furthermore, there
could also be dependencies between the mean, such as a battery type, and a property such as the
energy density. These dependencies influence the final product and hemt¢e hawconsidered

as early as possible in the design process. However, unfortunately engineers tend to discover them
late in integration meetings or even miss them all tog¢#ej51]. To better understand and deal

with the potential challenges that could be encountered, engineers will usually need to rely on

dependency modeling tools.

Dependency modeling is a useful tool for design engineers since it allows them to understand the
various relationships that exist between the different components of a system. Furthermore, it also

enables them to detect future problems which could beddlainegative effects of one component
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on another. Moreover, being able to model the dependencies can lead to being able to better manage
them later on. Finally, a good modeling of dependencies can help understand the effect of design
change propagationf @ne component on the other components of the system. Although there
existsdifferent modeling tools to carry out dependency modeling, one of the most widely used
remains the Design Structure Matrix (DS3], [52].

DSM expresses the interactions/relationships of the various components of a system using a square
matrix of dimensiom; n being the number of components in the system. In order to express the
relationship that exists between the antecedemtd the dependerjt , a marker is inserted in the

matrix at the locatin row =i , column =j . An example of a DSM is showm Figure5.1-(a). The

DSM usually expresses components within a single engineering domain and thus can be extended
to the Domain Mapping Matrix (DMM) which instead of having components from a singlemomai

the components are from two domains (e.g. mechanical and electrical) present in the system.
Finally, using the DSM and DMM together it is possible to form a Mdtmain Matrix (MDM)

which enables us to get an overview of all the component/domaindibesof the mechatronic

system and thus better manage the integration exercise during the design process.

AlBlCID DI D2 D3 D4
Element A X Domain 1 | DSM | DMM | DMM | DMM
Element B | X X Domain 2 | DMM | DSM | DMM | DMM
Element C X X Domain 3 | DMM | DMM | DSM | DMM
Element D X Domain 4 | DMM | DMM | DMM | DSM
(a) (b)

Figureb.1: (a) Design Structure Matrix (b) Mulidomain Matrix

DSMs are easy to use as they are a rather compact representation of information and can be
accomplished oa smple spreadsheet. However, their use is heavy on design time as they require
a lot of involvement of the designer, or more often a team of esrgngedesigners, as building the

DSM would require the design team to go over all the possible relationships that could potentially
exist between any pair of components. In order to reduce the required work during the dependency
modeling, the research perged by Hadda[b3] proposes a framework that could be usearder

to better identify the dependencies at early stages of design, it uses the notion of adverse effect of
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a function such as heat, vibration, or electric field. More specifically, it achieves this by identifying
which functions generate an adverdedef(called the affecter) and which ones are affected by this
effect (called the affected), it is therefore possible to create a dependency mapping through the use

of if-then rule as follows:

If function 1 generates adverse effect A and functioraffested by adverse effect A then a
dependency between function 1 and function 2 is created.

Using this approach, it is possible to only state which functions affect or are affected and the
resulting set of rules generate automatically the dependencisggréhtly reduces the number of
inputs required to find negative dependencies between system components. However, the method
does not allow one to quantify the level of dependency (extent to which components are dependent

to oneanother) that exists withithe mechatronic system.

Apart from the DSM and DSNvased methods, there is only a scarce amount, if not at all, of tools
that can effectively be used to try to assess or quantify dependencies. Indeed, the assessment
measures introduced in DSM are maibfsed on designers own decision and expertise level. One
method to help engineers to quantify the level of interaction between the components is proposed
by Pimmler and EppinggB0] which consists of a 5 level scale representing if an interaction
(spatial, energy, informatn, material) is detrimental, undesired, indifferent, beneficial or required.

This scale combined with DSM provides a mean for clustering the components. However, this
method again still requires a large number of inputs from the designers in ordetthe ra&gous

interactions.

Although dependency modeling and assessment is essential to streamline the development of high
performance mechatronic devices, current methods are inefficient as too much emphasis relies on
the experience of the engineers anmdreprone human decisiemaking. Furthermore, most of the
existing methods require a high level of precise knowledge of the system to be designed which is
often not even available at early design stages. Therefore, to deal with this imprecision we propose
to exploit fuzzylogic based fuzzy numbers. Fuzzy numbers will allow the possibility to capture
the uncertainty in the assessments of the designers. More precisely, the fuzzy numbers will be
represented by fuzzy linguistic variables that can better represiman thinking procef#0] and

thus could be used in dependency modeling and assessment.
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5.4 Linguistic Fuzzy Variables

Linguistic fuzzy variables haveeen widely used to quantify properties that are difficult to assess

by using a linguistic scale of preference/performance. Indeed, these fuzzy numbers have been
employed in Kansei engineerifg?], [38] or to evaluate the appropriatene$slternativeg39].

For moreinformation, an extensive list of fuzzy linguistic scales and their use is provided by Chen
and Ku[40]. Fuzzy linguistic variables are usually moreuitive to employ than single fuzzy
numbers. Indeed, describing a phenomenon with words is closer to human reasoning than it is with

using a single number.

Furthermore, by considering standard triangular/trapezoidal fuzzy membership functions, each
componat of the linguistic scale is associated to a triangular fuzzy number (TEN) or a trapezoidal
fuzzy number (TrFN). This allows us to capture the uncertainty associated with the linguistic

statement. Indeed, a TrFN has the fofmb,c,d) where a,b,c,d are the vertices of the
trapezoidal number witka being the left bound and being the right bound. In the case of a TFN
defined as(a, b, c) , &, C will be the left and right bounds respectively. The uncertainty is captured

by the bounds around the central values. An example of a linguistic scale is pres@atad4ri

with their respective graphical representatiofrigure5.2.

Table5.1: 5 Level linguistic scales with TFN and TrFN values

Linguist _ . .
) Very low Low Medium High Very high
ic value

TFN (0,0,0.25  (0,0.25,0.5 (0.25,0.5,0.75  (0.5,0.75,1 (0.75,13
value

TrEN <0,0,0.2,0.$ (0.2,0.3,0.4,0.ﬁ <0.4,0.5,0.6,0.>7 <0.6,0.7,0.8,0.}3 <O.8,0.9,1,).
value
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() (b)

Figure5.2: Graphical Representation of the 5 level scale for (a) TFN and (b) TrFN

Since linguistic fuzzy variable areepresented by triangular/trapezoidal fuzzy membership
function (numbers) they have various mathematical properties, with the most useful one in
decisionmaking being aggregation. One of the mainly used aggregation methods remains the

arithmetic mean (AM)which is defined, as a general case, fbtrapezoidal fuzzy number

<a1,b1, ¢, d1>,...,<an ,th,%,dn> by Eq (5.1) [44].

@bod) av({g b g d-Lap g4
(5.1)

with a lr:]a.,_b E:nb,‘ —1:nc,_d —and

n1| n1| n1| rjl]_'

Although triangular/trapezoidal fuzzy numbers are used with linguistic variables, they are not
intuitively comparable once aggregated and it is usually impossible to associate them with a
linguistic term. However, it is possible to obtain a single value from theswers though a
defuzzification process. A method for defuzzification of TEN/TrFN results in finding the centroid

of the resulting shape comprised between the lower and upper bounds. As a general case, for a
trapezoidal fuzzy number, the centroid is gitsgrEq (5.2) [54].

1 dc ab
X(A) é[a b cd d o (@ b)] (5.2

By using linguistic variables, it is possible to facilitate the description of the dependencies present

in a system. The method to do so is presented in the ratixirse
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5.5 Adverse Effect Dependencies

5.5.1 Dimension of Dependencies

As mentioned earlier, negative dependencies are detrimental to the performance of the system.
These negative dependencies would usually be related to the adverse effect that a component might
gererate. Typically, the adverse effects that are considered are the Heat, Vibration, and
Electromagnetic Fields (EMF) as they are physical effects that can be detected. We define a

negative dependency as a function of 4 main properties:

1. Affecter Level (AR):the extent to which a component affects (or generates an adverse
effect),

2. Affected Level (AD): the extent to which a component is affected,

3. Functional Closeness (FC): the extent to which two components have to be physically close
in order to function mperly (or the extent to which two components are tecamaher)

and,

4. Effect Attenuation (EA): the extent to which the adverse effect attenuates over the increase

of distance.

It is worth noting that the engineers/designers need to identify thespdmmeters as early as
possible in the design process. A way of achieving this would be through the use of the early system
level representation of the concept. For instance, if it is required to assess the dependency related
to heat between a battery aadnotor, then it is known that a battery generates heat. However,
motors are not necessarily required to be close to the power source in order to function properly
and are only lowly affected by heat. Finally, heat effect level is known to reduce aselistan
increases.

For each of the previously mentioned dimensions, we can then associate a linguistic fuzzy variable

to it. A formal description of each of the dimensions with a linguistic scale is givieabie5.2.
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Table5.2: Proposed linguistic scale for describing the dimensions of a dependency

Affecter level (AR) Extent to which affecter generates adverse effect
Affected level (AD) Extent to which affected is affected by adverse effect

Functional Extent to which components have to be close
Closeness (FC)

Effect Attenuation Extent to which adverse effect attenuates over distance
(EA)

Linguistic Verylow Low Medium High Very high
variable
TEN <0,0.1,0.2$ <O.15,0.3,0.4}5 <O.35,0.5,0.6}5 <0.55,0.7,0.8}5 <0.75,0.9,).

5.5.2 Assessing Dependencies Between Components

In order to form a single fuzzy number that represent a certain adverse effect relation between two
components in a system, it is required to combine the various dimensions. The first step is to create

a distance factorfD relatedto the functional closeness and the effect attenuation. To do so, we

take the max of FC and of the complement of EA which is defined b{bEj.

f, max(FC,EA) (5.3)
Where the complement of a fuzzy numbgx) is defined by Eq(5.4).

u(® 1 u(x (5.4)

The hypothesis behind this first operation is that the further a component is from a highly

attenuating source, the least it would be affected. Moreover, evetoihponent is located far

from a lowly attenuating source, the felt effect would be high. This can be transcribed by taking

the complement of EA. Once the distance factor is computed, it can be combined with the affecting
and affecter level of the dependgrhrough the arithmetic mean (AM) defined in E§5). Thus

the dependency of adverse effdct between componerit and j , namelyd , can be

K,ij
calculated by E(q5.5).
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dk, i AM(ARi ,ADJ. : bk, ji) (5.5)
Finally, the last step in the dependency assessment process is to combine the variousfi@dverse

in order to get a single value representing the total dependency from a component to another. It is
proposed to add the defuzzified values (B®)) of each adverse effects between two components

in order to obtain a single value representing the total level of negative dependency between any

two components.

We propose to describe FC as being low or very low by default and only specify othertese if t

do have FC or for instance if the components are part of a bundle (such as in avionics) or that there
is a compactness requirement for the system. By assuming a default value, it greatly reduces the
number of inputs required in order to carry out tlepahdency assessment. Furthermore, we
propose to describe EA for the three main adverse effects as it is giadnléd.3. This assessment

is based on the fact that vibration might propagate through the structure of the Bysteermmore,

although both heat and EMF reduces foIIowiIrYg2 with r being the distance from the source,
KHDW PLJKW EH FRQGXFWHG E\ PHWDO FRPSRQHQWYV EXW (0

structure and thus be isolated.

Table5.3 : Proposed Effect Attenuation Assessment

Effect Linguistic Variable

Vibration Low
Heat Medium

EMF High

5.5.3 Dependency Assessment Example

A simple example of the use of the method with four components {C1, C2, C3, C4} and two
adverse effects {Heat, Vibration} is shown below. We also set that the default value for functional
closeness itow. Furthermore, there is a possibility that a comporedfects itself (such as a
computer that generates heat, but its functioning is impaired by heat) and hence we set the

functional closeness of a component on itself to very high in this case.
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Table5.4: Exanple of Describing Components of a System

Component Affecting Affected

C1 xf;it'&g dilalr?]h Heat- Low

Cc2 Heat L ow Vibration - Medium

c3 i Hgat-[\/lediqm
Vibration-High

C4 Vibration +Very High Vibration- Very Low

Using the information provided imable5.3 and Table 5.4, it is possible taise a simple coded
script to search for combinations of type Affectifdiffected and use E(5.5) to compute the
dependencies between the components. Doingesdts in finding the DSM (with defuzzified
values) of the various adverse effect as shovkigare5.3 (a)-(b) and by combining them to find
the overall DSM such as ifigure5.3 (c).

C1 c2 |C3 |C4 C1 |C2 |C3 |C4 c1

0.50

c2
0.63

C3
1.26

c4
0.31

050(....]056(....

Component C1

Component C1{. ...

0.63

0.70

0.31

Component C1

Component C2

035]....

047(....

ComponentC2|....|....|....|....

Component C2

035](....

047]....

ComponentC3|....|....|[....|[....

ComponentC3|....|....|....|....

ComponentC3|....|....[....]....

ComponentC4|....|....|....|[....

Component C4|. . ..

0.67

0.75

0.35

ComponentC4|.. ..

0.67

0.75

0.35

(@) (b) (©)

Figure5.3: (ac) DSM for heatyibration, and combined

By employing the proposed method for assessing the dependency, it is possible to quickly detect
potential problems in the system. For instance, a large dependency as there is between C1 and C3
might lead to a decision to redesigesh components, or focus the effort on mitigating the effects.

In comparison, the dependency between C2 and C1 should require less effort to deal with, or it
might even be decided that it could be overlooked. Furthermore, it can be seen that the proposed

method effectively reduces the number of inputs required in the dependency assessment. Indeed,

for a system withn components, we are able to potentially reduce the orderdrom to o n

for a highly dependent and complex system. This decreased number of inputs is related to the fact

that it is only required to state whetha component is affected by, and/or affecting an adverse
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effect which would result in inputting up 2 nu n variables withm being the number of
adverse effect considered (3 in this paper). Comparativélgnwsing the DSM to carry out the

same dependency assessment, one would require to input all possible combinations of components

affecting each other, thus resulting iin ur? potential combinations. In the previous example,
only 9 inputs enabled us to identify all 16 relationships of each adverse effect. Whereas, if the
traditional DSM method was used, it would have required to go over all 16 potential dependencies.
Thus, it is easy to see that for a system with a large number oboemis, the required inputs to

assess dependencies drops rapidly.

5.6 Case Study: Dependency Assessment of a Quadrotor Drone

We now demonstrate the proposed methodology with awedtl case study which is a radio
controlled camera drone. The design spedifica require the control of the drone to be based on
user input, however the drone should be able of autonomous hovering. These specifications require
incorporating sensors to control the position, attitude and altitude of the drone which could be
achievel using a GPS, inertia sensor and a sonar respectively.

There exists a large amount of information available regarding the design of these drones. More
specifically, De Silva et al[55] provides a description of the fundamental components and
subsystems required for the proper functioning of a datoreg the various effects that could affect

the performance of these subsystems. We provide a summary of these fundamental components
alongside the adverse effects associated to them and a linguistic assessiable iB.5.

Furthermore, a model of the drone is provide#igure5.4.
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Figure5.4: Simplified model of the components of a quadcopter drone

Table5.5: List of components and their related adverse effects

Component ID  Function Affecting Affected
Actuator . . .
(motor + A Provide Motion Vibration - ngh Vibration - Medium
EMF - Medium
propeller)
. Heat +Low Heat- High
Motor Driver B Modulate Power EME- Medium EMPF- High
. Heat-Low
Gps C Position sensor EMF +Low EMF-High
Vibration - Very High
Gyro D  Attitude sensor EMF- Low Heat- Low
EMF - High
: Heat- Low
Sonar E  Altitude sensor EMF- Low EMF - High
Combuter = Process Info + Heat tMedium Heat +High
P Control EMF +Low EMF- Low
. Heat- Very High
Battery G Provide Power EME - Medium -
RC Antenna H Communication - EMF - Medium
Camera I Video Recording ~ EMF- Low Vibration - Medium

EME - High

a7
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Quadcopter drones are usually designed to be compact in order to reduce the inertia of the system

and thus to capture this standard requirement we selefiaelt FC appropriately. A detailed

description of the functional closeness of the components in the system is proviaetemn 6.

Table5.6: Functional Closeness (FC) of components

Functional Closenes

Components
Default Medium
GpsSonarGyro Very High
Actuator £All Others Very Low
Camera#All Others Low

Finally, by using our method as it was presente8.fand using Eq(5.5) with the information
provided inTable5.3, Table5.4 andTable5.6, it is possible to obtain the DSM of the system for
each of the dverse effectKigure5.5 (a)-(c) ), as well as the overall DSWifure5.5 (d) ) .

A |B |C |D [E |F H |l A B |[C |[D [E |[F |G |H
Component A|....|....|....0....|ccofeoui]eeni]oa]nns Component A|....|....|....[..... ... o) ooi]oai]oens
ComponentB |.... 0.62|0.30/0.30|{030|043(....|....|.... ComponentB (. ...|0.62|0.30(0.30|0.30 [0.43
ComponentC |.... ....|....|....|cooo]eecfoas]oen]ans ComponentC|....|. ... ....|....]ocefeeealofian]nn.
ComponentD |.... ....|........|.... o)) on ComponentD |....|....]....[........|.... ... [....]....
ComponentE |....|....|....0....[....|....| ] nns ComponentE |....|....|....[........|....|....]....]....
ComponentF |..../050|043|043|043|069(....|....[.... Component F |....|0.50|0.43(0.43|0.43 [0.69
ComponentG|....|0.62]0.55/0.55/055|089|....|....].... Component G|....|0.62|0.55|0.55|0.55|0.69 |.
ComponentH|....|....|....0....|....| .| oo i]ooifans ComponentH|....|....|....[........|....|....]....]....
Component! |.... ....|.... ..o ans Component | [....|....|.... |-l nnn

(@) (b)

A B [ D E F H I A B Cc D E F G H I
Component A |....|0.45|0.45(0.45|0.45|0.31 |....[0.37 |0.44 Component A |0.69 |0.45(0.45/1.01 (0.45|0.31 |....[0.37 |0.88
ComponentB|....[0.69|0.45|0.45|0.45(0.31 |....|043|0.45 ComponentB |....[1.31|0.75|0.75(0.75|0.74 |....|0.43 | 0.45
ComponentC |....|0.43]0.62[0.62(0.62(0.25 ....[0.31|0.50 Component C (....(0.43|0.62|0.62 |0.62|0.25 ....|0.31|0.50
ComponentD|..../0.38|0.62|0.62|0.62|0.25 ....(/0.310.50 ComponentD|....|0.38|0.62|0.62 [0.62 [0.25|....[0.31|0.50
ComponentE |.... 0.38|0.62|0.62(0.62(0.25|....|0.31|0.50 ComponentE |....[0.380.62 |0.62 (0.62|0.25 ....|0.31|0.50
ComponentF |..../0.38|0.380.50 [0.50 (0.49 |....[0.31 |0.38 ComponentF (....(0.880.81|0.93(0.93|1.18 ....|0.31]0.38
Component G|....|0.45|0.45|0.45|045(0.31|....|0.50 057 Component G |....|{1.07[1.00|1.00[1.00]1.00|....|0.50 0.57
ComponentH | ... [ ...l ...l oo oo ComponentH |....|....[....|....[-...] cou]ooo]eooa] e
Component| |..../0.38|0.50[0.50 (0.50 (0.37 |....|0.43 |0.62 Component! |....(0.38|0.50|0.50(0.50|0.37 |....|0.43|0.62

()

(d)

Figure5.5: DSM for (a) Heat, (b) Vibration, (c) EMF, (d) Combined
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By carrying out the dependency assessment method it is possible to identify the main adverse
effects of the system which is the Eleemagnetic Field. The result of the analysis is consistent
with the information provided by De Silva et 5] which states that it is usually one of the main

concerns duringhe design of small scale UAV.

By using the dependency assessment method on the quadcopter drone design, it is possible to see
that dependency modeling can be made faster. Indeed, only 34 inputs were required to analyze all
300 potential dependencies (vatse effects, 10 components resulting in 100 dependencies per
adverse effects). Furthermore, it is possible to collect information that is in line with current
knowledge of the subject. While, quadcopter drones are now a highly studied and commercialized
system, so a wealth of information is already available online, our proposed method confirms that
it could be used during the design of new systems where information is scarce. Thus the method
could potentially detect and quantify the extent to which megaiependencies are present in the
system in a much faster way than what would typically be required by multiple testing.
Furthermore, it is also possible to see that the method effectively reduces the involvement of the
designer as it relies less on krledge of the system which would be obtained from experience,

but more on general knowledge of components which can be obtained online, from books or

catalogs, or the traditional integration meetings.

5.7 Conclusion

In this work, a new method for assessing amtleling negative dependencies in a system was
proposed. We proposed to define a dependency through four dimensions (Affecter Level, Affected
Level, Functional Closeness and Effect Attenuation) and describe these dimensions using fuzzy
linguistic variabls. The proposed method effectively reduces the number of inputs required for
identifying dependencies as well as enabling engineers to understand the extent to which to
components in a system are dependent. We showed that it was possible to express current
knowledge on widely a widely studied design case, and hence the method could be employed to
identify dependencies with unknown systems. Doing so will greatly reduce the design process time
and thus enable faster timm@market which will be beneficial irhighly competitive fields.
Furthermore by employing fuzzy linguistic variables, the knowledge required to make the
assessment can be transferred to new designs as it would not be possible to have exact

understanding of the effects of one component to anotMoreover, fuzzy linguistic variables
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have the ability to capture the difference in perception between different designers and thus the
final assessment might be similar even though intermediary assessments might not be.

Even though we proposed a mathbat enables to detect and quantify negative dependencies early
in the design process, there is still work that remains to be carried out in order to be able to identify
all of the product related dependencies. Doing so will enable us to increase lihe and
reliability of mechatronic devices while reducing their cost. Furthermore, there is a need to use the
knowledge gained in dependency modeling and assessment during the dwaisiog process

during the conceptual stage as doing so will allowauselect concepts that would potentially

require less efforts to mitigate these dependencies.
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6.1 Abstract

This paper introduces a produelated dependency index that can be used during the conceptual
design of mechatronic systems. The index uses fuzzy assessment o¢ affeets dependencies
combined with quantitative graph theory to compute the level of detrimental interactions present
in a system. The paper also illustrates how the assessment of dependencies can be performed during
early design stages and how composeate differently affected by a specific adverse effect.
Furthermore, the practicality of the new dependency index is exemplified with two case studies: a
design experiment on a sddélancing robot and the conceptual design of a robotic arm for aerial
maripulation. The design experiment demonstrates how adverse effects affect the performance of
a mechatronic system and how the new dependency index is able to follow the decrease or increase
of performance of the system. Then, the design of the roboticrenwwsghat decisioimaking can

be improved when using this new dependency index as a criterion, as it allows one to select
concepts for which less detrimental interactions exist. In both case studies, the index is shown to
facilitate the design process asan lead to fewer redesign loops which would result in reducing

the development time and costs.

6.2 Introduction

Mechatronic systems are used in a wide variety of fields and theirdoufiain nature in terms of
combining mechanical, electrical, computer ammhtrol engineering components, makes their
design process highly complex. Traditionally, mechatronic systems are designed sequentially
where the mechanical components are first designed, followed by electronics and computer
systems, and finally the contralgorithms are developed. This sequential process generally leads
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to the design of functional solutions, but the multiple design loops and integration meetings
required to obtain the final device greatly increase the development complexity, timerafat¢he

cost. This need for multiple redesign loops is related to the multiple-dauttain interactions
(dependencies) that exist between the system components which influence the mechatronic
VI\VWHPYV SHUIRUPDQFH ,QGHHG WaKHhave¢HedhlibEntRet@WWILSOH GH
which have to be accounted for when designing mechatronic devices. The dependencies having the
highest impact on the performances of the final device are said to be preldted, which are
dependencies that exist beemethe functions, means and properties of a sy&émFurthermore,

negative dependencies can lead to domain specific optimal subsystems that do not necessarily form

an optimal device when put togetigv].

One of the categories of dependencies that highly affects the performance of mechatronic devices
are the adverse effects of means, which are negative interactions that would exist between
components. As reported in a previaisdy by the authors, heat, vibrations and electromagnetic
field (EMF) are common adverse effects and will be used in this paper to develop a dependency
level index[56]. Identifying these dependencies is highly challenging and complex as there is
almost no practical and systematic solution that supports design engineers to deal with means
related adverse effects early in the design process, and to help considering them during the design
decisionmaking process. It is reported that negative dependearzedifficult to detect and are
usually found late in the design procgs8]. Although[4], [50] propose the use of the Design
Interference Detector (DID), its use requires good knowledge about the system modeling and the
use of qualitative physics in order to detect the possible interactiotsed, DIDuses the
FunctionBehavig-State model and employs a knowledge base acquired from previous designs,
for instance, to detect physical phenomena. However, this information might be sparse, if not

available at all, early in the design process.

Recently, the authors introduced a noethusing fuzzy assessment of negative dependencies
through four componergpecific dimensions which allow to quickly determine potential negative
interactions within a mechatronic systés8]. It was possible to identify negative dependencies

that would be present in the mechatronic device by using fuzzy linguistic variables to state whether
a component might be affected by an adverse effect or generate one. These affectedy/a
component properties should be a general knowledge available to the designer at the conceptual
design stage, or can be acquired by having some general insight about where the components might
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be located in the syster&ince the proposed method relies on the design structure matrix to
represent the interactions, the integration of the knowledge gained by this method in decision
making is not easy to use if left as is. Indeed, most roritéria decisiormaking tools a& not
DGDSWHG WR DFFHSW D V\VWHPTVY PRGHO DV FULWHULRQ LQS

It is usually accepted that by using an integrated design methodology for mechatronics, instead of
the sequential approach, it would be possible to improve the performances of mechatrong system
because the various domains interactions are accounted for concuf®ntlyherefore, it is

possible to potentially reduce the number of redesigipd since engineers from the different
domains work together to solve the integration problems and do not heavily rely on integration
meetings. Moreover, this concurrent design approach has to be adopted as early as possible to ease

the design processei.the conceptual design stage.

Conceptual design is the stage where multiple solutions are generated to solve the design problem
in terms of sketches and models. Those solutions are then evaluated against the design criteria and
the most suitable concept is selected, which resultssrsthge having the highest impact on the

final system performances. Different integrated conceptual design methodologies for supporting
mechatronics design have been developed such as the mechatronic design quotienfg8)DQ)

[61], Mechatronic Design Indicator (MD]$2], Mechatronic Index Vector (MIMRO0], [63] or the
mechatronic multcriteria profile (MMP]24], [64]. These methodologies consider multiple
criteria that are deemed essential to the performance of mechatronic systems (complexity,
flexibility, cost, reliability and intelligence) and with wdin the conceptual design evaluation
considers every domain concurrently. Moreover, the authg2sjrsuggest an approach where the
abilities of the mechatronic systeragch as adaptability, configurability, dependability, etc. are

considered as criteria in the evaluation of performance of various concepts.

Although these integrated design methods can be used to improve mechatronics design by better
choosing between degi alternatives, none of them considers the negative dependencies explicitly

in the multicriteria evaluation. Indeed, the complexity measure used for instance in thg24MP

only considers the number of interactions, but does not distinguish between a functional
dependency (e.g. a DC motor rotation is dependent upon the function of a battery, which is to

supply power) and an adverse effect. This is mainly related to engineeistiynkhowing (tacit
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knowledge) the existence of dependencies between components of a system, but never explicitly
considering then65].

Explicitly considering the negative interactions early in the design process should allow engineers
to select concepts which would be less impaired by those negative dependencies. This in turn
should reduce the numbef redesign required to remove or mitigate the detrimental interactions,
which would necessarily reduce the design complexity and cost. However, there are many
challenges associated with explicitly considering the dependencies, especially at early design
stages. Indeed, the knowledge that is usually available early is usually highly fuzzy and incomplete.
Furthermore, the interactions might be investigated superficially for only stating the presence of
the dependency or notlherefore, only a simplified sfem modeling would be carried out.
Moreover, the methods that are usually employed for managing dependencies, such as using
SysML or design structure matricgg6], are not adapted so that the knowledge they contain can

be easily integrated in multriteria decisioamaking (MCDM). Indeed, most MCI2 tools are

based on the aggregation of single valued criteria, and hence integrating a system model, as is, is
thus not possible. Therefore, to integrate systems modeling in MCDM, it is required to transform

the models into indices that could later beduas supplementary criteria in design evaluation.

Consequently, in this paper we propose an index based on the assessment of dependencies in
conceptual design to be used along other criteria currently considered by the MDQ de¥MP

The proposed dependency index is based on a combination of DSM and graph theory to condense
the DSM information. We first present the theory behind the developed dependency index and
then exemplify s potential through a fuflactorial design experiment of a sélilancing robot in

which the index monitors the performance of the possible concepts, followed by a second case
study of a robotic arm design for aerial manipulation which shows how thg @ahesupport

design making in the conceptual design stage.

6.3 Research Aim and Methodology

Designing mechatronic systems is not only about the process of selecting which system/subsystem
to use, but also which components within the subsystem will be selected and where they would be

integrated. For instance, for the design of a quadrotor drf§@, to determine the attitude
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engineers can rely on an inertial measurement unit (IMU) which would usually consist of an
accelerometer and a gyroscope, and sometimes they use a magnetometer and/or barometer. There
is a wealth of IMUs on the mark#hat can be selected, and they use different microchips depending
on the manufacturer, and this could imply various performance levels, costs, etc. These IMUs will
also have different sensitivity to noise which would also need to be accounted foidesite.
Indeed, the potential of the presence of noise in sensors, or for instance the IMU, can be related to
two main factors: the component itself or external perturbations. Noise in the component might be
related to the fabrication process, as uncdrtsmight lead to variation in the precision of the
output signal. External perturbation could be related to the operating environment, or from negative
dependencies between subsystems such as:

X adjacent heat sources, an example could be a power regulator,

X induced EMF, from other functioning electronics or components,
x vibration, for instance from an unbalanced rotating device like a geared motor.

It is agreed that the noise can be removed, or greatly mitigated, by filtering the signal, especially if
the noise source is related to the component itself. However, if the noise comes from external
perturbation, it might be challenging to create an adequate filter. Indeed, the noise could have
varying amplitudes, frequencies or even occurrences, depending opdfating conditions. This

could lead to lengthy integration process as trying to mitigate the effect of noise, after the design
assessment, on the performance might lead to multiple redesign loops and consequently increase
the design process complexitfherefore, to reduce the design complexity, resolving the
integration issues related to negative dependencies could then be carried out early during the
conceptual design stages. It would thus be possible to select concepts that might have fewer
negativeinteractions. Consequently, the aim of this research paper is to help (and advocate for)
mechatronics engineers to consider negative interactions during early design phases for a more

streamlined design process.

To ease the decisiamaking process, we &t suggest an index based on graph theory that
considers the various interactions and their strength, and which could be used as aslggsidn
criterion. Although there are some already existing metrics for complexity management in design,
the metricproposed in this paper allows one to have a direct correlation between the quantity and
the strength of dependencies and a potential decrease in overall performance of the mechatronic

system.
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We then briefly present the method proposed by the auth¢&8jiras it is used as a reasoning
framework which should help engineers carry out the assessment of negative dependencies. Along
with the assessment methade present some insight about how engineers could convert tacit

knowledge about components to explicit knowledge about negative dependencies.

We finally use two case studies to demonstrate that considering negative dependencies could lead
to better decisinrmaking. Indeed, we use an experimental system, daklhcing robot, to show

how different levels of negative dependencies between components, expressed by the index, can
lead to varying performances of the system even if special care is givertariodithe signals

and a good control method is used. Moreover, we simulate the design of a two degree of freedom
robotic arm for aerial manipulation to show how the consideration of negative interactions might
lead to ranking concepts differently, asst®w through simulation how the negative dependencies
could affect the performance of the manipulator, which would then be accounted for in the concept
evaluation. The two case studies are used so that the index is validated under different

circumstances.

6.4 Proposed Dependency Index

Considering negative dependencies requires some previous modeling of the system in order to
represent the interactions. Different methods allow such representation of the relationships
between system components, but one of thetmsed is the design structure matrix (DI68]

which is a compact form of representing the interactions by using either a marker or fuzzy value
between two entries in a matrix. The fuzzy assessment can be done manually where design
enginers would need to first assess the interactions and then enter the value in the DSM, such as
in a spreadsheet. The knowledge included in DSMs is usually difficult to use inrcniteltia
decisionmaking (MCDM) methods as DSMs are often too complex. Indemuparing different

DSMs without numerical tools might not be possible due to their usual large size. However, in his
recent survey[69] identifies various tools that have been developed which allow to analyze DSM
more efficiently. A wide variety of the tools are reported to deal with the modularity of the system
by using clustering algorithms, or to identify change propagation during the destgsqrén
approach of particular interest is the structural analysis of product DSM by the use of graph theory
elements. Indeed, the DSM can be represented as the adjacency matrix of a directed graph (also

referred to aa retwork) G(Vv, 8) where the vertices are the different components and the directed
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edgesa are the relationship between two components. In the case that fuzzy values are used to
represent the interaction and their related uncertainty between the components, the DSM results in

a weighted digraph withw(u, V) being the weight deveen verticeau,v . An example of a DSM

is shown inFigure6.1 along its graph representation.

C1 1 1
1 Q2
1 C3 1
1 C4
@ (b)

Figure6.1: (a) Design Structure Matrix (b) Graph representation of the DSM

The structural complexity can usually be broken down toleubls such as the number of
interactions and the modularity level or the coupling, it remaitggbf interest in product design
as it can be linked to various system properties. Indeed, diffemahtze of structural complexity
have been carried out, such as to analyze the cyclicality of the [D@\r the identification of
hubs[71] within the system, and relate themealyzs to the defects that can be detected in a
product. Furthermord,72] reports complexity measures that are used to reltterehe size,
coupling or solvability of the design. Recent work carried ouf7B| proposes a metric that
includes the number of cycles in a DSM in ortegain information about the complexity in terms
of size, coupling and modularity. The work carried o] suggests the usd# metrics derived
from the energy of a graph to express the complexity of a fragmented system. HdWéver,
concludes that sonw the graph energy related metrics that were investigated in their work were

counterintuitive as to the relation between the value and usual understanding of a system
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complexity (the index value decreased for increasing complexity) and some of them were
unresponsive for increased component complexity. Therefore, alternative indices from graph
theory need to be used to be able to relate the number of negative dependencies and their strength
WR D V\VWHPYVY GHFUHDVH RI SHUIRUPDQFH

By using quantitative grapgheory, it is possible to condense the information contained in the DSM

into single index values, which can then be used in MCDM. Quantitative graph theory is a branch

of graph theory that analyzes the complexity of graphs through measures, insteade$omiyng

graph in a qualitative manner. For instance, it is highly used in chemistry where molecules are
described as graphs and where indices have been created and correlated to chemical properties.
Multiple measures exist in order to describe agragf®@ D TXDQWLWDWLYH PDQQHU \
index [75], the sumconnectivity indeX76], the energy indek77] used for a DSM irf74], the

algebraic connectivity indej 8], or the Wiener indek79]. Each of these indices has found their

XVH LQ GLITHUHQW GRPDLQV RI DSSOLFDWLRQ ,Q WKLV SDSHI
as a conectivity measure to represent the total level of negative interaction present in a system.

This index is of high interest as it is computed using the direct relations that exist between any two
components of the system, which would result in a propa@tiogiationship between the index
YDOXH DQG WKH VA\VWHPTfV QXPEHU RI LOQWHUDFWLRQVY DQG W

6.41 5DQGLU ,QGH]

7KH 5DQGLU LQGR(GR Isdmefitde3 Bferred to as the prodemhnectivity index, is
given in Eq(5.1) [80].

R(G) | (dudy” (6.1)

u,v

whered(u), d(V) is the degree of the verticesVv , number of edges incident to a vertexd al

being a parameter sett® 1/2 LQ 5DQGLUYTV RIbL kLiQx®rdteSiaSthkelgeneral
5DQGLU Ldefigad folsimple graphs. However, a DSM, especially one which represents the
level of negative interaction, would be a weighted digraph, and appropriate modifications to the
general index have to be made. For instajg8¥H,introduces a definition where the weight of the

edgesw(u, V) can be accounted for during the computation of the index. Furtherj@2}states

WKDW WKH 5DQGLU LQGH [e# GréphE by wsihg/tHenGibn®f I fd@utdeégrew/
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of a vertex. Indeedd(u) it would represent the number of directed edges coming out of a vertex
u (degree out) andi(v) the number of iected edges coming to the vertex(degree in). For

instance, in Fig. Ib) the vertexC4 will have a value od(C4) 1 andd(C4) 2. Thus, for
a weighted directed  SK WKH 5DQGLU LQGH[ FD@®2EH FDOFXODWHG XV

D
RG | Wuy dy dy (6.2)
uyveE
Finally, in order to better differentiate between weak and strong interactions between eotspon
we suggest squaring the dependency value irbR29 o that the index becomes B3]

RG" | wuvy(dy qy)° (6.3)

u,v

6.4.2 Normalization of the Connectivity Measure

One particularity of using a connectivity index which considers negative interactions is that it is
possible to have zemegree nodes. Indeed, usually the design structure matrix would be a
connected graph as a path would exist between any two pair e§ raodl thus all the nodes
(representing the components) in the DSM would have eitherdagiree or outlegree. However,

it is possible that certain components of the system are disconnected in terms of a certain or all
adverse effects, as to which theg aot affected by any other components or they do not affect

other components. Therefore, it is required to take this into consideration when calculating the
FRQQHFWLYLW\ YDOXH DQG WKXV ZH VXJJHVW WKH OLQHDU QC
by Eq.(6.3) by the difference in extrema (min and max) possible values of the index. The maximum
5DQGLU LQGH[ ZRXOG FRQVLGHU WK hé&ke igvKpair 'df diréctedzdgeRPSOH
between any pair of nodes, and that the edge waifitv) is at its maximum value, which would

be casespecific depending on the dependency assessment process. The same would be applied for

the minimum index value, which would assume the minimum value for the weight. Therefore, for

the case of a complete graph, the in and out degrees woul He(N being the number of
nodes), and there would be a tatBN(N 1) edges in the graph, assuming that a component does

not affect itself. This would result in the extremum values being such &6.£q.



60

RG.., N N 1°°"uv,

3
201 3 (6.4)
R(G) N N1 uw, s

min ¢
The normalized dependency value is teupressed in Eq6.5). This normalization is similar to

the one carried out in TOPSI$gchnique for Order of Preference by Similarity to Ideal Solution)

[83] which considers how close a solution is to the ideal solution and how far it is to the worst one.
However, in the casef only assessing negative dependencies, the maximum value would be
undesirable as it would mean that detrimental interactions exist between all components. Hence a

lower index value will result in being closer to the optimal conditions.

R(G R G,
R( G)max R Q min

R( G) normalized (65)

6.4.3 Aggregation of Dependency Types

It is to note that there might be multiple dependency types that could be considered while evaluating
design concepts. For example, 4 types are report@#ijrand 3 types ifb8]. However WKH 5DQGL U
index is computed for a single graph (or DSM). Therefore, to have a global value for the level of
dependency in the system, it would be required to aggregate the index values of the different
dependency types together. The discrete Choquegradtis a suitable aggregation method as it is

able to consider interactions between the aggregated elements as shown in design related problems
[20], [24], [25], [64], [85]. The discrete Choquet integral is expressed ir(@&6).

©sd | fxX fx,2P(A (6.6)
il
with f(X) being afunction on a seX with respect to fuzzy measure2" o [0,1] and where
the fuzzy measures follow the axioms in E§7) [86]. Furthermore,){ refers to the switched

value of X such thatX dx, d. & andA ’X,..X .Finally, f(x) t0,f(x,) 0,andthe

function will often be thatf () X.

i) Ry 0 () R) 1

(i) A)PB) dX)AorA B R (67
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It is worth noting that the seK in decisionmaking will often be composed of fuzzy scores
regarding the criteria. In our case, we are considering the dependency overall score of the system.
Therefore, the Negative Dependency Index (NDI) will be given by the aggregated connectivity
values of the different DSMs. For the NDI to be easy to use, we suggest to defuzzify, by calculating
the centroid of the fuzzy number for instafi@é], the result of either the dependency assessment,

the connectivity indexalculation, or the Choquet integral, as it might be easier for engineers to

compare single valued numbers.

6.5 ldentifying Negative Dependencies

7KH 1', DV VXJJHVWHG LQ 6HFWLRQ XVHV WKH '60 DV WKH EI
However, to usé¢he index it is required to build the DSM of each concept to be evaluated. There
exists some methods that help assess the interactions systematically in a DSM as sug@éjted in

where it is required to state whether the interactions (spatial, information, matezigly)eare
detrimental, undesired, indifferent, beneficial or required. Although this method helps to establish

the interactions, it still requires a high level of involvement from the design engineers and thus can

be difficult to use for complex systemsokéover, the identification of detrimental or undesired
interactions is challenging early in the design process as sisteirknowledge is usually not

available, or very scarce making the decigioaking process all too subjective. Additionally, it is

had for the engineers to follow the evolving performance of the overall system.

Consequently, it is required to properly assess the various dependencies in the system with
information available at the conceptual design stage. This information would usiabynponent

related as it is obtainable through a specification sheet or through knowledge transfer from previous
designs. However, if a component is new or have never been used, it is difficult for an engineer to
know how it behaves in operation. MoregMeaving an exact quantitative value for the sensitivity

to noise of a component would be difficult, even at later design stages. Thus, to be able to assess

dependencies, it will be required to use fuzzy and incomplete knowledge about the components.

Therefore, in this section we show how it is possible to gain component related knowledge which
would later be used for dependency assessment and-amidtia decisiormaking. We first
present the method built upon the work proposed by the authd&S8jino assess negative

dependencies based on component level information. Then, in the following sections, we show
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how different components of the same type (actuators, sensors, wbuld be influenced
differently by the same factor and how it is possible to acquire this information by experimental

testing.

6.5.1 Fuzzy Assessment of Dependencies Using Linguistic Variables

The work presented by the author$58] proposes a method that uses fuzzy knowledge about four
componentgelated and systetayout related dimensions to find negative interactions within the
system. These dimensions are the affecting level, affected level, functional closeness and effect
atteruation as shown ikigure6.2. A negative dependency is defined as the interaction between a
component that generates an adverse effect and another component for whiclcttbes are
impaired by the generated effect. As cited above, in this paper we consider the common adverse

effects of heat, vibration and EMF.

The design engineer can use linguistic variables to express whether the components of a system
generate a negae effect or are affected by it, or whether components are physically close to one
another. Then by aggregating the information about the four dimensions, the engineer can
determine the strength of the dependency. The four dimensions of a negativeedepand fuzzy
linguistic variables along their corresponding triangular fuzzy number (TFN) that can be used to
represent the dimensions are showmable6.1.

Affecter Level
Component Level

Affected Level

Adverse Effect
Dependency

Functional Closeness

System Level

Effect Attenuation

Figure6.2: Dependency Dimensions
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Table6.1: Dependency Dimensions and Fuzzy Linguistic Variables Along their Graphical

Representation where is theembership of the Linguistic Fuzzy Numbers

Affecter level (AR) Extent to which a component generates an adverse effect
Affected level (AD) Extent to which a component is affected by adverse effect
Functional Closeness (FC) Extent to which twaomponents must be close

Effect Attenuation (EA) Extent to which an adverse effect attenuates over distance

Linguistic variable TFN

p(x)
Vel’y IOW <0, 0, 0.23 0 Very Low Low Medium High Very High|
Low (0.15,0.3,0.45
. 0.5

Medium (0.35,0.5,0.65
High (0.55,0.7,0.85

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Very high (0.75,1,%

The method proposed [B8] makes use of aggregation operatg($fn, tf,, ..., tfn, )instead of an
inference system which reduces the complexity associated with building the fuzzy logic rules base.

Therefore, once dimension assessment is carried out, the negative depe]llqemﬂytype k,

with k referring to either "heat", "vibration", or "EMF", between two componeénits can be

found by aggregating the linguistic variables of the four dimensions by usir{§.8q.
d; 9(AR;,AD;, § ) (6.8)
where f_ is a distance factor that can be computed using&=).
f, max(FC,EAY) (6.9)

and for which the max is calculated using the defuzzified value of the fuzzy number, and for which

EA can be calculated usinA 1 EA. Although, multiple aggregation techniques exist and
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could yield different redts, in this work we use the geometric mean, which can be calculated using
Eq. (6.10). The geometric mean is selected because provided that one of theendgaésions

is assessed as beingry low the lowest support of the aggregated fuzzy number will be 0. This
would result in a smaller number value than for instance the arithmetic mean, and might better

represent the reality of the assessment.

y

(abc) GM(a, ¢ ..{a.h.g °
with 3 (6.10)

1 1 £

_§" no g no._ ng n°

a o__ , b P , C = C o

1 3 1 i@p Tl i1 ¢

Finally, by using dedicated automatic scripts, implementd&yihon in this work, to correlate the
components that are affected by an adverse effect and the ones that generate a certain effect, and
Eq. (6.8), it is postble to calculate the extent to which components affect each other. Thus, it is
possible to quickly identify, using component level knowledge, potential interactions in the system
that might affect the performance. The dependencies that are found usingethod can then be

used as inputs for a DSM. This dependency assessment method could thus be used to support
decision making when looking at design modifications or evaluating different concépts.

dependency assessment process can be summarizéldwas: fo
1. Assess the affecting/affected level of the dependency types for each component/subsystem,

2. Determine the closeness of the components and effects attenuation based on the system

layout,

3. Aggregate the dimensions of the dependency for each pair of cemigowhich would
have an affecting/affected interaction, and use the aggregated dependency value as the entry
of a DSM.

6.5.2 Affected Level Variation

In order to illustrate how to assess the extent to which a component is affected by an adverse effect,

we usdawo different 6DOF Inertial Measurement Units (IMU) which will be subjected to external
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perturbations while IMU sensor measurement is carried out. One of the IMU is a MPa&a50

the other is an ITG3200/ADXL345 combaVe induce an EMF to the IMUs by plag them close

to a running DC motor as shownhigure6.3. The measurement of the roll angle (attitude) from
the fixed IMU is carried out for 10 seconds withaaguisition frequency of 100Hz. It is to note

that both IMU readings are filtered with a complementary filter. Furthermore, we use a reference
signal of the IMU without the motor running to compare the effect of the motor on the IMU

measurements.

Figure6.3: Setup for assessing affecting level dimension

It can be seen iRigure6.4 how the IMU signal is influencealy the EMF, which is expected. Apart

from the fact that the MPU by default is less noisy than the ITG/ADXL combo, it is also possible

to note that it is less influenced by the EMF induced by the running motor. Thus, when it would be
required to state thdfacted level of the IMUs from EMFs, it could be said that the MPU has a

low value and the ITG/ADXL isery high Indeed, it can be seenkigure6.4-(b) that the affected
VLIQDO IURP WKH ,7* $';/ KDYH DQ HUURU LQ WKH UHDGLQJ D
be caused by the malfunctioning of the sensor due to the EMF as it was a recurring observation

while running the tests.

2 https://www.invensense.com/products/mottcacking/6axis/mpu6050/

3 https://www.sparkfun.com/products/10121
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Figure6.4: Effect of EMF on (a) MPU6050 (b) ITG3200/ADXL345

6.5.3 Affecting Level Variation

Similarly to what was done for assessing the affected level of IMUs, in this section two different
motor drivers (Sabertoo?2x12RC and DFRobot L298R are used with a single IMU (MPU6050)

in order to illustrate how different components serving the same purpose could differ in the level
of noise they might induce to other components. Again, the roll angle is measured Witituthe

and the readings are filtered using a complementary filter. Furthermore, -ine isesimilar to
Figure6.3 but with the drivers, rather than the motor, used as the source of noise. The results of
the tests are shown Figure6.5. It can be seen that the L298N driver indu@ss Inoise to the

MPU than the Sabertooth and thus the assessment coldd lber the L298N anchigh for the
Sabertooth.

4 https://www.dmensionengineering.com/products/sabertooth2x12rc

5 https://www.dfrobot.com/produi6.html
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Figure6.5: Motor driver effect on IMU reading

6.5.4 Notes on the assessment dépendencies

For both the cases of the IMUs and motor drivers, it is possible to easily gain knowledge about the
components separately. This information can then be transferred to the system level design by using
the dependency assessment method and thus be usedioidea about the performance of the
mechatronic system globally. However, the process of assessing the interactions is, of course,
highly relative. Indeed, the perception of how much a certain effect is generated by a component
or how much a componentBIITHFWHG GHSHQGV RQ WKH HQJLQHHUTTV H[SH
in question. The use of fuzzy numbers can in part deal with the uncertainty of the assessment as
there is an overlap between the linguistic variables in the fuzzy scale. Thereforethibe atlews

some flexibility. Furthermore, to have a more robust assessment, it would be possible to average
the statement of multiple engineers. This could be achieved in multiple ways, but using an
aggregation method such as Eq.(10) should allow to cmmhultiple assessments for each of the

dimensions.

6.6 Case Study 1: SelBalancing Robot

,Q RUGHU WR GHPRQVWUDWH WKH SUDFWLFDOLW\ RI WKH 1°',
level, we perform a fulfactorial design of experimen[88]. Design of experiments are usually

usedto understand which set of variables, or factors, affects the performance of a system. The
design of experiment differs from one variable at a time experiment as it allows to consider the

effect of multiple factors concurrently and thus find optimal sohgiconsidering interactions
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between the factors. Furthermore, each factor can take multiple values, or levels, and the design
experiment also enables finding which are the optimal values for the factors. The levels of a factor
can take quantitative or glitative values. An example of a quantitativée®el factor would be a

FKHPLFDO SURFHVVIV WHPIS Brd D.\Wtré&bkker ZekquidikatitreRax € factér H

would be for instance which cataly$l, or C, , to use in the chemical process. Finally, the design

experiment would be to find which combination of temperature and catalyst would result in the
highest yield.

In this paper, the design experiménused so that combinations of different factors are created
and thus allow to verify if it is indeed possible to correlate the NDI to the performance of the
system. The experiment consists of swapping some components (IMU and motor driver) and their
postion at various locations on a sélalancing robot shown iRigure6.6, and investigate how it
affects the performance. The sbHlancing robot being an undactuated mechatronic system

available for usage in our research group.

The full-factorial design expeR HQW ZDV FDUULHG RXW DV LW GRHVQITW UH’
IUDFWLRQDO IDFWRULDO H[SHULPHQVBE|, B9 7TDIXFKKLIMW // ROUM
used when multiple factors are considered but testing all the combinations is not feasible, however,
since only 3 factors were consideia this paper, a-Bvel and two devel, the fultfactorial results

in a maximum of 12 runs which is easily manageable.

The IMU (2level) and the motor driver {&vel) as well as the position of the IMU-i@vel) were

chosen as the factors. Furthermdhe index should be able to predict which system, for a given

set of components, will perform the best as a lower level of negative dependency will result in
improved performance. Indeed, the NDI will be calculated using adverse effect dependencies,
which will result in the interactions weight being comprised between 0 and 1. Furthermore, the
design experiment considers three negative dependencies which are the heat, vibration and EMF.
The dependencies are assessed following the method prese®i@ldaimd summarised iBection

6.5

By changing the component as showrnvpesly, such as switching between IMU MPU6050 and
ITG3200/ADXL345, if one of is less sensitive to noise it should score a lower value for the NDI.

Finally, by moving the components around, the closeness factor would also change and thus should
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result in dfferent index values. This would show that the index is actually following the evolution

and changes of the design.

It is to note that to maintain the same dynamics of the system throughout the experiment for the
control of the setbalancing robot, the ators and batteries will be fixed, as the weight of the other
components (for instance the IMU which weighs only a few grams) is much smaller and thus their
effect on the dynamics is negligible regardless their location. Moreover, it is also worth nmgntioni
that IMUs were recalibrated when repositioned on thelsdncing robot, and that the controller

(PID) was tuned as to have the most robust performance while considering the noise in the sensors.

6.6.1 Fuzzy Assessment of the Dependency Dimensions

We provice the fuzzy assessment for the componentabie6.2. The assessments Tiable 6.2

were performed by tests such as mentionegertion6.5.1 If it was not possible to conduct the
test,assessments were made using the knowledge of the authors of the components, as well as
online data sheets on the components. This may have resulted in the same assessment for certain
dimensions of a component type as no other information was availabtieterdiate them.

Furthermore, since we changed the location of the IMU, we provide the different functional
closeness assessmenfliable6.3 depending on IMU locationLd, L2, L3) shown inFigure6.6.

The effect attenuation is providedTable6.4. Finally, we provide the fulfactorial table with the

NDI using DO 1/2 and the fuzzy measuresTdible6.5. Table6.5 ZDV REWDLQHG IURP WKF
knowledge on the subject as well as questions asked to 10 graduate students in mechatronics
engineering. Thguestions required the graduate students to rate the criticality of the adverse effect

in the performance of the system, as well as the correlation between one another, similarly to what

was done if24]. This was done for each run presentedable6.6.
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Table6.2: Assessment of Components

(b)

Figure6.6: SeltBalancing Robot (a) Schematic (b) Physical Implementation
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Component ID Affecting Affected
o2 Motor - Vibration-h Vibration vl
£ EMF +m
@ S Arduino - Heat- vl Heat- h
g EMF # EMF- |
S8 Battery - Heat- m -
EMF +vh
Lo L298N D1 Heat | Heat- m
29 EMF - | EMF - |
§ 5 Sabertooth D2 Heat- | Heat- m
EMF- h EMF- |
MPU6050 S1 EMF- vl Vibration- h
Heat- |
3 EMF - |
= ITG3200/ADXL345 S2 EMF- vl Vibration-vh
Heat |

EMF -vh




Table6.3: Closeness Assessment

Motor Driver Arduino

Battery | IMU
L1

IMU
L2

IMU
L3

Motor
Driver
Arduino
Battery

IMU L1

IMU L2

IMU L3

Tableb6.4: Effect Attenuation Assessment

Linguistic Variable

Effect
Vibration |
Heat h
EMF h

Table6.5: Fuzzy measures for Choquet integration

EMF=E, Vibration =V, Heat H

e) /0
RE) 0.7

RV) 0.25
RH) 0.45

REV,H) 1
RE,V) 0.75
RE,H) 0.85
AV,H) 0.55

71
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Table6.6: NDI value for the runs in the design experiment

IMU IMU Driver | NDI
Location Type Type | (x100
6.86
6.69
8.48
8.82
7.96
8.09
11.40
12.01
7.79
8.12
11.04
12.07

Run #

NEhEBoo~N~oubwNER
WWWWNNNNRR PR P
NNFPFRPNNRPRPNNPRPR
NRPRNRNRPRNRNRNPR

6.6.2 Experimental Setup

We used video analysis in order to compare the performance of the different runs of the design
experiment. TheselEDODQFLQJ URERW LV VHW WR UROO RQ D ERXQGH
able to stabilize within this distance as well as to preidrdm wandering off while enabling to
capture the full extent of the experiment with the camera. Furthermore, visual tracking tags, green
for top and red for bottom of the sdd&lancing robot, are placed on the robot so that a flame
frame analysisan be done to determine its position along the track. The analysis consists of using
a HueSaturationValue (HSV) filter[90] to isolate the specific color of the tags as showFigare
6.7.

Moreover, center lines are placed on the track to position the robot at the beginning of the test

and to be able to calculate they coordinates of the tags by finditige min and max pixels at

WKH FHQWHUOLQH DQG FRUUHODWH WKHP WR D3 P GLVWDQ

fps to ensure that enough pixels and frames are available to properly isolate the tracking tags.
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x = 0.097m
y =0.163m

x = 0.095m
y = 0.035m

Min Pixel — 4

x =—0.5m l%—‘
Center Lines

(a) (b)

Figure6.7: (a) Unfiltered color frame of the video (b) Combined top and bottom tags filtered

image, with detected position of the robot

6.6.3 Results

Figure6.8 shows the positions of the robot along the track (which is expressed alongutisg X

for different runs. The runs 1, 2, 3, 9, 10, and 11 were selected for display as they better represent
thevarious modifications to the robot from the baseline design in run 1. Furtheffigues 6.8

VKRZV WKH URERWYTV SRVLWLRQ IRU XS Wihs 1, 2/&hBRRQY +RZH
much longer and were interrupted after 2 minutes since the robot was able to maintain itself upright.

It is also to note that 10 tests were conducted for each ruirignce 6.8 displays the typical

behavior of the robot for a given configuratiéimnally, it can be observed Figure6.8 that there

is a slight dscontinuity in the curves at the track extremums. This is caused by tHimlksel€ing

robot not staying perfectly on the center line in the x axis, which results in a small error when

computing the position due to the perspective of the video camera.

Moreover, we define the stable state of the robot being that it is able to maintain itself upright, and
ideally it has low amplitude and low frequency oscillations since being totally upright without

moving would not be achievable due to the system beingsitélly unstable and undactuated.
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Figure6.8: Position of balancing robot during test for runs 1,2,3,9,10,11

It can be seen iRigure6.8, for a given IMU and motor driver, that changing the position (runs 1

and 9, 2 and 10, 3 and 11) increases the NDI value while the performance decreases. For instance,
with the pair (2, 10) th&est length is greatly reduced due to the robot falling, as illustrated by the

fall points on Fig. 8. In the case of tests (1, 9), the decreased NDI is correlated to a small error in
the IMU reading which results in the robot constantly trying to go site, and thus bumping

into the wall (run 9). Indeed, if we did not impose limits on the test track, the robot of run 9 would
have continued going towards one direction in an attempt to upright itself, and thus would probably
never reach a stable stafihis observation is correlated by the behavior of the sensor when

subjected to noise from the L298N motor driver, which can be sd&gune6.5.

Furthermore, it can be2en when comparing the sets of runs (1, 9) and (2, 10) that run 2 is more
stable than run 1. Indeed, the amplitude of the oscillations of run 2 is smaller and the robot remains
around the central position whereas run 1 exhibits larger oscillation amiada tendency to

go to one side of the track. However, the robot performs poorly in run 10 especially when compared
to run 9, since the robot falls in run 10 which is a recurring observation for the tests carried out

with this configuration. This can lwerrelated to the NDI as more negative interactions exist, which

is displayed by a bigger increase in the index value, from 6.86 to 7.79 {3.6%) for runs 1
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and 9, and from 6.69 to 8.12 ( 21.4%) for runs 2 and 10. Indeed, the robot of run 10 has a
tendency to go to one side @irection), which was not the case in run 2, and then is not able to
stabilize after hitting the side wall. This behavior could again be related to the increasedamount
EMF noise coming from the Sabertooth motor driver which results in a high error in the IMU
reading, as it was shown gure6.5.

From these results, it is possilite observe that, overall, the NDI is able to indicate when the
performance of the mechatronic system decreases as a higher index value resulted in shorter test
length due to the inability of the robot to stabilize itself. However, it is worth pointindpatthe
proposed NDI should not be considered as the sole indicator of performance, but should be

integrated to other performance measures as for example the ones used in tfiz4MR].

6.7 Case Study 2Design of a Robotic Arm forAerial Manipulat ion

It was shown in the previous sections how to explicitly consider negative dependencies between
components and condense these dependencies into a single index value able to predict the decrease
in product performance by an increase in the index valueidrséitond case study we illustrate

the importance of considering the negative dependencies early in the design process through
simulation. We simulate the design of a two degree of freedom (DoF) robotic arm design in the
context of forming an aerial manilador. An aerial manipulator being a multirotor drone equipped

with a robotic arnf91]. The robotic arm should measure 0.375m and should be able to lift at least

100 gramsWe carry out concemvaluation with and without the NDI as criteria and show that

consideringt could lead to better decisianaking.

6.7.1 Conceptual Design of the Manipulator

There are multiple options as to how the robotic arm for aerial manipulation could be designed.
For instance, the motor could be placed at each joint and directly drive thetheAaption would

be to have each motor placed at the base and optimize their positioning to reduce the inertia of the
arm and of the drone, which would then result in the arm joints beingltbetn. Moreover, it

would be required to have position serssin the control feedback to measure the relative
positioning of the arm to the drone. Again, there would be different options for the sensors such as
using a Hall effect encoder directly on the motor, using an optical rotary encoder connected to the

mota shaft, or by positioning the inertial measurement unit on the manipulator which could
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measure relative position of each link by the difference in absolute positioning of the elements in
the kinematic chain. Finally, other components would also needdons&lered, such as the type

of controllers or the type of actuators and thus we summarize some of these ofigns<i.9.

It is to note that is not by any meansexthaustive list of options, and the resulting system models

are, of course, highly simplified.

Robotic Manipulator

Controller

PD
Carbon Fiber

Direct Drive
Belt Driven
Aluminum

Fuzzy Logic

Inverse Dynamics
Passivity Based
Optical Encoder

Hall Effect Encoder

Brushed DC Motor

Figure6.9: Manipulator Design Options

Based on the options Figure6.9, there is a total of 216 concepts that could be generated amongst
which we selected 4 distinct enough sets that will be further evaluated to illustrate the use of the
index in conceptual decmirmaking. The 4 concepts will be investigated with a gravity
compensated PD controller, polymer structure, and their other constituents are summarized in
Table6.7 and llustrated inFigure6.10. It is clear that in a real case, the 216 concepts should all
be studied to ensure that the optimal one is selected. Consequently, assedsipgrtiencies and
calculating the NDI should still be reasonably achievable as the methods mostly require inputs for
only four components. Moreover, it could be possible to write a script assessing the proximity of
the components depending on the optiohsvduld thus not be required to go over all possible

combinations to evaluate the negative dependencies.
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Table6.7: Concept Evaluation with nemormalized criteria values and where criteria impact

represents either a high criteria value is beneficial for the design or not

Concept Structure Sensor 1 Sensor 2
1 Direct Drive Hall Effect Hall Effect
2 Belt Drive  Optical Rotary IMU

3 Direct Drive IMU IMU

4 Belt Drive  Hall Effect Hall Effect

(a) (b) (©) (d)
Figure6.10: Robotic Manipulator Configuration for #)l) concepts 1 to 4

6.7.2 DependencyAssessment

Similarly to what was done in Sectiof.6, we carry out the assessment of the negative
dependencies for the robotic arm design in the context of aerial manipulation. We assume that the
base of the arm is close to the drone centerasfiay which would result in being also close to the
EDWWHU\ ORUHRYHU ZH DVVXPH WKDW YLEUDWLRQ IURP V
manipulator. The various assessments are thus provideabie 6.8. Moreover, we provide the

closeness assessmenfigure6.11.
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Table6.8: Component Level Assessment

Affecting Affected

Component

Motor \E/Ilaréltl?nn -h -

Drone \ém:a_tfn -m -

Hall Effect Encoder EMF - vh
Rotary Optical \E/:\tz?fi:)n -m
IMU } \E/:Slll':a'fl(;nn -h

Figure6.11: Closeness Assessment for-(d) concepts 1 to 4 based on the manipulator layouts of
Figure6.10

6.7.3 Concept Evaluation and Selection

The four concepts have been evaluabgdthe authors and a group of 10 graduate students in
mechatronics and drones design in a workshop setting. The evaluation was done considering 5
criteria: the complexity, flexibility, reliability, cost and weight/inertia of the manipulator, along
with thdr relative importance in the concept evaluation. The first four criteria are the ones that are
deemed essential based on the MIV and Mg, [63], [64] The last criterion is one that was
selected due to the nature of the design task as a concept having lower inertia would be beneficial

for the control of the multirotor drone. The result of the averaged assessment is preseaibél in
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6.9. The NDI is also provided based on the assessment made in $ectbRinally, we carry out
the concept evaluation using the TOPf3] method without and with the NDI as a criterion and

provide the results again irable6.9.

It can then be seen that by considering the NDI the result of treegbavaluation in terms of
ranking changes (sdable6.9 last two columns). Indeed, concept 3 is the preferred option when
considering the NDI as opposed to conceptvmthe NDI is not taken as a criterion.

The result of the concepts evaluation seems to correlate well the expected outcome. Indeed, if we
do not consider the NDI as a criterion, it is logical to have concept 4 as being the preferred choice.
Concept 4 abbws to greatly reduce the impact of the arm on the dynamics of the drone by having
both motors at the base. Moreover, the hall effect encoder should provide adequate motor feedback.
However, by introducing the NDI in the evaluation, concept 4 slides thitlderank. Considering

that the hall effect encoders are highly subject to EMF, having them close to the drone, and

consequently the battery, should greatly diminish their performance.

The selected option when considering NDI is then concept 1. Althooigtept 1 has a higher
inertia than concept 4, the fact that only one of the hall effect encoders is subjected to EMF from
the drone greatly decrease the total level of dependencies. Moreover, concept 1 is a less complex

design since there is no need tiog belt drive.

From the different results of concept evaluation, it can be seen that considering the NDI does allow

for a better decisiemaking as it allows one to avoid the selection of concepts that would require
multiple redesign loops due to tooany negative dependencies. Obviously the number of concepts
HYDOXDWHG FRXOG EH KLJIKHU DQG WKH RQHV WR EH HYDOX

concepts, which was not necessarily the case here.
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Table6.9: Concept Evaluation with nemormalized criteria values and where criteria impact

represents either a high criteria value is beneficial for the design or not

Criteri Complexity Flexibility Reliability Cost Weight/Inertia| NDI | Rank Rank
riteria

w/o  w/
Decision 0.25 0.3 0.45 0.6 0.55 0.35 | NDI NDI
Weight N N
Criteria ) ) i )
Impact
Concept 0.32 0.50 0.68 0.48 0.65 0.077| 3 1
1
Concept 0.66 0.47 0.41 0.60 0.36 0.069| 4 4
2
Concept 0.44 0.59 0.36 0.31 0.59 0.084| 2 2
3
Concept 0.52 0.44 0.48 0.56 0.33 0.108| 1 3
4

6.7.4 Simulation of the Manipulator with Adverse Effects

The simulation is carried out in Simulink (MATLAB) using the dynamics and control of the
manipulators as described j82]. The adequate filtering of the sensor is carried out on the
compaent related noise. We simulate the effect of negative interaction by inducing a noise to the
position readings proportionally to the level of negative dependency the sensors are affected by,
such as shown iRigure6.12, which is calculated based on the assessment in sécti@n Finally,

we use a gravity compensated PD controllerclv control the joints position. Finally, the results

of the simulation for joint inputs off $2, ,7 /& is presented iffigure6.13. It is worth

mentioning that additional noise is induced to the IMUs on the second link of the manipulator to
simulate the effect of computing the relative position of the arm based on thdiniis

measurement.
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D Controller

m Sensor

Figure6.12: Using Negative Dependency Assessment in Simulation

It can be seen iRigure6.13thatthe response of the manipulator has a lower stetatg error for
concept 1 Figure6.13-a) as opposed to concept 4, which is correlated to a lower index value in
the case of concept. Therefore, selecting concept 1 should lead to a better integration of the various
components of #tamechatronic system in regard to this criterion. Indeed, the engineers might only
have difficulties with the sensor of joint 1, whereas in concept 4 adverse effect on both encoders
would have to be mitigated. Concepts 2 and 3 performances would be griéadigced by the

ability to mitigate the negative dependencies on both sensors as joint 2 is dependent on joint 1 due
to the use of IMUs.

One other advantage of using the negative assessment is that doing so should help develop more
accurate simulatiomodels. Indeed, similarly to what was done for the simulation of the robotic

arm for aerial manipulation, inducing noise in the system proportionally to the fuzzy assessment
of negative dependency should help in finding control methods, controller ghars,etc. that

would be more appropriate to the design task. Therefore, the assessment of negative dependencies
could be carried further than the conceptual design stage as in preliminary design and detailed
design stages where such decisions are made.
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Figure6.13: Simulation Results for (g)d) concepts 1 to 4

6.8 Conclusion

In this paper, we introduced the negative dependency index (NDI) based on the information
contained in the design structure matrix. Tindex uses quantitative graph theory to calculate a
total level of negative interactions within a system. We showed through a design experiment that
by calculating the index based on the DSM built using the negative dependencies, it was possible
to predicta change of performance for a given set of components. The design experiment was
carried out on a simple sd#tlancing robot with few interacting components, but it was still
possible to see a decrease of performance as the negative dependenciesrgatedinMoreover,

we showed the value of the NDI as a valuable criterion to use in concept evaluation through the
design of a robotic arm for aerial manipulation. We demonstrated that the concept selected by using

the NDI was more stable in simulation mhthe other noselected concepts.

For more complex systems, there is potentially more dependencies affecting the functionalities of
the system and thus it might be possible to notice larger performance drops. It is thus necessary to
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try to avoid having deimental interaction as much as possible early in the design process in order
to reduce the number of-gesign loops further in the design process. Therefore, this NDI would

be useful during early design stages along other mechatronic specific detsiga. cri

Indeed, by considering dependencies during MCDM, engineers will be able to select concepts that
not only have good performances, but also ones that would require the least redesign loops to cope
with the detrimental interactions. Furthermore,itttex would also be able to determine if a design
modification would result in attenuating negative dependencies or create more problematic
interactions. Even though the dependency assessment process and index computation requires a bit
more time during aoceptual design, one can assume that the extra time spent early on will be saved
during later stages of the design process, which in the end will reduce development complexity,

time and thus cost.

Another point to consider is how other negative dependemdeling methods would work with

the NDI. Indeed, methods such as the Design Interference Detectof4Ptbyld be used to

model the negative dependencies. However, it would be necessary in this case to implement a
method to allow engineers to rakeetstrength of the interaction since weak or strong dependencies

will affect the system differently.

Furthermore, the index should also be tested on a full design scale of a mechatronic system to
verify if indeed the number of redesign loops are reducezhwelonsidering dependencies during

the conceptual design stage, which could be done by simultaneously designing the same system
with and without the NDI as an early design criterion. Additionally, in the prospect of automated
synthesis of mechatronic systs, the NDI could easily be used within an objective function as the

performances assessment is given by a single score.

Finally, the paper presented a method to assess the sensitivity to noise of different components
ZKLFK ZDV EDVHG RQ WhHaod. AltpaghQfehbilhleffdr & féW Eomponents, the
assessment would be difficult for systems having a large number of component options. Therefore,
it would be interesting to be able to automatically learn the fuzzy assessment using artificial
intelligene methods based on the past performances of the compdvietiitsds of interest could
be linked to transfer learning, which is a machine learning method that allows to learn from
previous models and then apply this knowledge to new pro{i@BjsAlternatively, it would be

possible to use knowleddgmsed engineering (KBE) as a means of capturing the expertise of
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engineers. KBE uses methods and dedicated software to model and capture the knowledge which
can be later usg@®4]. This is a subject of research work carried out inresearch team, where

it investigates the use of industrial knowledge in topological optimiz§in
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7.1 Abstract

The complexity of an engineering product is based in part on the components and their
GHSHQGHQFLHV ZKHUH WKH ODWHU FDQ EH SRVLWLYH RU
different metrcs can be employed, which then makes use of the modeled dependencies. However,
complexity metrics do not account for negative dependencies, even though design effort is often
spent on mitigating them. To deal with this issue, a new modeling method toremiky handle

positive and negative dependencies is proposed. This paper thus suggests modeling the
dependencies as complex numbers and use these complex numbers as inputs for a design structure
matrix. The use of complex numbers to simultaneously nmuuigtive and negative dependencies

allows to retain more information in the design structure matrix when dealing with different
abstraction levels. This modeling method is then shown to be of high interest for the development

of complexity metrics. Consegutly, this paper discusses the impact of the proposed modeling
method on complexity metrics development. Finally, the use of the suggested complex
dependencies for modeling a system and calculating complexity metrics is demonstrated using a
design case stly on a soft robotic gripper. The results in this paper shows that the proposed
modelling method will allovto better represent the reality of the design, while enabling to develop

more adapted complexity metrics.

7.2 Introduction:

The structural analysis afsystem is of high interest in product design as it can be linked to various
properties. For instance, the cyclicality of the Design Structure Matrix (DSM) or the identification

of hubs within the system can be related to the defects that could be di@teatproduc{70],
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[71]. It is also possible to analyze the importance of coraptenthrough the use of an improved
pagerank algorithm and then relate it to failure propagalsj.

One of the common grounds for sttwral analysis is through the development of complexity
metrics, which are used to represent quantitatively the complexayof a product. First, Bashir

and Thomsor96] states that complexity metrics sholdé intuitive to use, sensitive to the
variation in complexity, consistent in their rating, have a general enough definition to be applied
in various fields and finally be simple. Furthermore, Summers and[Shamention that metrics
should help in relating to the complexity of the design process (PR), the design problem (PB) or
product design (PD). Moreover, Summarsl Shalj97] mention that complexity metrics usually
analyze three types of complexity : the size (number of exdsidependencies), the coupling

(connectivity) and the solvability (development effort) of either the PR, PB, or PD.

Each analysis of the PR, PB, or PD would be dependent upon various factors. For ikiitidce,

and Otto[98] mention that considering the type of interface for the dependencies would help in
better assessing the complexity of the (re)work. HeHédtta and Ottg98] suggest using the
flows of energy, material, or information (similar to the functional badiéiritz et al[99]) within

a system to represent the effort related to rework. Furtherdme; & al.[72] argue that different
representatio schemes such as function structure, connectivity graph, or parametric associativity
graph would all result in different understanding of the product complexity. They thus propose
complexity measures that can be used to relate either the size or caipheglesign based on

the representation of the prod({ic2].

Moreover, one of the major uses of complexity metrics is for modularity analysis. The survey
carried out byH6Itt&-Otto et al[100] identifies different metrics that have been developed to assess
the coupling modularity by identifying module independence. The work carried diarbgskar,
Neema, and DelLaurentjg3] suggests a metric that includes the number of cycles in a DSM in
order to gain information about the complexity in terms of size, coupling and modularity. This
complexity metrt also considers the weights of the dependencies, which is not alwayg 8pne
Alternatively, Jung and Simpsofi01] propose a modularity metric that combines three types of
properties based on a system DSM: Modules independencemathale dependency density, and
proximity to the DSM diagonal of éhdependencies. They mention that combining these three

properties should help better assess the modularity of products.
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Finally, the work carried out bginha and de WedKk 02] £105] proposes a structural complexity
metric based on the number of components, the topological complexity and the number of
interfaces. Their complexity metric also considers individual component complexity and the
interactions complexity. They argue that considering those elements would allow to analyze the

integration effort required during the development process.

Although numerous research works have been carried out in complexity analysis, the different
methods tht are currently being employed all lack the same aspect: they do not seem to
differentiate between a dependency that is beneficial to the sgsthone that is detrimental. It is

mentioned byPimmler and EppinggB0] that design challenges are reldtto both positive and

negative dependencies, and negative dependencies should thus be accounted for to avoid for new
SUREOHPVY WR DSSHDU ,QGHHG QHJDWLYH GHSHQGHQFLH
performance, and hence they should be considemzagdunodularity or integration effort analysis,

which is not currently done.

The work byChouinard, Achiche, and Bar¢h06] proposes a complexity metric purely based on
negative dependenciegShouinard, Achiche, ahBaron[106] demonstrate that considering these
negative dependencies during the conceptual design stage could improve the -deadangn
process and thus avoid further integration problems. Consequently, nefggteraencies should

thus be accounted for when analyzing a system complexity, such as integration effort, as their
presence will lead to a much longer design process. However, although the woinkuipard,
Achiche, and BarofiL06] mentioned that the negative dependency index should be used with other
complexity criteria during concept analysis, it did not consider explicitly the duality of the positive
and negative dependencies, and their intrinsic relationslife overall system complexity.

Therefore, consideringoth positive and negativdependenies should help identifying systems

that would be more/less complex, or help identifying changes that would make the design process
more complex. Moreover, considering the effect of the dependency on the system when carrying
out complexity analysis could ledad better concept selection. Indeed, knowing these relations
could help detect concepts that would require more design effort due to a large number of negative
dependencies, in comparison to the positive ones. This paper proposes a new modeling method to
concurrently handle positive and negative dependencies in early design stages. This modeling

method affects how complexity metrics are computed and analyzed.
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7.3 Research Aim, Questions and Methodology

This work is focuse on the handling opositive andnegaive dependencies during the design
processCurrent modeling methods do not allow their effective usage in system analysis as they
do not allow their suitable differentiation from the positive ones. Therefore, to integrate the
negative dependencies in coewty metrics, it is necessary to redefine how they are represented
and assessed. By changing dependency representation, it is also necessary to rethink how
complexity metrics are computed. This work aims at proposing new ways to handle dependencies
during the design process so that they properly represent the reality of the design. This work is

based on the following main research questions.

x RQ1: How carthemodeling of dependencies be improved to ensure better differentiation
between dependencies that bBeneficial (positive) and detrimental (negative) to the system

performance?

x RQ2: How can complexity metrics better represent the reality of the design related to the

types of dependencies present in the system?

x RQ3: Does better handling the beneficiat/sheental duality in dependency modeling help
LQ DQDO\]LQJ WKH V\VWHPYV FRPSOH[LW\"

Consequently, we first begin this paper with an overview of the literature concerning dependencies
and their modeling. The overview is focused on dependency types andhamusnesing the design

structure matrix as a means of representing the dependencies.

Afterwards, a first proposal is done concerning the modeling of dependencies using complex
numbers. It is hypothesized that complex numbers will ease the differentétiom positive and

negative dependencies, and also ease the development of complexity metrics.

Then, based on the proposed complex number representation, a discussion on the computation of
complexity metrics based on graph theory is carried out. Follotandiscussion, a synthetic case

study on the design of soft grippers is carried out. The case study demonstrates the use of the
proposed methods and shows how the analysis would vary depending on the way that the

complexity metrics are computed.
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7.4 Product-Related Dependencies:

Dependencies are inherent to complex systems. A dependency is defined as being the relationship
that exists between two elements (components, subsystems, systems) whenever one of them is
affected by the other. The affecting elemenisually referred to as being the antecedent while the
affected one being the dependgf]. However, a dependency is not limited to components or

systems. Indeed, a dependency can be defined between:
x functions (e.g. provide power),
X means (e.g. batteries), and
X properties (e.g. discharge time).

A dependency can also be said to be positive or negative. A positive dependency is one that helps
fulfill the functional requirements of the system. For instance, the dependency between the battery
(a means) and a motor (another means) is said to bevpaasiit works towards achieving the

functional requirement of the system.

Negative dependencies can occur in various forms, where one of the common types would be the
noise (heat, vibration, electromagnetic field) induced by functioning components.negaive
dependencies are for instance the premature oxidation of components within a product due to
interacting materials. However, no matter the form of the negative dependency, their result will

often be the deterioration of product performance anafegrity.

An example of a negative dependency is the one that could exist between a battery and a sensor,
when the heat generated by the battery affects the measurement of the sensor. Positive and negative

dependencies are illustratedrigure7.1.

One challenge related to negative dependencies is that they will often occur concurrently with
positive ones. For instance, it is mentionedsbga, Eppinger, and Rowlg®7] that a transfer of

vibration between lowpressure turbine vanes and blades would be detrimental, but the same vanes
and blades would be positively dependent on their closeness for achieving proper turbine
efficiency. Thus, considering both positive and negative dependencies in system analysis should

prove to be useful for any complex systems.
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Figure7.1: Representation of positive and negative dependencies

However, managing dependencissachallengingiaskin complex systems. One of the first steps

to manage them is to be able to carry out efficient and effective modeling. There are multiple tools
and methods that could be used for dependency modeling, sbondagraph$108], or SysML

[109]. One of the widely sed method is thBesign Structure MatrixDSM) [28], [52], [69]. The

DSM is a compact form of representing dependencies between elements. It can be used for various
applications such as to model system architecture, organization structures, processesexet low
relationshipg28]. The one which will be used in this work is the compotesed DSM, which

represents the dependencies present within a sy§8m

The DSM in fact represents the adjacency matrix of a graph (or network). Depending on the types
of dependencies, the graph can either be directed or not.-Airemted graph is one where there
is a bidirectional relabnship (edge) between two elements (nodes). A directed graph is one where

the relationship might not be reciprocal between the pair of nodes.

Furthermore, there exists modeling methods such as propostachbyer and EppingdB0] that

help identifyng the dependencies (spatial, energy, material, information) and assessing whether
they are detrimental, undesired, indifferent, desired or required for the functionality of the system,
such as shown ifigure 7.2. Other methods such as proposehouinard et al[110] help to

assess negative dependencies and build DBMevaluating relevant dependency dimensions
using fuzzy logic. Alternatively, the foypoint scale by Sharman and colleag{®¥l], [112]

shown inTable7.1 can be used to represent if there are significant dependencies (spatial, energy,
information, material) between pairs of elements of a systém strength of the dependency can

thus be used as the input between two elements of the DSIMy this methodaks not require to



91

assess each dependency types individually, but only to identify the number of dependencies. This
also allows to have single entries in the DSM as compare to need to represent each of the

dependency types.

Figure7.2 : Design Structure Matrix Built Using the Method[80]

Table7.1: FourPoint Scale such as presented by Sharman and colldaddag¢g112]

Strength  Title Description
: Significant flow of three or more of th
3 High
dependency types
2 Medium Significant flow of two of the above
1 Low Significant flow of one othe above
0 Zero No significant Relationship

Moreover, Tilstra, Seepersad and Wd8d], [32] suggest the use dfigh-Definition Design
StructureMatrix (HDDSM), to represent more specific types of dependencies within a system,
rather tharthe generic types proposed Bimmler and EppinggB0]. An example of a specific

WI\SH ZRXOG EH 36WDWXV’™ IRU WKHK rodligurietddl erRif)es @éeits HQ G H
have a more detailed view of the system that is being developed, and potentially result in better

analysis and module creation.

Although different modeling methods exist, they do not allow the effective use of positive and

negative in complexity analysis. Consequently, the following section presents a new modeling
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method that allows to concurrently handle positive and negative dependencies, and which will

allow to consider this duality in structural analysis.

7.5 Concurrent Modeling of Positive and Negative Dependencies

Dealing with positive and negative dependencies concurrently is not always an easy process, as
two components might have both positive and negative dependencies between them. To deal with
this issue, we proposkefining dependencies between two elements of a system as being a complex
numbera bi . The real parta is used to represent the positive dependency, and the imaginary

partb represats the negative dependency.

The variablesa and b would take the value resulting from the assessment of the engineer. If
dependency is identified, them b would take the binary values 0 or 1, depending if there exist or
not a positive/negative dependency between two elements. Alternatively, it would also be possible
to have the values, b representing the strength of the dependencs scale, such as in a range
between 0 and 1. Finally, assessment methods can be adapted such as $hbief.i) where it

is shown how the scaling could be done in comparison to the method prdyyogdmler and
Eppinger30].

Table7.2: Comparison of linguistic terms using the scale fi@immler and EppingdB0] and

the proposed complex scale

Linguistic term Detrimental Undesired Indifferent Desired Required
Pimmler and EppingdB0] -2 -1 0 1 2
Complex Scale 0+2i O+i 0+0i 1+0 2+0i

The use of the twdimensional dependencgpresentatioshould ease the modeling depending

on the level of details desired. For instance, defining an energy dependency could require defining
what specific type of energy dependency it is (electrical, thermal, etc.). Then when modeling the
system, some of the pendency could be positive, such as battery providing power to a sensor
(electrical) and other negative, such as the battery inducing heat to the same sensor (thermal).

Depending on the level of abstraction, such as only considering the general depgmiEensing
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a two-dimensional dependency could allow to represent both a positive and negative dependency
within a single DSM.Figure 7.3 illustrates how from a detailed description of the energy
dependencyHigure 7.3-(a)) between a battery and a sensor, it is possible to find its complex
representationFigure7.3-(b)) and transfer it to the DSNFigure7.3-(c)).

Battery
(means)

Battery

(means)

Energy
Dependency
a+bi

Provide Power
(Function —
Energy Flow)

Generate Heat
(Function —
Energy Flow)

Sensor
(means)

Sensor
(means)

(@) (b) (©)

Figure7.3: (a) Specific Energy Dependencies (b) General Energy Dependency Representation
(c) DSM of the General Dependency

On top of dealing with the effect of the dependency on the system, usiegrtigex number
representation can also ease dealing with multiple dependency types. Indeed, diffescot type
dependencies could exist between a pair of components/subsystems such as the exchange of
energy, and the required proximity for achieving funwdiity. Using a DSM with the method such

as suggested BBimmler and EppingdBO0] or Tilstra, Seepersad and Wd@&2] (i.e. having lower
abstraction in the dependency) would necessarily results in a multigraph. A multigraph, as opposed
to a simple graph, is a graph where multiple edges are allowed between any pa@niOne way

to deal with multiple edges is to find a total edge value between two nodes.

Different methods exist to find the total value of the link between the nodes such as using a min
or max operator on the edges, or by summing the edges wWaifjt Furthermore, a simple
weighted aggregation to calculate the total interaction between the nodes might also be used. This
should allow engineers to define which types of dependency makes, for instance, the integration
more difficult, and thus mght lead to better representing the reality of the design. Information
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exchange would usually be easier to carry out, by passing communication bus between components

for instance, than solving spatial interaction in a constrained environment. Thisfitseigype of
interface has been identified in various research work such adldiga and Otto[98], Sosa,
Eppinger and Rowldd.14], or Jung, Simpson and Asikodlld5]. For instancekigure7.4 shows

how the four types of dependees (spatial, energy, information, material) between two
components could be aggregated into a single dependency value.

Component A

Component A

Lu:: ‘69 o

: o]
\ Y I
v

./.
Component B Component B
(a) (b)

Figure7.4:(a) Multiple dependency types between two components (aygregated

dependency value

However, no matter how the dependency types are consolidated, the result might lead to a loss of
information. Indeed, the total value of the edge might result in being null if positive and negative

dependencies cancel each otthee to the aggregation operator (for instance summing the edges).
This issue is illustrated iRigure7.5.

Figure 7.5-(a) displays a simple synthetic DSM using the 4 dependency types (spatial, energy,
information, material), and using the scaling frétrio 2 ofTable7.2. Alternatively,Figure7.5(b)

shows the same DSM but using our complex notation. Finglyre 7.5 (c)-(d) shows the
consolidated DSM without and with the complex number notation. FHigore 7.5-(c) it canbe

seen that the dependency between comporeatslD SGLVDSSHDUV™ ZKHQ FRQVROL
ZRXOG SRWHQWLDOO\ UHVXOW LQ WKH V\VWHP EHLQJ WKRXJ|
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introduced complex number notation, it can be seen that consolidating the dependency types in

Figure7.5-(c) retains more information in the DSM as compared to not using it.

(a) (b)
(c) (d)

Figure7.5: (a) DSM usind30], (b) DSM using Complex Notation , (c) aggregated DSM without
complex number notation, (d) aggregated DSM with complex number notation

Finally, it would also be possible to adapt methods that deal with multiple dependency types such
as the fowpoint scaldby Sharman and colleagugsl 1], [112] The adapted foypoint scale to a

seven point one is shownTiable7.3. It would then be possible to input in the DSM a combination

of the positive and negative dependency strength depending on the number of dependencies that
works towards fulfilling or impairing the functional requirements. For instance, if therd ar
positive and 3 negative dependencies between two elements, then the corresippadinga

DSM would be 1+B
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Table7.3: Adapted Four Point Scale to Seven Point Scale

Type Strength  Title Description

Significant flow of three or more of th
3 Positive High  dependency types that contributes meeting
functional requirements

Positive
Dependencie: 5 Positive Significant flow of two of the above
Medium
1 Positive Low  Significant flow of one of the above
0 Zero No significant Relationship
i Negative Low Significant flow of one of the below
. Negative Significant flow of two of the below
. 2 :
Negative Medium

Dependencie:
Significant flow of three or more of the

3i Negative High dependency types that impairs meeting
functional requirements

7.6 Towards the Development of New Complexity Metrics

In this section we discuss the use of the proposed modeling method for the development of
complexity metricsHaving this new representation for dependencies should change the way that
the metrics are computed. For instance, current metrics are often based on the use of graph theory
to condense the DSM into a single value, such as the energy of a graph. Howvsvegw

necessary to account for the complex arithmetic factoring in the end result.

7.6.1 Calculation of the Topological Complexity

The topological complexity is the value resulting from the analysis of the DSM using graph theory.
This is often the basis foh¢ development of complexity metrics as it allows to condense all the

dependencies into one single value. For instance, the energy of a graph is computed as the sum of

the eigenvalues( of the adjacency matrix of a graf#v]. However, since the DSMs can represent

(comgex) directed graph, we will use the formulation as shown in6gq.[116], [117] Using
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such computation method would effectively result in combining the real anchengagarts of the
dependencies to form a single value, since the eigenvalues would be calculated with complex

number as the weight of the edges.
E(G) | [Re(Q) (7.2)
il

Alternatively, other methods such as the stonnectivity (SC) index can be usgtb]. The SC
index is a summation of the weight of a graph's edges, normalized by the degree of the edge's end
nodes, as shown in EG6.Q)

A9 ! wuy dy dy (7.2)

u,v e

whered(u) would represent the number of directed edges coming out of ainddiegree out)

andd(v) the number of directed edges coming to the noddegree in). The weight of the edges
is provided byw(u,Vv) and L is a parameter that is often set@ 1/2 . Using the SC would

allow to have both real and imaginary part being dissociated. The end result will thus be that the
totd functional dependency complexity and the negative dependency complexity are
independently accounted for. It is to note that the SC index in@R).i§ adapted in a similar
manner to what was done @houinard, Achiche, and Bar¢h06] IRU WKH 5D[QI8]oflaL Q GH |
weighted directed graph.

7.6.2 Discussion on Complexity Metrics Development

From the Eqf.1) and Eq§.2), it is possible to see that the positive and negative dependencies are
handled differently. There are also other methods from graph theory that could be used to calculate
the total dependency level, such as using the Wiener {i@xwr the algebraic connectivify8]

. The way that they are calculated would also change the way that the complex dependencies are
aggregated. From this observation, it is necessary to rethink how camypietrics are computed.
Multiple questions thus arise from introducing dependencies as complex numbers. They are

provided with their rationale as follows:

Q1: What is the most adapted graph theory based metric to use?
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x When developing new metrics basad the complex number notation, is it desirable to have
the metric directly combining the real and imaginary parts, or is it better to combine them based
on other sets of rules? For instance, taligure 7.6, it is possible to observe that using the
graph energy on the various DSMs when having complex numbers as dfigiegs 7.6 (b),

G I UHVXOWY LQ YDOXHV WKDW FRXOG EH WKRXJKW LC
numbers are usedrigure 7.6 (a), (c), (e) ). Alternatively, if the SC index is used, it is not
possible to directly use the index result as the positive and negative values would need to be
combined.

Q2: What are the implications of mixing the positive (real) and negative (imaginary)

dependencies when looking at modularity, or integration effort?

x Does having multiple negative dependencies result in lower modularity of the system.
Alternatively, how is the modularity affected by the negative dependencies, and how can it be
expressed by modularity metrics? Again, by takigure 7.6, it is possible to see that the
DSMs with complex numbers in it have lower graph energy. Consequently, instead of stating
WKDW WKH\ DUH 3OHVV FRPSOH[ " theWar&I|BsX @daulatiassiegaMe EOH V
dependencies could affect the modules creation. In this case, the energy of the graph could
effectively be used as the basis for the computation of a modularity index. Furthermore, another
point to consider is that mostadularity metrics that were investigated HyglttaOtto et al.

[100] did not use topological complexitiike graph energy), but a combination of the number

of intra/inter module interactions and other properties. In this case, it is also necessary to
reconsider these metrics as the way that the complex dependencies are handled should greatly
affect the regilt.

X Negative dependencies must be avoided or mitigated. Therefore, considering them in the
modeling and the analysis would necessarily change the way the integration effort metrics are
computed. As we previously mentioned for the graph energy, we wailégxpect the
integration effort to decrease if negative dependencies are present. In this case, it would be
more intuitive to use the SC index for topological complexity calculation and combine the real
and imaginary parts of the SC index by anotherfetles. Consequently, one need to find out

if there is a direct relationship between the number of negative dependencies and the integration
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effort or if the integration effort is more linked to the ratio of positive to negative dependency
present withirthe system.

(@) (b)

() (d)
(e) ®

Figure7.6: Sample Calculation of Energy and SC for DSM with (a) BUS Architecture (b) BUS
Architecture with Complex Dependencies (c) Sequentiahitecture (d) Sequential Architecture

with Complex Dependencies (e) One module Architecture (f) One module Archatectu
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Q3: When combining different dependency types together using a weighted aggregation

method, should, for a given dependency type, th@ositive and negative parts have the same

aggregation weight?

x If it is desired to obtain the strength of the dependencies concerning, for instance, the

integration challenge between two components, then a weighted aggregation can be used to

combine the dferent types (spatial, information, etc.). However, is the weight that should be

given to the energy dependency be the same for positive and negative dependencies? Is it more
challenging to avoid negative energy exchange (e.g. heat) between compoaertts allow

electrical energy flow by using wires? It is thus necessary to investigate how multiple

dependency types are combined, and how multiple dependency types are handled when
developing complexity metrics. This is illustratedrigure?7.7
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Figure7.7: (a) Positive and Negative Dependencies of Material and Energy Types (b)
Aggregated Value fabependency
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It can be seen that integrating negative dependencies in the analysis of complex systems opens the

door to multiple questions. There is thus still a lot of work to be accomplished in the development

of complexity metrics, and it is believed hetauthors that it starts by the proposed representation

method.
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7.6.3 Potential Use of Complex Dependencies: Integration Effort Analysis

As it was previously mentioned, it should be necessary to combine the real and imaginary part of
the complex dependencies ltave a better grasp of the integration effort or modularity. In this
section, we look into the integration effort issue, where an aggregation method will first be
presented. This aggregation method will allow to combine the real and imaginary part of the
complex dependencies together. Then, based on this method, the structural complexity metric
proposed in[104], [105] will be adapéd for the usef complex dependencies. The structural
complexity metric is used as an example of how metrics could be modified to take into

consideration the suggested complex dependencies modeling method.

7.6.3.1 Combining Real and Imaginary Parts

There are difrent ways that the complex dependencies could be combined. For instance, it could
be assumed that as the ratio between the negative and positive dependencies increases, the
integration difficulty should also increase. This assumption is based upon tileataengineers

might spend more time resolving negative dependencies than fulfilling the functionalities of the

system. The following hypotheses are thus made in this work:

1. If there are no interactions, the system is trivial: this means there woulbk ribtficulty

associated with the integration of the components/subsystems.

2. If there are no negative interactions, the integration difficulty will be proportional to the
number of interactions in the system, which would result in the index being sinokiero

complexity measures.

3. Given two systems with the same total number of interactions, the system having more

negative interactions should be more difficult to integrate than the one with less.

4. If there are only negative interactions, the integration is thus impossible. This means that

the integration difficulty is infinite.

Consequently, it should be possible to define an aggregation method to combine the real and

imaginary part of the dependses that would represent these hypotheses. The potential

mathematical formulation of such a method is provided in@8),wherea, b represents the total
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level of positive and negative dependencies, respectively, within the syEbene are different
methods that can be used to calculatb such as using the SC index, or by using the Structural

Complexity Metric[104], [105]as it will be shown in the following stsection.

Complex Dependencies Aggregatiofa biju H a. (7.3)

Moreover, it is worth pointing out that this aggregation method is based on the assumption
mentioned above where the integration complexity increases in relation to the ratio between
negative and positive dependencies. There is still work to be donesintoagtcuratelydefine the
relationships and hence the aggregation index as presentedai@Eshould be seen as a potential
candidate, but not necessardy optimalone The complex dependencies aggregation (CDA) of
Eq.©6.3) is thereforeprimarily used in this paper to illustrate the principle of concurrently
considering positive and negative dependencies.

7.6.3.2 Structural complexity metric adapted to complex representation

As a measure for integration effort, the structural complexity metric developEaiihh [105]can
be used. For a system witlh components and a DSM having its adjacency matrix givedhy

the structural complexity metric (SCM) can be computed using(&4) where ) is the

complexity of the components (such as their technoleggliness level),£the complexity of the

interaction/interface between two components and E(A) is the graph energy providing the

topological complexity of the systefh04], [105]

scMm ¢ c.c, | E(AS (7.4)
It is to note that sincef represents the complexity of the interface, it may have already been

accounted for before the computation of the metric. This may occur if the SCM is calculated on a

DSM obtained through a weighted aggregation of multiple dependency types, such asiesente

section 4. If this is the case, the@ should be set to 1.

This structural complexity metric can then be adapted to the complex representation. At first, it

could be possible to usé&A as being the coplex dependency itself. Consequently, the graph
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energyE(A) could be computed with only the binary DSM such as initially propgdt], [105]

In this case, there will be no differentiation between the positive or negative dependencies in the
binary DSM, as it will only represent whether there exists a dependency oFigte 7.8

illustrateshow the element€,C, of the SCM can be computed for a system modeled with complex

dependencies.

Figure7.8: Calculation of Structural Complexity Metric Elemer@isC, on a DSM with Complex
Dependencies
However, doing so will also end in having a complex number as the resulting value, and hence it

would be necessary to combine the real and imaginary parts. Therefore, we suggest applying the

CDA of Eq. 6.3 to the part of the SCM dealing with the struckuwmemplexity of the system,
namelyC,, C,. The SCM of Eq.§4) can then be adapted such as shown i(6Ex).

SCM C, CDA(C,C) (7.5)

complex

7.7 lllustrative Case Study: Design Simulation of a Soft Robotic
Gripper

This case study is used to further demonstrate the need ifmingefew complexity metrics based
on the suggested concurrent modeling method. It is assumed in this case study that the goal is to

determine the potential integration effort related to the development of a new soft robotic gripper.
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Therefore, the compléy of different concepts for the gripper will be analyzed and compared

using various measures.

7.7.1 Case Study Background

The design of robotic hands is highly challenging due to the versatility of the devices that is usually
required. These devices are ugueomprised of multiple degree of freedom (DoF), for which each

DoF are independently controlled which results in a high degree of actuation (DoA). However, the

use of multiple DoA is highly complex and costly. Indeed, integrating multiple actuatossigie

gripper is challenging in terms of spatial requirements and control. An alternative that is
increasingly researched is the use of soft grippers, where the actuating components are made of
highly deformable material such as silicon. The soft mdtesied, for instance in the fabrication

RI WKH JULSSHUYV ILQJHUV DOORZV IRU WKH JUDVSLQJ RI RI
the need for a high DoA.

There are different options in terms of actuation that would allow for the soft gripaehieve its
function, with the two most common types are by using a pressurized fluid or by using cables. Both
options would necessarily require different mechatronic designs of the actuating system. We thus
select the case study being the design offiagspper due to the opportunity of having distinct
enough designs achieving the same goal, which would allow to carry out an analysis of the design

complexity and required integration effort.

7.7.2 Mechatronic Design of Soft Grippers:

The design of the grippe will be based upon the assumption that the control is done using force
feedback. Moreover, the grippers are assumed to bstaalfing modules that could be installed

on existing robotic arms. We firpresentthe design of the pressure actuated gripper with two
variations, one with an integrated pump, and another one that would rely on external supply of air.
Then we show the design of the cable actuated gripper. Finally, we present the analysis of the three
grippers in terms of potential integration effort based on the previously introduced index. It is to

note that the design thiatshownis highly simplified to keep the paper in a reasonable length.
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7.7.2.1 Pressure Actuated Gripper

Pressure actuated grippers nega source opressurizedluid, in this case air, which flow is
controlled by a valve. For a force control, the pressure needs to be monitored by a sensor. Since
the gripper should be sedtanding, it requires to have a power regulator to supply prab@ge

to the various components, and a controller. The functional dependencies are slioguran

7.9(a) while the negative dependencies in (b). We only expresstdradtions as being the one
UHVXOWLQJ IURP 3IORZV™ RI HQHUJ\Figu@1.R (@R, Wik Blear tHRtU PDWH
using standard notation, it would not pessible to properly express the energy dependency as
there would be both positive and negative dependencies coming from the power regulator. The
DSM of the system and the aggregated DSM are expresdadure 7.9(c)-(d). Moreover, we

display the same information for the pressure actuated gripper, but this time without pump, in
Figure7.10.
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Figure 7.9: Pressure Actuated Gripper with Pump (a) Functional Dependencies Schematic (b)

Negative Dependencies Schematic (c) DSM (d) Aggregated DSM
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Figure7.10: Pressure Actuated Gripper Without Pump (a) Functional Dependencies Schematic
(b) Negative Dependencies Schematic (c) DSM (d) Aggregated DSM

7.7.2.2 Cable Actuated Gripper:

Cable actuated gripperseaus. motor that will pull the cable to deform the fingers. For a force

control, the tension in the cables can be monitored by the torque provided by the motor. Direct
torque measurement might be difficult, and hence it is usually possible to estimagslibhake

supplied current. Like the pressure actuated gripper, it requires a power regulator to supply proper
voltage to the various components, and a controller. Moreover, the gripper also needs a motor
driver to control the motor. The functional depemzies of the system are shownFigure7.11

(a) while the negative dependencieskigure 7.11 (b). Again, the dependencies are the ones
resulting from31ORZV" 7R NHHS WKH PRGHOLQJ VLPLODU WR WKH S
WKDW WKH FDEOHYVY DUH D 3IORZ" RI PDWHULDO IURP WKH PRV
the aggregated DSM are expresseHigure7.11 (c)-(d).
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Figure 7.11: Cable Actuated Gripper (a) Functional Dependencies Schematic (b) Negative
DependencieSchematic (c) DSM (d) Aggregated DSM

7.7.3 Concepts Comparison

Although the grippers serve the same purpose, it is possible to observe that they have slightly
different mechatronic designs. This variation should change the complexity of the artifacts, and
potentally of the design effort required. To compare the three designs that were previously
presented, different elements will be analyzed:

A simple analysis in terms of system size and number of interactions (both positive and negative)

The graph energy anfiC index will be computed on the DSMs that contains only functional
dependencies. This will serve as the basis for the analysis as it is the usual way to go since often

only functional dependencies are considered.

An analysis with the graph energy, saomnnectivity and the integration effort index will be carried

out on the DSMs having complex dependencies.
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dependencies and with complex dependencies.

These analyss are provided iffiable7.4, where the complexity metrics are either computed with
only positive dependencies in the DSM, or with the positive and negative dependsoigimed.
Moreover, if the calculated metric results in a complex number, then the Complex Dependency
Aggregation CDA) of Eq. (3)will be applied to the value. Finallyfable 7.4 has a legend to
quickly identify and compare the measure values in terms of low, medium, or high. A high value

would result in higher complexity or integration effort.



Table7.4: Design Comparisons with Various Measures

110

Concept 1 Concept 2 Concept 3
Pressure Pressure Cable Actuated
Actuated Actuated (No
Measure (Integrated Pump)
Measure ID Pump)
# Components 1 6 5 6
# _ Positive 5 14 11 9
Dependencies
# _ Negative 3 4 3 5
Dependencies
# Dependenciedtal) 4 18 14 14
Graph Energy g 4.41 4.30 4.00
(Positive)
Graph Energy
(Combined) 6 4.94 4.38 4.26
SC Index Positive) 7 5.83 4.76 4.78
SC Index Combined) 8 5.70+1.58 4.76+1.30 4.35+2.08
SC Index Combined)
+ CDA 9 7.55 6.28 7.13
SCM (Positive) 10 16.29 14.45 12.00
SCM (Combined) +
CDA 11 20.16 17.47 17.95
Complexity Ranking Legend' Low Medium High

By looking at the properties ihable7.4, it is possible to observe that concept 1 is intuitively the

most complex. Indeed, it has the highest number of components (equal to concept 3) and the most
postive dependencies while being in the middle of the other concepts in terms of negative
dependencies. However, an analysis solely based on these properties cannot adequately show the
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difference between concept 2 and concept 3 in terms of complexity. Cahdeps fewer
components and negative dependencies, but more positive ones than concept 3. It is thus not
possible to determine which concept will require the most effort during integration. Hence, it is
necessary to turn to more elaborate complexity measto better differentiate between the

concepts.

With the graph energy (ID: 5) calculated only on the positive dependencies DSM, it is possible to
REVHUYH WKDW FRQFHSW LV VWLOO WKH PRVW FRPSOH[ IR:
of the three. However, looking at the SC index (ID: 7), another observation is made. While concept

1 remains the most complex, the complexity of the concepts 2 and 3 is close, with concept 3 being
slightly higher. We will not argue whether the choice of the graghgy or the SC index to
represent the topological complexity of a system is a good choice or not, but it can be seen that
obviously different representation scheme changes the analysis. Finally, by using the structural
complexity metric (ID: 10), the inggation effort analysis results in the same order of complexity

as by using the graph energy. Consequently, when only looking at positive dependencies there is
coherence between the various complexity measures, even if there might be some ambiguity with
the SC index. However, this coherence between the measures disappears when considering

negative dependencies.

From Table 7.4, it is possible to observe that thenclusion on complexity using the combined

Graph EnergyID: 6) remains the same as with Graph Energy using solely positive dependencies

(ID: 5). However, vhen looking at the SC indg¥D:8), the result is completely differeritvhile

concept 1 has thetad level of positive dependency higher than the rest, its negative dependency
DVSHFW LV ORZHU WKDQ FRQFHSW 7KLV LV PDLQO\ UHODWF
degree. Therefore, a system with fewer total depeneenmay seem to haveralatively higher

negative dependendgvel. This can be interpreted in different ways. First, engineers may spend

more time solving constramthan achieving system functionality. Moreover, this could also be

seen as a penalty applied to the modularitythee system.However, there is no way of
GLIIHUHQWLDWLQJ WKH FRQFHSWVY FRPSOH[LW\ E\ NHHSLQJ

necessary to aggregate them, such as by using the proposed CDA method.

By looking at the SC index after applying th®& (ID: 9), it is now possible to observe that

concept 3 is more difficult to integrate than concept 2, which was not necessarily obvious by purely
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looking at the number of dependencies or looking at the energy of the combined graph. It is still
worth poirting out that the CDA combined with the SC index is by no means thoroughly tested but

is only used to illustrate the principle. However, it still allows to illustrate the assumption that a
system having more negative dependencies should be more compblky, By looking at the

SCM with both positive and negative dependencies, it can be seen that the results follow the same
logic as with the SC index. Indeed, concept 1 remains the most complex, but concept 3 is more

complex than concept 2 due to havingreinegative dependencies.

In this case study, it is possible to observe how the use of the complex dependencies may result in
a more complete modeling and analysis of systems. Indeed, as it was suggested, concurrently
considering positive and negativepgedencies may result in better representing the reality of the

design. Nevertheless, there is still a need to better define how the system should be analyzed when

positive and negative dependencies are concurrently modeled.

7.8 Conclusion

This paper introdued a new method to concurrently model positive and negative dependencies
using the design structure matrix. It was shown that defining dependencies using complex numbers
could facilitate the modeling of a system while also dealing with different abstrdetiels.

Moreover, the paper presented some research directions concerning the development of complexity
PHWULFV EDVHG RQ WKH FRPSOH[ GHSHQGHQFLHVY UHSUHVH
simulation of robotic grippers was used to illustrée proposed method and the need to redefine

how complexity metrics are developed.

The use of the complex dependencies opens the doors to the development and improvement of
multiple methods. Indeed, it was discussed that when looking at modularity oatrdegffort,
considering both positive and negative dependencies would greatly vary the analysis. This should
allow to better represent the reality of the design. Furthermore, including both negative and positive
dependencies should change other aspéets the complexity analysis, such as when using

clustering algorithms.

Future work will look into better refining the method to aggregate the positive and negative parts
of the dependencies. Moreover, variation of integration effort or modularity metiiicbe

investigated to determine the effect of having both positive and negative dependencies in them.
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Finally, research shall also be carried out to determine the effect of considering both positive and

negative dependencies concurrently in concept tsahec

Finally, another element of interest would be to see the effect of using the complex dependencies
in other types of design structures matrices, such as process model or organization structure.
Moreover, it would also be interesting to apply the clexmlependencies for instance in the

analysis of design projeci$19].
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8.1 Abstract

Robust design is a wekinown concept but is rarely applied to the design of complex mechatronic
systems. This is due notably to the lack of efficient methodologies for dealing with high number
Rl GHVLJQ SDUDPHWHU\W a¥WwelVasitRe] MghFdmsi@ttenal \abkstHbf existing
methods. This paper introduces a novel way of carrying out robust design on mechatronic systems.
While usual methods are based on computatipoalerheavy Monte Carlo simulations, the
proposed approads based on fuzzy simulations of the system as to obtain uncertain dynamic
properties. Moreover, the paper uses the Hukuhara difference and division instead of standard
interval arithmetic for a faster computing, Rdiverging simulations. The proposed mad is

carried out on a quadcopter drone as a case study, where optimized and robust drone parameters
are obtained. The method gives comparable results when compared to usual Morbas&at|o
methods with the advantages of being 40 times faster regaatimgutation time and thus allowing

for more complex systems to be handled.

8.2 Introduction

Mechatronic systems integrate mechanical components, electronics, and control algorithms in one
single device, such as industrial robots and unmanned vehicles. Dgsthose systems is
challenging due to numerous factors such as the dynamic and unpredictable environments in which
WKH\ RSHUDWH 2Q WRS RI PHHWLQJ FXVWRPHUTV VSHFLILFD'

with respect to uncertainties relatedttoenvironment and its components.

A robust mechatronic system implies that the effects of variation on its outputs are limited, without
necessarily removing the sources of variafid0]. Multiple tools have been developed to address
the challenges of attaining a robust design, and focus on three main principles: Awareness of

variations, insensitivity to noise, and continuous applicabjli®1]. However, there is only a
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limited use of it in industry due to their complexity and the limited availability of data to apply the
tools[122]. It is to note that robust design is used in fraper as to describe the design of all
aspects of the mechatronic system and not only the control part, in comparison to the (fuzzy) robust

control field of research.

Development of mechatronics is often done in a sequential mg®jemeaning that the structure
aspect will be considered first and the controller afterwards. While functional system can be
designedhat way, there is a need to consider both the control and structure design concurrently in
order to obtain more optimal devicgt9], which is referred to as integrated design. However,
combining integrated design and robust design is even more challenging and necessitates cross
domain tools and methods. Due to the complexity of this problem few researches have been

accomplished.

First, [123] investigates different strategies (sequential, iterativanalhe) to robustly optimize
the structure and controller aDC motor. They mention that an increase in the level of uncertainty
increases the coupling between the robust design of the structure and the controller. They also

specify the need for investigating uncertainty representation with fuzzy nufhBafs

Furthermore[124] proposes robustly optimizing mechatronic systems using a nonlinear dynamic
multi-objective optimization problem. Their solution is based on minimizing the sensitivity of the
performance function with respect teetuncertain variables/parameters. However, the solution in

[124] considers the ncertain variable to be independently causing variations in the performance

functions, which is not necessarily the case for a large number of systems.

The work in[125] uses, first, a desigfor-control approach, and then a robust pole placement based
on the system eigenvalues. However, the drawback of this approach is thatfolesmmtrol

usually assumes a highly simplified dynamic model to develop a simpler contidiisrcould

result in the real system not being robust and the method might not be feasible for highly complex

systems.

The aforementioned robust design methodologi23] £125] are all based on analytical model of

the system and of the objective functions. However, analytical solutions are often based on the
linearization of the model, which only represents thgpsfied dynamic response. Instead of using
analytical solutions, simulation in mechatronics allows to obtain much more information on the

system, while allowing to maintain ndimearities in the model. Furthermore, simulatizased
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approaches might aldme more convenient to set up for highly complex systems. For this reason,
using simulation in a robust design methodology should ease its implementation-life real

application, and thus allowing for a better use in industry.

Moreover, the existing metlds [123] £125] are also mostly based on a wecase scenario
approach, where a robust design implies thasyis¢em is stable, and that the other performance
functions do not cross a threshold. This implies that the system is not necessarily optimal, and that
robustness is more dealt with as a constraint rather than an objective function to minimize the
varianceof the output. However, it should be possible to combine both optimality and robustness

using simulation.

A way to deal with the relationships between the uncertain variables and the system robustness is
to use a deterministic approach during the optinomgprocess. For instance, the authors of this
paper previously suggested the use of a deldole Monte Carlo optimization for the robust design

of a quadcopter drong7], where the Mont€arlo simulation was applied on the dynamical
simulationof the drone to obtain uncertain response properties. It was shown that this methodology
could be used to reduce the energy consumption and improve the robustness of the drone without
removing the variance on the design variables. However, since thezapiom used a Monte Carlo
simulation to generate the required data for statistical analysis, the process was computationally
expensive even for a singtdbjective robust optimization of a dynamical system (combined mean

and variance of the performance dtion).

Furthermore, statistical optimizations require knowledge about the fabrication processes to use
proper variance on the design variables. However, this information is usually not available at early
design stages, where robust design methodologysuslly applied, since the manufacturing

processes are determined during the later stages.

To cope with the drawbacks of the statistical approach while keeping the advantages of the
simulationbased optimization, we suggest the use of fuzzy numbers aznygldumulation to carry

out a robust design methodology during preliminary design of mechatronic devices. This has the
advantage of being less computationally expensive than a Monte Carlo simulation, while reaching

similar results.

In this paper, we firgbrovide an overview of robust design practices. Then, we give an outlook on

fuzzy arithmetic which is the basis of our proposed method and used for the dynamical simulation.
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We then present the simulatidased optimization, which we demonstrate withadgopter drone
as a case study. A small section is thus dedicated to the modeling and control of the drone. We

finish the paper by discussing on whether or not the proposed approach is adequate for the robust

optimization of mechatronic systems.

8.3 ResearchAim, Questions and Methodology

While Monte Carlo simulations are often used in robust design methodologies, they are still limited
when dealing with complex systems or models due to their high computational cost. The aim of

this paper is thus to provide ethatronic engineers with a means of accomplishing robust
optimization of mechatronic devices in an efficient and effective manner through the use of fuzzy
numbers. It is based on the hypothesis that fuzzy numbers and fuzzy simulations could be used to
ded with more complex systems in robust design methodologies due to their lower computational
cost. However, fuzzy numbers are seldom used in mechatronics robust design methodology. In
IDFW WR WKH EHVW RI WKH DXWKRUVY NQRsMEBAIAth€ R RWK
context of complex mechatronic systems design and use this simulation in a robust optimization

process. Hence, this paper tries to answer the following research questions:

x RQ1: Can mechatronic system simulation using fuzzy numiengtrin an adequate

approximation of the uncertain behavior?

x RQ2: Is fuzzy simulation more computationally efficient than Monte Carlo simulation for

mechatronic system robust design?

x RQ3: How can fuzzy simulation be integrated in the robust optimizafienechatronic

systems?

X RQ4: Is it possible to optimize a deterministic mechatronic system through alfazest

process?
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Therefore, the objectives of this research are to:
x O1: develop an approach to simulate mechatronic systems using fuzzy numbers,

x 0O2: develop an efficient and effective methodology for the robust optimization of

mechatronic systems

x 0O3: evaluate the possibility of optimizing a deterministic mechatronicrayteough a

fuzzy-based optimization process.

To answer RQ1, RQ2 and achieve O1, we first suggest using the interval arithmetic applied to
fuzzy numbers D cuts, but using the Hukuhara difference and division instead of the standard
interval arithmetic operations. This calculation method entails to adivenging dynamical
simulation as the use of the Hukuhara operations allows for the controller in the simulation to

effectively cancel the error without increasing the spread/uncertafititg response.

Then, for RQ3 and O2, we suggest using an optimization strategy along a set of objective functions
that are based on the fuzzy simulation. The optimization will make use of a genetic algorithm with
objective functions that are sep sothat they are applicable to any mechatronic system, and easily

computable from the simulation.

Finally, for RQ2, RQ4 and O3, we evaluate the use of fuzzy simulation in robust mechatronics
optimization using a design case study of a quadrotor dronémipdstant to assert whether using
fuzzy numbers and fuzzy simulation in an optimization loop will allow optimization of the
mechatronic system, which will have deterministic properties. The main point of concern would
be that depending on how the simulatis set up (e.g: simulation time step), or how the equations
are implemented, the fuzzy results may differ. This would not usually be the case during a Monte
Carlo simulation as this is a downside intrinsic to interval arithmetic operations on fuzzyraumbe
[34].

To ensure that the selected case study has indeed been robustly optimized, we carry out a
verification by comparing the obtained result with arite Carlo simulation of the deterministic

system.



8.4 Current Robust Design Practices

A robust design is usually defined as the reduced sensitivity of a system to unceift26fies
Indeed, it is reported f122] that a norrobust design can suffer from lack of functionality, reduced
lifetime and variation in performance because of noise, weadatedioration. However, many
factors can influence the performance of a system and thus the entire robust design process is driven
by three main sets: the design variables, the design environment parameters and the performance
functions[127]. Design varialds can be adjusted by the designer, such as the dimensions of a
component, but can be subject to uncertainties resulting for example from manufacturing errors.
Design environment parameters are uncontrollable factors such as external forces, humidity, and
temperature. Finally, the performance functions use the design variables and parameters to assess
the performance of the desigh28]. To deal with the previously mentioned sets, different
approaches can be taken in order to add robustness to a system. Accqfidifipdine can identify

three types of robust design approaches:

x Typel aims at identifying design variables that, in spite of design parameterlsl, sabisfy

the performance functions.

x Typell tries to find design variables that would satisfy performance functions, even though

there are uncertainties in the design variables themselves.

x Typelllis used to establish adjustable ranges for designiagahat would be insensitive

to variability in the system model while satisfying performance functions.

It is also mentioned if120] that Typel is the most prevalent practice as it is the approach
originally proposed by Genichi Tagudii29]. The Taguchi method is a statistical approach used
to evaluateand estimate the robustness of a de§igi]. There are different variations to the
method, but one which is often employed is the simaloise ratio (SNR). It is a single
performance measure that combines the mean and the variance of a rég&péhsehe SNR
computation varies dependiog the goal of the designer which can be classified as sriatter
better (minimize response), nomirthk-best (target the response), or lartfexbetter (maximize

response)126].
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However,[130] states that the use of the SNR is difficult as it is only effective when factors
influencing the mean are separated from factors influencing the varfamteermore, the main
drawback of Taguchi method is that it requires a large amount of data in order to properly assess
the robustness of the system, which would traditionally be acquired experimentally and often
hardly available at early design phades mentioned irf131] that it is possible to study process
variation through computer experiments, which could generate the required amount of data for
applying statistical robust design. These computer experiments could rely on methods such as
Monte Carlo snulations to determine the output of the system based on variation in the design
variables and parameters as it was carried out by the authi@3] ifor a quadrotor drone case

study.

8.4.1 Robust Optimization

Robust design methodologies can be vieasan optimization process where a set of objective
functions and constraints should be met. The objective functions will usually contain an evaluation
of the variance of the function with respect to the uncertainty of the input variables. Consequently,
the solution obtained by the robust design optimization process might and usually would be
different than the one of a standard optimization process. As shdwguire8.1, a function might

have its optimal solution at a certain point, but if variation in the input variables exist, which would
be related to uncertainties, the objective function rapidly dimasisA more robust solution would

then be one where the mean value of the solution is lower but stays relatively the same (reduced
variance) even in the presence of variation with the input variables. There would thus always be a
tradeoff between optimizinthe mean of the response and its varigri@®2] and hencg133]
PHQWLRQV WKDW WKH 3RS WhRiDE2 th&/drOwhidhlhBsQhd |IQvdstR&ixtdW G HV

in performance across the range affected by the uncertainties.
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Optimal Solution

B:T;

Figure8.1: Optimal vs Robust solution

Furthermore, as a comparison, the mathematical formalization of the deterministic optimization is
given in(8.1) while the robust one is described(812) [130], [134]

find b 5
. ; 0
mmwmzmg @) . @1)
subjectto g ) 0 1,2,.k 4
b bdb d
find b 5
minimizin PP , b
s PP bPL A ©2)
subjectto g, 0 z°p z° ) Oi( 1,2,k 9
b bdb d ;

with b, pthe design variables and parametergb,p)f ; (b,p) being the mean and variance of

the responsef (b,p) of the system,g(b,p) the constraints, andz* the noise (or uncertainties)

related to them. This implies that even in the presence of noise, the constraints on the design

variables and parameters have to be sati§fiad].

However, one drawback from the robust optimization problem is that the mean and variance are
usually conflicting objectives and hence different approaches can be undertaken in order to deal
with this problem[133] mentions that the common approach is to use a weighted aggregation of

the goal as expressed(®13), with £ being weighting factor.
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minimize (1 £) Pop) EWp), - 01 (83)

Another approach to robust optimization is to consider the set of Pareto optimal solutions by either
using compromise programming or genetic algorifiBB]. Furthermore, by considering robust
optimization as a muHbbjective problem, it is also possible to consider the optimal solution in
terms of performance, and not only retness. Indeed135] states that it is possible to achieve

both optimal and robust design to a certain point by introducing the mean and variance of variables
as cost function in a multbjective optimization. Following upon the work [35], [136]
proposes to use genetic algorithm and MdDéelo simulation in a twstep multiobjective
optimization in order to obtain Pareto optimal and robust design. This method is shown to be
successful through the sign of a rail vehicle.

Most of the robust optimization methodologies use the variance in the design variables mainly to
assess the robustness of the design, but never directly optimize them. Indeed, the optimization is
GRQH RQ WKH YDULB®RIpehsR br perdaimantcy. \Waowevier, another robust design
methodology is presented in the work carried oufll3y] which tries to maximize the tolerances

of the mechanical components of a system while maiimigi performance robustness. This
approach thus tries to reduce the manufacturing cost of a product without compromising
performance which is done by introducing a cost constraint in the optimization problem. Such
approach should be considered for meclmitreystems as they are widely available in consumer

products for which low manufacturing costs are required.

8.4.2 Fuzzy Robust Design Methodologies

While Monte Carlo based processes are reliable, they can be computationally expensive, especially
in the case fomechatronic systems designs which includes numerous design variables and
parameters, and which also often require dynamical simulations. Therefore, alternative, less
computationally heavy, solutions need to be developed and used to carry out robustomesha
design. A potential solution to the computational problem of deterministic methods is to use fuzzy
numbers. Indeed, it was shown that the use of fuzzy numbers to treat uncertainty in robust design
methodology could be effective in the design ofictires[138], [139] or shock absorbefd40].
However, the method that was employed [188], [140] involved the use of alpkavel
optimization, which although reported being faster thdren using Monte Carlo simulation,
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remains computationally heavy since the process requires to calculate the minimum and maximum
of the performance function based on the combination of the fuzzy variables at each discretized

membership level.

Moreover, gbhalevel optimization, or the transformation metHd8], make use of the extension
principle and tha usually evaluate one function with all the variables simultaneously. This leads

to a large search space in highly complex design probi@sisThis mght result in the method

not always suitable especially when multiple dependencies exist between the design variables as it
is often the case in mechatronic systems such as a quadcopter design. Consequently, to be able to
deal with complex system designdastill be able to use fuzzy numbers in the robust optimization,

it is required to take another approach in simulating fuzzy dynamic system. This approach is to
compute the interval arithmetic operations gn cuts but instead of using the standard definition

of the interval arithmetic for the difference and division, we use the Hukuhara difference and

division definition. The foundations for the simulation are present8eation8.5.

8.5 Fuzzy Numbers and Fuzzy Arithmetic

8.5.1 Fuzzy Numbers

Fuzzy numbers are bounded fuzzy sets which also have the properties of being normal, convex,
and upper semicontino{34], [35]. Since the goal is to replicate the normal distribution of a design
variable and its uncertainty, in this paper we use fuzzybeusnhaving a Gaussian membership
function. Moreover, for practical consideration we use the e¢Basssian membership function
since the spread of the Gaussian fuzzy number would be theoretically infinite. The membership

function Px) of the quasiGaussian fuzzy number is given(84). The function variable¥, V
being the mean value and standard deviation,calpeing a cubff parameter which is suggested

to beC 3 in [34] since the remaining membership would be lower than 1%.
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8.5.2 Basic Arithmetic Operations

There are two approaches that are usually defined for the arithmetic operations on fuzzy numbers.
The first one being the use of interval arithmetic on fecuts of the fuzzy numbers, and the
VHFRQG RQH EHLQJ =D G HKI1VINHi$WO@E We R thgUntedval LaBtmetic
approach, which is computationally eféait, but with the Hukuhara difference and division instead

of standard operations. The other basic operations (addition, multiplication, scalar multiplication)
on fuzzy numbers are well defined in the litera{®4, [35], [41], and we shall only provide them

for completeness purposes, Therefore, for two given fuzzy numberdaving membership
functions ,P, and D cuts [u] ,[V,, D°[0,}], the basic operations are given(4nl) to (4.3),

with u ,y, being the lower and upper bounds of the fuzzy number at a giverut .

Addition
[u M, [up, vipu V] (8.5
Scalar multiplication
ku, ky]if ktO
[k, %L B kg (86)
u,kylif k0

Multiplication

[ v g MM HU ¥ A% B Vb

8.7
max{uV ,U Y Vb, BV @0
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8.5.3 Hukuhara Difference and Division

The difference and division of fuzzy numbers as proposed by interval arithmeti2 oots
have multiple drawbacks, especially if used in numerical simulation. Indeed, since simulation
involves multiple operations, subsequent iterations of the simulation would necessarily increase
the spread of the result to a point where it will diverge. Mdoee, this is even more critical when
trying to control a system having fuzzy dynamics as it is done in this paper, since the controller
trying to adjust to an error will always create a larger error and would never be able to stabilize the
system. Indeedhis would be related to the fact that for a give fuzzy nunderaccording to
interval arithmetic principlea a {0}.. Thus, instead of using the standard definition, we use the

Hukuhara difference and divisigd2] so thata a {0}, & a {I} . These operations are given

by (8.8) and(8.9) respectively.

Hukuhara Difference

[ gl P y (88)

Hukuhara Division

W, [V Yy AbLBAILBE,

with
. o |
A uD?f v, 0 5 ®v d_f Al,0 (8.9)
u,if v, 0 —vjf A0
A u,if v, 0 5 E@V[jf Al,0
u,if v, 0 —vjf A0

Furthermore[42] mentions that the Hukuhara difference and division might not always produce
a proper fuzzy number and thauggest an algorithmic approximation to the result which is given
in (8.10).
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Given a partiton0 3, p .. D %
and w], obtained from 0
the Hukuhara Difference or Division :
3 (8.10)
Zy W 4 W Z
sz, min'z ., w e
Fork N 1,..,0:® . °
z maxz W

8.6 Fuzzy Simulation Based Robust Design Methodology

As stated above, to deal with the complex problem of achieving robust mechatronic design is to
solve an optimization using wedldapted methods. One of such mahjective optimization
method that may be employed is an evolutionary algorithm, which estatdeal with complex
multi-objective optimization problem. These algorithms can also be parallelized as to reduce the
computational time. Since it also required for the system to be robust, the algorithm must balance
the mean and variance of the perfontafunctions. Hence a genetic algorithm is used to carry out
the robust optimization, which has often been the choice in several robust optimjz8&Hn

[136]. We first propose to use the fuzzy dynamical simulation in the optimization loop before the

fithess evaluation part, such as showfrigure8.2.

The optimization of the system would then be based on four sets of objectives functions, all drawn

from the fuzzy simulation result:

[ERN

. the total energy consumption of the system,

N

the steady state error for each system state,

3. the level of uncertainty within the responagad

IN

. the allowable uncertainty on the design variables.
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Figure8.2: Fuzzy Simulation Based Genetic Algorithm

These objectives concern both the structure and the control aspects and thus respecting the goal of
performing concurrent design of mechatronic systems. For the first three objective functions, which
are obtained from the simulation, we are interestedimnmzing the mean and variance of the

result. The last objective, optimizing the allowable uncertainty on the variables, is a maximization

since doing so could be seen as effectively decreasing the cost of the mechatronic device.

It is also worth notinghat the four sets of aforementioned objective functions are not exclusive to
WKLV ZRUNYV FDVH VWXG\ D TXDGFRSWHU GURQH EXW FRXC
systems. However, there should also be some sygpenific objectives that wodilneed to be
considered.

Furthermore, since we deal with fuzzy number throughout the simulation and optimization, it
would not be possible to use the mean and variance as in a deterministic robust optimization.
Instead we will consider the expected vadunel the ambiguity of the fuzzy numbers as the fuzzy
equivalent to the mean and variance. The expected value, which can be seen as the mean value of
a fuzzy numberu [141], and ambiguity which represent the global spread of a fuzzy number

[142], can be calculated usi(g.11) and(8.12) [141] £143].

EV(u) %?(u y)dC (8.11)
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Then based on the four sets of objective function, we state the fuzzy simulation based optimization

as(8.13) with b and I/ being the design variables and their standard deviation (uncertainty).
Moreoverq,, g, are respectively the desired value (command) and final value (steady state) of the
simulation, andt, the final simulationitme. G is the set comprising the controlled degrees of
freedom (DoF) of the systemanrd WKH VHW RI DOO WKH V\VWHP{V 'R)
The optimization tries then to find a set of design variables and their respeuteitainties to

fulfill the objective functions. The first two objectived(( ),, J("), ) are based on the total energy

consumption of the system during simulation, which can usually be approximated from the

command of the controller. The tliobjective J( 7,) is the steadtate error of the system for
each of the input command, while the fourth objecti¥e 7, ) is the uncertainty around the steady
state value of the controlled DoF. The fifth oltfee (J( 7)) is the uncertainty around the response

Rl DOO WKH VA\VWHPTV 'R) RYHU WKH VSDQ RI WKH#)VLPXOD

maximizes the uncertainty of the design variables, which could be alternatively seen as minimizing

the manufacturing cost of the system.
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- J 7=EV Energy :
o J 7 =Amb Energy °
o | > :
o JT | G EV(q,) °
o q 6
minimizing ® J7 | Amb(q,) S (8.13
o q I o
o . 2 o
VT gAmb q(t) dt ,°
q M .
oJ 6 :Tb Voo
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8.7 Case Study: Quadcopter Drone

The quadcopter drone was selected as the case study of this work. This flying mechatronic system
is of high interest due in part to its complexity the many involved engineering domains, to its
inherent instability, and to its high number of design variables. It also has a wide variety of
applications and multiple research work are carried out to design, optimize and control this
mechatronic dewce [24], [67], [91], [110], [144] The quadcopter also has highly coupled
dynamical equations, which should further demonstrate that the use of the Hukuhara arithmetic

during simudtion is possible, efficient and effective.

Finally, with respect to robust design, it is an interesting case since only a small variation on any
of the design variables would change the stability and performances of the system. We chose to
use a simplitd model to demonstrate the proposed methodology, but it could also easily be used
with a more complete model of the drone. Furthermore, we provide information about the control

of the quadcopter which is used during the simuldgtldb].

8.7.1 Dynamics and Control

The quadcopter is an underactuated system where only 4 of the 6 DoF are directly controllable; the

roll /, pitch 7, yaw | angles and the altitud2 of thequadcopter. The lateral displacements
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x, y are resulting from the combination of the angles of the quadcopter. The quadcopter motion is

thus a result of the combination of the lift generated by each motor. Moreover, the system can be
modeled by simplified equations of motion of a 6 DoF rigid body. The simplifications are based

upon five assumptions:
1. The quadcopter drone is completely rigid.

2. There are 2 axes of symmetry along batland y axes which implies that the prodtat

inertia terms are null.

3. The rate of changes of the Euler angle are considered equal to its associated angular speed

for the quadrotor drone.
4. The quadcopter is modeled as a sphere with a atdke end of each of the four arms.

5. The inertial frame is a NED (NorBastDown) reference frame and the body frame is

attached to the quadrotor drone withaxis pointing towards the first motor artl axis

pointing down (at null Euler anglegjigure8.3 shows the two reference frames.

( | |
e

=13
o

Figure8.3: Quadcopter dynamic model

The drone dynamics is given by a set of highly coupledimaar dynamic equation&igure8.3

illustratesthe model of the quadcopter drone while the dynamic equations are prov{8edin
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u U °
yo1 o
Y m 0
. (cos cos Y, T :
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where m, ., 1,.,I,, are respectively the mass and moment of inertia about @eeh of the

quadcopter), the inertia of the motor and rotor combined. Moreover, the parameters
U,U,Uz U, gu,,u, are provided in8.15), with |,k ,k; being respectively the length of the

arms, and the thrust and drag coefficient of each rotor,tiee rotori angular velocity.

U, K 1z2: Z iz
u, k >z: Z °
u, k 2z: =z °
Uk Z 2 2 7 819
4 4 £ € °

u, cos/sin7cosl sin/ sin

X

u, cos/sin7sinl| sin/ cod °
¢
The quadcopter being an underactuated system, if a full cofitte position is required it is thus
necessary to use a controller having nested control loops, such as shéigur@8.4. An inner
loop controls the roll, pitch, yaw and altitude and the outer loop generates the roll and pitch angle
command for reaching the desired lateral positionthis paper, we use deteinistic controllers
within the fuzzy dynamic simulation, wita PID controller on the outer loop and an inverse

dynamics PD controller for the inner loop as it is showRigure8.4. The inverse dynamics PD
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control is used since it takes into consideration the parameters of the system and thus it would not
be necessary to recalculate gains for every design variation. The gains of the controllers were
chosen as to olitaa faster response on the inner loop (especially the roll and pitch angle) than for

thex andy position.Furthermore, the inputs of the system aretthé « 4, 2,3,4 of (8.15) which

are coupled signals giving the total lift and momentg,ip, z acting on the quadcopter drone. It is

possible to uncouple those inputs as to obtain the desired motor speed and is prd8idéy in

PD

1 1 1 a
— 0 — L«
4k, 2k 4k, «
za 12 1 0 1« Up
« - AL L « «
Zo 4% 2k Ay Yz (8.16)
g« P 0 1 1 « U3« '
« T T« «
Z‘ﬁ % 2|kl 4K1 « U4<(
1 1 1«
— =0 il
a2k 4GS
\ fig
5 < Inverse fig
T: —  —{ Dynamicg3| Quadcopter—
U f

o

Ox & ‘Vaoaaaﬁ

Figure8.4: Quadcoptecontrol block diagram

8.7.2 Fuzzy Dynamical Simulation of the Quadcopter

Based on the fuzzy arithmetic, a dynamic simulation was carried out using fuzzy numbers with a
*DXVVLDQ PHPEHUVKLS IRU HDFK RI WKH GURQHfV SDUDPHW
simulation was built with the variables provided in Table 1 andirasd to have a standard

deviation of 10% of the nominal values. The standard deviation was chosen to illustrate the
proposed methodology but could and should be adjusted to reflect the real deviations on the

nominal values when real data is available toghgineer.

Each of the drone parameters are instantiated as being fuzzy numbers, following the membership
function of (8.4), which implies that every singleperation during the simulation are carried out
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following the fuzzy arithmetic in SectioB.5 Moreover, in the simulation, a step function

x 1,y 1,z 1lisusedasthe command input, the inpuZibeing negative due to using a NED

inertial frame.

It is to note that uncertainty in the system responses, which is shdwguine8.5, exists and thus
represents the possibilistic state of the quadcopter at a given {jpussibility of the quadcopter
having a certain position or orientation). Thauld then be related to the possibility of the system

having for instance a higher overshoot, or a longer settling time.

Furthermore, one of the advantages of using the fuzzy method is the simulation time difference
between the Mont€arlo method and fizy method, which is shown in Table 2. Indeed, the more
complex quadcopter drone is more than 40 times longer to simulate using deterministic methods.
It is to note that only 5000 iterations were used for the M@atdo simulation, which could be

said asbeing minimal for the number of variables. If more iterations were used, the difference
would be even more drastic. Moreover, the two other fuzzy methods (standard arithmetic and
transformation method) that were tested had diverging bounds, which resultedalid
simulation. The advantage of the fuzzy simulation using the Hukuhara operations is clear in the
context of multiobjective optimization since a larger search space can be considered due to the

significant reduced computational time of the sirtiala

Table8.1: Initial Drone Nominal Parameters

XX’I vy Izz ‘Jr kt kd l m

7.5e3 1.3e2 6.5e5 3.13e5 7.5e7 0.23 0.65
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Table8.2: Comparison of Simulation Time for Quadcopter Drone in MATLAB on Intel i7
6700K @ 4GHz

Simulation Type Simulation Time (s)
Monte Carlo 40
Standard Arithmetic Diverges
Transformation Method Diverges
Hukuhara Arithmetic 1

8.7.3 Robust Optimization and Results

A robust optimization of the quadcopter drone is carried out following the methodology of
Section V. The energy consumed by the system is approximated from the total thrust provided by

the drone and thus calculated usfBd 7), with t, being the final simulation time.

Energy ;3 Uy(d dt (8.17)

Moreover, the input command is again givenxasl,y 1,z landthe set& {x y ¥ and
H {xvV z/ T }.Finally, the optimization is carried out on the design variables with their

bounds on the nominal and uncertainty shown in Table 3.

We provide for comparison the fuzzy step response of one of the solutions in the pareto front,
shown in Figure 8.6. It can be seen that there is no visible uncertainty in the fuzzy response
compared to the result of the noptimized quadcopter ¢figure8.5. Thus, it can be hypothesized
that the simulation based robust optimization effectively allowed to improve the system and reduce

its sensitivity to variations in desigrariables.
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Table8.3: Lower and Upper Bounds for the Design Variables

b V' (% of nominal)
Lower Upper Lower Upper
| ol W 5e3 le2 0.1 15
| 7e3 5e2 0.1 15
Y44
J 5e5 le4 0.1 15
r
k1 Te7 8e7 0.1 15
k 3e.5 4e5 0.1 15
d
| 0.15 0.45 0.1 15
m 0.55 1 0.1 15

8.8 Discussion

In this section, we discuss the validity of the fuzzy simulation for optimizing a mechatronic
system. The main point of concern would bemastioned previously, that depending on how the
simulation is set up (e.g: simulation time step), or how the equations are implemented, the fuzzy
result may differ. Consequently, the results of the fuzzy simulation could not be considered as the
exact behaor of the system under uncertainty, but as a good perception of how it may behave.
However, this does not imply that the fuzzy simulation cannot be used for optimization purpose.
Indeed, the idea behind the fuzzy simulation is to use it as a computgtiffiaient means of
carrying out robust optimization. This implies that if it is possible to reduce the expected value and
ambiguity in the objective functions using the fuzzy simulation, then the mean and variance of the

actual deterministic system shid also be decreased.

To evaluate whether the proposed approach is effective, we need to compare the results of non
optimized and optimized quadcopter drones designs in two folds. First, the fuzzy objective function
of the initial drone design and of thelutions in the Pareto Front are compared. This first check is
to ensure that the solutions obtained are valid, which mean that the simulations during the

optimization did not diverge. Then, we take the parameter values, obtained from the fuzzy
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simulationbased optimization, but we carry out a Me@arlo simulation of the system to see if
the parameters obtained through the proposed method can be considered as being better than the

initial ones for the real systems, which would be determiniBliis evaliation process is displayed

in Figure8.7.
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Figure8.5: Fuzzy step response of the initial system (a) x, (6)yz, (d) , (e) , (f) , and with

the color bar representing the membership of the response
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Figure8.6: Fuzzy step response of a sample point in the pareto front (a) x, (b) y, (c) z, (d) , (e)

(f) , and with the color bar representing the membership of the response

First, it is clear fromFigure 8.8that the fuzzy simulation does not provide the exact same
distribution as the Monte Carlo simulation. However, it is still possible to $6gune8.8-(b) that
the mean energy in the deterministic result is reduced, same as in the expected value of the fuzzy
result inFigure8.8-(a). Likewise, the ambiguity in the fuzzy response is decrease as compared to
the noroptimized one. The variance in the Monte Carlo simulatiorfigure 8.8-(b), of the
optimized system is also decreased compared to theptonized one. Therefore, it can be
concluded that there is a correlation between optimizing the expected value/ambiguity and the
mean/variance of a system. Consequelttily proposed approach is effectively able to obtain more

robust mechatronic devices.
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Figure8.7 : Evaluation procedure for the proposed approach

This argument is further illustrated kigure8.9. Indeed, it is again possible to compare the step
responses of the system for the four cases ofoptimized/optimized fuzzy/Monte Carlo
simulation. We se in Figure 8.9 (a) that for some of the nesptimized Monte Carlo iterations,
there are unstable responses while it is no more the case in the-Géofdesimulationof the
optimized system irFigure 8.9-(b). Thus, even though the real behavior of the system under
uncertainty, which is displayed Byigure 8.9-(b), still have more variance in its response when
compared to its fuzzy counterpartiijure8.9-(d), the result is still more robust than initially.

Figure8.9-(c), shows that the fuzzy simulation is oxenstrained when comparedRmure8.9-

(a). While the fazy methodology presents this drawback, it still can be used for robust
optimization. The solution proposed by the algorithm does not have any uncertainties (boundaries),
as shown irFigure8.9-(d). While this is not a real behavior, the set of parameters obtained still
form a more robust system than the unoptimized one. The real behavior of this set of parameters
can be simulated with a Monte Carlo simulation, usirggdptimized parameter values obtained

from the fuzzy based optimization process.
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In conclusion, carrying out a simple fuzzy simulation is not advantageous while compared to a
Monte Carlo simulation. The added benefit is obtained when using the fuzzyasonuin
conjunction with the robust optimization process. It can then be used to obtain a set of parameter

values on extremely complex mechatronic system that could not be obtained with Monte Carlo due

to an excessive computing time

Figure8.8: Comparison of Fuzzy simulation (a) and Monte Carlo Simulation (b) for non

optimized and optimized systems
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Figure8.9: Step response along forlfaMonte Carlo simulation of (a) initial design , (b)

optimized design and {@) fuzzy simulation of (c) initial design, (d) optimized design

8.9 Conclusion

In this paper we introduced a new methodology to robustly design mechatronic system based on
fuzzy dynamical simulation. We first showed that it was possible to use the simulation of a
deterministic mechatronic system and compute the basic operations thghsimulation using

fuzzy number if the Hukuhara difference and division are used instead of the standard fuzzy
arithmetic definition (RQ1). It was demonstrated that the simulation process was more
computationally efficient to obtain uncertain dynanmabavior than a Mont€arlo simulation. We

then suggested a robust optimization process along four sets of objective function that would be
essential for the robust optimization of mechatronic systems (RQ2). We implemented the robust

optimization method o@a quadcopter drone and showed that the system was significantly more
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robust to uncertainties. Finally, it was shown that the use of the fuzzy simtbased process
was effectively able to optimize a deterministic system (RQ3).

Furthermore, we introdudehe simulation of fuzzy dynamic systems with interval arithmetic using

the Hukuhara difference and division, which is not employed in mechatronics. It has been

numerously reported that interval arithmetic has a tendency to overestimate the solution of
operations and thus might create diverging solution in dynamic simulation, bupsypérties

were not observed while using the Hukuhara operations. Such a simulation method is easy to
implement and computationally efficient as compared to extension peiti@ped methods which

are not always suited for complex functions. However, it should be further investigated as to

provide a means of consistently providing the right constraints, independently of the system at
hand. Indeed, it was not necessarily theeda the implementation of the quadcopter drone as over

constrained results were observed.

Moreover, the optimized variables in the case study were the ones that are used in the dynamic
model of the quadcopter. It was assumed during the optimizationthéyatwere independent.
However, some of the variables are actually dependent on others. For instance, the inertia of the

system ( LV UHODWHG WR WKH PDVV RI WKH TXDGFRSWHUT

xx’I yy’I 2z
mass of the motorand the geometry of the quadrotor in general. Furthermore, variables such as

WKH TXDGURWRUTV WKUXVatd B,Q ®ould b® rklaker bl theFrhdto@s Vind

propellers properties such as the pitgle, propeller length and other aerodynamical and
geometrical properties. Future works may work towards introducing a more complete model where
those interactions and dependencies are modeled and only the independent variables are chosen
and set by themimization process. It would be interesting to see this methodology applied on a
multi-disciplinary optimization process, such as presentdd4d]. The presentecthethodology

could thus be used on any mechatronic systems during the preliminary design phase, as a way to
add robustness to the system.

Finally, although we considered the control aspect of the mechatronic system to have the device
designed in a more iegrated manner, we actually did not optimize the controller for every
variation of the design variables. Doing so is computationally expensive even for simple devices
[123]. However concurrent optimization of the controller and structure might be more efficient if

fuzzy simulation is used. Thus, in this case the controller is to be designed, using technique adapted
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to fuzzy dynamical systems suchtls ones developed jh46] £148], concurrently with the other
design variables within the optimization loop. It would result in a more complex and costlier
optimization but would necessarily be a more integrated design method for mechatronic systems,

which ultimately s the desired goal and thus should be considered in future work.

8.10 Appendix: Optimization Pareto Front

We use level diagrams such as suggestedl49] with an Euclidean L,) norm for the
visualization of the Pareto front from the case study robust optimization. This method allows to
show how close to the optimal solutions the points of the Pareto front are by using a norm (either
L, L, , Infinity) and then allow to visualize each objective and each variable. The Pareto front of
the variables is shown iRigure 8.10and the objective functi@nin Figure8.11. In Figure 8.10,
Figure8.11, the red square represents the front, the blue circle the initial design of the drone, and
the black diamond a randomly selected sample point on the fbiaf) is also the selected point

from the response of Fig. 6.
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Figure8.10: Pareto front of the design variables from the robust optimization, with the blue circle
being the initial design, and the blagiamond a sample point on the front. Variables 1 to 7 are
and 8 to 14 their respective percent standard deviation.
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Figure8.11: Pareto front of the robust optimization objective functions, with thediake being

the initial design, and the black diamond a sample point on the front
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9.1 Introduction

Mechatronic systems are inherently complex due totheati-domain nature, integrating elements

from mechanical, electrical, software and control engineering. One of the challenges associated
with their design is to consider the effect of dependencies, notably adverse effects dependencies
[56]. Adverse effects result from the normal functioning of components and can deteriorate the
performance or integrity of a device, such as the vibration produced by a rotating element. These
adverse effects thus need to be considered as early as possiigeltRidesign process to mitigate

them and ensure avoiding costly redesigns latei9hnThe work presented if110] suggets a

method to identify them during the conceptual design sfadd€] suggests identifying physical
adverse effects that result in a noise source (e.g. Heat, VibratiomoENsgnetic Field) using

IX]]\ OLQJXLVWLF YDULDEOHYV 'RLQJ VR HQDEOHV WR HII
dependencies and thus should allow to seleet®nceptthat is he least impacted by them.
Nevertheless, adverse effect would always begmtaa the system even if the concept having the
minimal amount is selected. Therefore, it is necessary to be able to consider them during later

design stages, such as during preliminary design.

Preliminary design is the stage that uses the selected ¢drsaghe conceptual design stage and

find initial design and control parameters that should allow to meet the design requirements. These
initial parameters will then be carried on to the detailed design stage. During preliminary design, it

is also possile to carry out a robust design methodology, which should ensure that the system will

be performing in an acceptable manner even in the presence of uncertainties. For[Bigfases

a double loop Mont€arlo optimization on a @drotor drone to reduce the energy consumption.

Instead of using a statistical approd®0] suggestisingfuzzy simulatiosto determine uncertain

response properties. It is showr{1%0] that doing so is more computationally efficient than using

a MonteCarlo simulation as a means of obtaining the performance distribution while still
SURYLGLQJ D JRRG DSSURJ[LPDW L RfQzzR $indlIEtidn ZoNoMhehh§ Msdd HV S R (
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in an optimization loop to find appropriate design parameters that would allow to meet both

optimality and robustness requirements.

However, carrying out a fully integrated robust design methodology would necessatiiye
considering the adverse effect dependencies to find adapted control parameters. Indeed, the adverse
effects would necessarily influence the response as improper measurement may lead to system

instability.

This paper thus introduces a method tosider adverse effects dependencies in the dynamical

model of a mechatronic device and tlaralyzetheir effect on its stability. This can be achieved

by introducing uncertainty in the performance of the components by using fuzzy numbers.
Consequently, tisi paper provides the mathematical background on fuzzy number and on the
stability of fuzzy parametric system. Then it proposes a way to combine the uncertainty related to
WKH SHUIRUPDQFH RI WKH V\VWHPTV FRPSRQHQWIY, tMéR WKH (

paper demonstrates the process with a case study orbalselting robot.
9.2 Mathematical Background

9.2.1 Fuzzy Numbers

Fuzzy numbers represent imprecise information (uncertainty), as compared to the classical real
QXPEHUV RIWHQ U Hrwinbessiv@hiall iRpiedent prelcis¥ & exact information. Fuzzy

numbers have a membership lev&gx), specified betweef and 1 and which represents the

possibility of a value being a member of the nunjd8t, [87]. Consequently, the membership at

the center of the numbeeferred to as the core of the fuzzy number, is 1 and outside the supports,
which bound the number, is 0. Some of the widely used fuzzy numbers are for instance triangular
in shape and they can be expressediln byu TFN(a h 9 , wherea,c are respectively the

lower and upper support of the fuzzy number &nds the core. The membership level is usually
expressed by a function. A representation of a triangular fuzzy number (TFN) aloegritership

function is shown irFigure9.1.



Figure9.1: Visual andVathematical Representation of a Triangular Fuzzy Number

Furthermore, when working with fuzzy numbers, it is customary to discretize them along their

membership level. This discretization is referred to asfheuts , and represents an interval at a

certain membership level. The discretization is thus be giveb by D ... O 1 and the

resulting fuzzy number mathematical representatiopxy [ x, x] with x , % beingthe lower

and upper bound of the interval at a givén cut .

9.2.2 Fuzzy Arithmetic

The basic arithmetic operations on fuzzy numbers are well defined in the lit¢B} f85], [41].

For two given fuzzy numberas,v  having membership functions ,F, and D cuts

[u] ,[V,, D°[0,}] , the basic operations are given in Eyl) to (9.3).

Addition
[u M, [Up VU V] (8.18)
Scalar multiplication
ku, kylif kg0
[kd , %}ku B]f : (8.19)
u,kylif k0

Multiplication

[min{uy ,u ¥, 1\, gV

[u Mu
max{u v U ¥ H b § V)]

(8.20)
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The difference and division of fuzzy numbers as proposed by interval arithmefiz oatshave

multiple drawbacks. Indeed, subsequent operations on fuzzy numbers would necessarily increase
the spread of the result to a point where it diverge. This would be related to the fact that for a

give fuzzy numbera , according to interval arithmetic principle a z{0}, @ a #I} . Thus,

instead of using the standard definition, an alternative is through thbeusikuhara difference

and division[42] so thata a {0}, @ a {1} . These operations are given bg.[@.4) and(9.5)

respectively.

Hukuhara Difference

minti, vyu, v 5
o . (8.21)

o
max’ti, v,ou, v 0

[l gulNs

Hukuhara Division

U, w4y AL B,,A/,BZ,

with
A u,if v, 0 B E@V Jf Al0 (8.22)
u,if v, 0 =v jf A0 '
A uDif v, 0 5 E_@Vd:f Al,0
u,if v, 0 vjf A0

9.2.3 Fuzzy Stability Analysis

There are two approaches that are usually employed for determining the stability of a system
depending if it is modeled with a transfer function or in stpi@ce. In the case of a transfer
function, it is possible to use Roditturwitz stability criterionE\ XVLQJ WKH V\VWHPY{V FK
equation. If the statepace is used, then it is possible to compute the eigenvalues of the state matrix

and determine the poles of the system. However, if the system has fuzzy parameters, then adapted
methods need toebused.

For instance, if the system is modeled with a transfer function, it should be possible to determine
the stability of the system by using an extension of Kharitonov thefdr®&hj, [152] Kharitonov
theorem state that an interwadlued system is stable if the RotHlurwitz stability criterion is

satisfied for4 characteristic equations. The method present¢thbih) mentions that for a fuzzy
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system, it should be possible to determine the stability afXhkevel such as provided in E§.6)

, wherea ( ),a p )represents the lower and upper bound of theefficient at a giverD level

K(s) a(D a(Ps a()B a)B A)B &) .
Kis) a(D a(Ps g()B a )B d)B &) °.
Ko a(D a(Ps a()B & )B )b 4)°P.
K. a(D a(Ds a( P a()B a)B &)P..

(8.23)

Alternatively, in the case that the system is modeled usingsgiate, then it would be required to

find fuzzy eigenvalues. Solutions have been proposdd38] that would allow to deal with the

case of a symmetric fuzzy matrix. Wever, for the problem at hand, the eigenvalues will often
result in complex numbers since the state matrix is usually not symmetric. The solution that we
will apply is an extension of the one suggeste[d 4], whichproposes an analytical solution for

the computation of eigenvalues for interval matrices. We will apply the same computation for each

alpha level of the fuzzy matrices. Therefore, the eigenvalues fdp davel results from solving

the generalized eigenproblem given by E§.7).

O( YrsolvexA ()OS, A( )X (BO) PHE )S) P 0f

8.24
O PsolveA.( )DS & )% (BO) PE ISP 0 o)

with X.being the eigenvector of th# eigenvalue found from the crisp generalized eigenvalue
problem such as in E€P.8).

Ax Bx (8.25)
and with the parameter provided in £E99).

S diag(sigr(x))
A(D A(PA()WD2B.()DB ()B () /2 (8.26)
dA(D A(DPA()D28()DB ()B () /R

Consequently, if the system is modeled with fuzzy parameters, or if fuzzy uncertainty is introduced

in the performance of the component, it should be possible to determine if the system will be stable,
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and thus have robust control performance. The next section provides a way to efficiently introduce
uncertainty related to the performance of components by using thastate representation.

9.3 Introducing Uncertainty in States

As previously mentionedadverse effect dependencies result from the normal functioning of
components. They are detrimental to the performance of the system since they could lead to the
improper functioning of the other components. It is thus necessary to consider them during the
preliminary design as it would dictate the control parameters and design parameters to be carried
on to the detailed design stage. Consequently, they should be identified and modeled so that they
are included in the dynamic model and control loop to enbatethe chosen control parameters

(and control method) allow to have robust stability. To do so, we suggest to use the modeling done
with a Design Structure Matrix (DS§A)55] which would represent the strength of the adverse
effect (AE) between any two components in the sys&®rSM is a compact and easy to use
method that allows representing the iatgions between pairs of elements of a system. Modeling
adverse effects could be achieved in a simple spreadsheet where the design engineers would
identify and rate potential negative dependencies or alternatively by using the method as suggested
in [156] and then using the total level of adverse effect dependencies affecting a component as
being proportional to the uatainty (such as noise) that would be present in the said component.
This process is shown Figure9.2 where the entries of a DSM are used as a noise source in the
states (i.e. the adverse effects represent uncertainties in the measurement of the states by the
VI\VWHPTV VHQVRUYV

Sensors

Figure9.2: Transferring Adverse Effect Modeling to Uncertainties in States
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Forinstance, if it is desired to introduce the noise in the first sensor (S1) resulting from the adverse
effects coming from the rest of the system, it would first be necessary to sum the column under
Sensor 1 irFigure9.2. Then this (fuzzy) value can be multiplied to the reading of the sensor in

the simulation model.

More formally, if a (linear/linearized) dynamical system is described with thesgiate equation
sud as in Eq(9.10):

X Ax Bu

y Cx Du 827

Then, provided that a controller with gairsis used, such as in an LQR, then the matrix state

become#\ as given by Eq(9.11):
A. A Bk (8.28)

Provided that the components, such as the sensors, are imperfect, or that they are affected by other

components, then the measusgake vector will become E¢P.12).

*

X Px (8.29

with P being a diagonal matrix containing the uncertainty in the sensors measuring the states such
as given by E((9.13).

po 00
P S (8.30)
0 RS

Alternatively, we can rewrite the matri&_ so that it includes the uncertainty of the measured

states such that E(B.28) becomes E(9.14):

A. [A BkP] (8.31)

c

Then the statspace equation of E¢8.27) becomes Eq9.15 withy EHLQJ WKH 2UHDO ™ RX
the system.

X AX Bu

y Cx Du (8:32)
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Therefore, when calculating the stability of the system, it shioalsufficient to compute the fuzzy
eigenvalues of the matriR, using Eqs(9.7)%9.9) and verify if there is a possibility of having

positive real poles. Therefore, by introducing the uncertain performance in the controlled state
matrix, it should be possible to optimize the controller gains to ensure stability even in the presence
of noise. Furthermore, although the matmx represents uncertainties related to the sensor

measurement, it would also be possible to induce uncertainty to other components by introducing

the matrix in the state equation accordingly.

9.4 Case Study: SeHBalancing Robot

9.4.1 System Model and Control

In thispaper, a self balancing robot is used as a case study such as [d&% Figure9.3 shows
WKH URERWTV SK\VLFDO P Rabledl dooQides $b fui2 Pahysicalpatameter® H

Table9.1: SelfBalancing Robot Parameters

Parameter m (kg) m, (kg) L (m)
TFN (0.032,0.036,0.040)  (0.95,0.96,0.97) (0.14,0.15,0.16)
Parameter R (M) l, (kg nP) l, (kg m?)

TFN (0.0225,0.0235,0.024E (1.8 €5,2.0 €5,2.2 ¢°) (1.2€% 1.3€% 1.4¢9)
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m : Wheel mass

I, : Wheel inertia

R: Wheel radius

/:Wheel rotation

m, : Robot's mass

|, : Robot's inertia

L : Distance from wheel center to robo#nter of gravity
T: Angle of the robot from the vertical

WTorque prowded by the motors on the wheel
x:Robot's linear displacement

Figure9.3: SeltBalancing Robot Model

,Q WKH PRGHOYV VLPSOLILFDWLRQV WKH PRWRUfV WUDQVIH
control is done directly on therque provided by the motors, and not on the voltage supplied to

the motors. A neslip condition is also imposed on the wheels. Moreover, the system is linearized

around the vertical equilibrium positiod 0. Therefore, the robot cabe modeled by the state

T
space equation provided in E®16) where the state vector ¥ X, X, J2> and the matrices
=

A,B,C,D are given by E((9.17) .

y Cx Du (833
01 0 @ 0 a o
_moR o R >
A (B’ RR) « B (B RR)« c 100 OOP » 8
00 1 d 0 < Yoiroy, ) & (839
szg « P « »
00 ——2=_ —2 »
(RR ER 4 (RR FR- Yy

with B R(m m) I/RP mIP | Iy

Finally, a linear quadratic regulator (LQR) is used to control thebsddincing robot. For more

information on controlling a selfalanced robot with a LQR, the reader is referred for instance to

[157]. The gains for the LQR with Q diag(1,0,1,0)R 1,, are
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k [ 1.000, 0.402,9.441,0.77 ZKLFK ZHUH FRPSXWHG XVLQJ WKH QRPL!

parameters.

9.4.2 Stability Analysis

From the fuzzy modeling of the sélflancing robot, it is possible to compute the eigenvalues using
the method irSection9.2.3 The fuzzy eigenvalues of the system are shoviigare9.4, where

it can be seen that all the real parts of the poles are negative. Indeed, there is no possibility of
having positive eigenvalues as the supports of the fozmper are all negative values. This shows

that the system is stable even with the presence of uncertainties in the physical parameters.
Consequently, the selected controller gains can be said to allow the robot performing in a robust

manner.

Re(Al) Re(A2) Re(A3) Re(Ad)

nx)
wx)

Im(A1) Im(A2) Im(A3) Im(2d)

p(x)
p(x)

) ) ) )
4.2 4.15 4.1 -4.05 -4 4 405 4.1 4.15 4.2 -1 -0.5 0 05 -1 -0.5 0 0.5 1

Figure9.4: Fuzzy Eigenvalues of matrid.

Now, if it is considered that there are uncertainties related to adverse effects that could affect the
measurements of the motor encoder (which woeldided to measure the linear displacement) or

of the orientation sensor, then there is a possibility that the system may become unstable even
though the controller is currently robust for the uncertain system. Consequently, an uncertainty on

the states maared by the sensors of 7 will be introduced in the model by a triangular fuzzy
number TFN(0.8,1.0,1.2. This triangular fuzzy number wilbe the diagonal entries of the

matrix. Although a 20% error induced on the measurement may seem extreme, this value is used
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to showcase the process. Using this additional uncertainty, it is possible to compute the new

eigenvalues of\, which are represented Bygure9.5.

Re(Aly 1 Re{A2) Re(A3) \ Re( )

Im(Al) , Im(A2) Im(A3) . Im(Ad)

1 0 0 0
412 41 408 406 404 402 402 404 406 408 41 412 0.5 0 05 1

Figure9.5: Fuzzy Eigen Values of matri®,

It can be seen ifrigure 9.5 that there is a possibility that the real part @f becomes positive,

which was not the case Figure9.4. This implies that the system could become unstable due to
the uncertainties related to the sensors, which would be caused by adverse effects. Therefore, it
would be necessary to find newrtroller gains to ensure that there is no possibility of having
positive real polesThis gives the designer insights on how to make knowledgeable decisions early

in the design process. For instance, if it is decided that new gains are desirable, th@R the
matrices can take the valu€s diag([0.05, O, 0.05, O]R |, to find the new gains, which
then results ink [-0.2236, -0.1461, 6.4077, 0.61.. Therefore, solving again the fuzzy

eigenvalues of the system result$-igure9.6. FromFigure9.6, it is now possible to observe that
the fuzzy eigenvalues do not have any possibility of a real part. Therefore, these new gains are

effectively more robust, and the system should not be unstable.
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Re(Al) Re(A2) Re(A4)

Im(Al) Im(A2) Im(A3) Im(A4)

ol . ot 4 0k J ol . 4
-2.09 -2.08 -2.07 -2.06 2.06 207 2.08 2.09 -1 0.5 0 0.5 -1 -0.5 0 0.5 1

Figure9.6: Fuzzy eigenvalues of\, with more robust controller gains

9.5 Conclusion

This paper introduced a method to consider adverse effect dependencies in the modeling of
mechatronic systems. It is achieved bydaling the system with fuzzy numbers as parameters and
introducing an uncertainty, which would also be a fuzzy number, in the measurement of the sensors.
The stability of the resulting system is then verified by computing the fuzzy eigenvalues of the
uncetain statespace model. Doing so should ensure that a more integrated design process is
carried out and that more robust control parameters are determined. The method to include the
additional uncertainties resulting from adverse effect is demonstratied wase study on a self

balancing robot.

This process should thus be used when designing mechatronic systems to reduce redesign at later
stages due to improper parameters selection. Furthermore, it should be included in a robust

optimization loops thatarry out robust design and robust control methodologies.

One issue that needs to be addressed with this process is the transfer from the adverse effect
modeling to the dynamical modeling and simulation of the system. It is mentioned in the paper that
afX]]\ QRLVH FDQ EH LQWURGXFHG LQ WKH VLPXODWLRQ WR C
the total level of adverse effect affecting it. However, the way to do so is still subject to research.
Indeed, it is necessary to have a way to determine whlhgazeeds to be applied when

transferring from the dependency modeling to the simulation. This would be highly dependent on
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the dependency modeling method. Therefore, future work will investigate how to determine how
to properly transfer the adverse etleedependency modeling to an adequate level of noise in the
VI\IVWHPTVY FRPSRQHQWYV
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CHAPTER10 72:$5'6 $)8//< ,17(*5$7('($5/< '(6,*1
0(7+2'2/2%< )25 7+(0,7,*$7,21 2) I$7(786*(
5('(6,*16

Throughout the preceding chapters, various design methodologies were presented to mitigate late
stageredesigs. These methodologies addressed the challenges of identifying and assessing
adverse effest and using this information in decistamaking. Moreover, it was shown that
modeling mechatronic systamsing fuzzy numbers could be used to carry outbausbdesign
methodology However,these methodologies are of little useihproperly employed. It is thus
necessary to integrate them into one process for their effective and efficient@sagequently,

this chapterpresentsa desig processthat should allow to mitigate late stage redesidpy

integraing all the previously suggested methods

However, mething that is still lacking in the design process is a concurrent fuzzy robust design
robust control approach. Inde€thapter &uggested the use of fuzzy simulatiomobustly design
mechatronic devices whil€hapter 9suggested a way to anaéy/robust stabilitybut these two

methodswvere not combined.

Therefore this chapter first proposes integrated robust design robust control methodology for
the peliminary design phase. Thetg combine all the design methodologids early design
processs presentedwhich contains the step to design mechatronic devices in a more streamlined

manner while potentially avoiding late stage redesigns

10.1Integrated Fuzzy Robust Design Robust Control Methodology

This section suggests a methodology for robustly designing mechatronic devices using fuzzy
numbers. It combines the propogadzy simulation and fuzzy stability analysipproacksof the
previous chapters iatone single processlowever, the fuzzy simulation used@mapter &lid not
consider uncertainties related to the noise in the sensors. Thetefdrave a fully integrated
approachijt is first necessaryo consider the fuzzy disturbancesulting from adverse effecis

the dynamieal simulation.



10.1.1Fuzzy Dynamical Simuldion of Adverse Effect Induced Noise

For instance, takagainthe simple DC motoiof Section4.6 for which the simplified dynamical

equations is provided in E¢LO.1).

Z (KU J/ (9.1)

where Z are the angular speed and acceleratibis the voltage input to the motdk,, I are
the motor constant3he fuzzysimulation of the motois carried outising a crisp input voltage of
U 12/ and fuzzy triangular parameteks TFN(60,65,70),W TFN (0.045,0.05,0.05. The

result of the simulatiors thusprovided inFigure10.1.

Figurel10.1: Fuzzy Simulation of Uncertain DC Motor

Using the fuzzy simulation, it is also possible to introduce a controller resg®iisgas previously
shownin Chapter 8 For instance, &I controllercan beusedto control the DC motoandis thus
given byEq(10.2).

um K, & &) K3 g @ d (92)

Using 4, 750K, 0.03K; !, the fuzzystepresponse of the motor is providedHigure

10.2. It can be seen that tlwentrollercan effectively reduce thepreadi.e the uncertaintypf the
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closed loop responsé Figure10.2 compared to the open loop respomsEigurel10.1. It can hus

be assumethat the controller isobustto a certain extent

Figurel10.2: Fuzzy Simulation of Pl Control for a DC Motor (a)dpense (b) Controller

Command

Now, if it is assumed that the motor encoder has a noise source, which could either be resulting
from the imperfect manufacturing process or from adverse effects, then it implies that the
measurement will potentially have someor. To consider this error in the measurement, it is
possible tantroducea disturbance to the reading of the sensat asis previously presenteih
Chapter 9However it is not only possible to analyze thesulting V \' V W stdbliity, but also to
carry out a fuzzy simulationindeed, mn the case of the DC motor a fuzzy number

can be introduceth the feedback loofpy multiplying the TEN with the

feedback valueThiswould result in the uncertain response as shbwRigure10.3. FromFigure
10.3, it is possible to see that the uncertainty in the steady state response isngercthém the
one fromFigure10.2.

Although in the case of a DC motor the induced noise could not result in an unstable system, it
could still lead to improper pexfmance and thus should be accourftad In the case of a
potentially unstable system, it is essential to ensure that the real part of the poles are always
negativesandhencethe method o€hapter 9vas introduceddowever thisadditional uncertainty
alsoneeds to be considered in other performance furesooh aghe onesused in theobust

optimizationprocesf Chapter 8
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Consequently, it is possible to create a fully integrated robust design robust control methodology
that would account for both the parametric uncertainty and the uncenteliated to the adverse

effects. To achieve this, it is necessary to combine the wiZkapter gandChapter 9

Figure10.3: Fuzzy Simulation of Pl Controlled DC Motor with Fuzzy Sensor Performance (a)

Response (b) Controller Command

10.1.2Integrated Robust DesignProcessfor Preliminary Design

The integrated robust design robust control methodology can be described by an iterative process

that first selec a set of design and control parameters, then inslieuncertainties related to

adverse effestobtainedfrom the work irrChapter HChapter $ and finally analyes the stability

and dynamic respons#¥ the systento determine the suitability of the selected parameters. This
process is shown |ilﬁigure10.4 For optimal design pogss performance, an optimization strategy

such as amvolutionary algorithnshould be considered. Indeed, evolutionary algomstama mult

objectives processsthat can beparallelized,and which allow to consider concurrently a large

number of variablesFor instancea genetic algorithm wassed ifChapter 8 Therefore, the

suggested process should ensure that the preliminary design determines physical ahd contr
parametes that will result in robust performance in the presence of multiple bfpencertairy.

This process can then be used to mitigate late stage redesign. It is necessary to use it after an
adequate concept was selected and hence an earlgesagie process is suggested in the following

section.



Figurel10.4: Proposed Robust Design Robust Control Approach

10.2Early Design Procesdor the Mitigation of Late Stage Redesign

The work that was presented in Papg€Chgpter % Paper 2Chapter }3and Paper ﬁhapter ]

were methodologies that could be used during the conceptual phase to improve the-decision

g}

makingprocesdy considering negative dependencieaper 4Chapter ?introduced a means to

robustly optimize mechatronic devices using fuzzy simulation, which can be used during the

preliminary phaseMoreover, Paper ¢Qhapter $ can be used to verify if the selected controller

parameters are adegaaConsequentlyn sectionl0.1 it was shown that pape4 and 6 could be

combined to form anntegrated robust design robust control methodology to be used in the

preliminary design.

It is then possible to combine the methods proposed in Papers 1 to 6 (Chapters 4 8hrough
Appendix A to develop a design methodology that would allow to potentmaitigate the late
stage redesign and thus facilitate the design process while decreaswglopment time and

therefore cost. This design methodology could then be employed during the early design stages

and is shown iEigurelO.S

This design process is simplified to highlight the steps specific to this thesis. There are obviously

many steps that needs to be considered in the conceptual and preliminary phase. For instance,
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Figure 10.5/mentions that before assessing the negative dependencies, it is necessary to generate

concepts. However, this is not in the scope of the thesis. Similarly, the robust preliminary design
methodology assumes thattk is a dynamic model of the system available, which would be an
extra step to take before applying the methodology. Consequirgiiggestegrocess should

be integrated with other methodologies that facilitate the early design stages. For insiance, i
suggested to use the MMR4] as a means to select the best concept to be carried on to the

preliminary design.
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Figurel0.5: Early Design Methodology for the Mitigation of Late Stage Redesign
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CHAPTER11 *(1(5$/ ',6&866,21

11.1Research Contributions

The contributions of this PhD have been related in the published and sularittiesto journals

and conference proceeding$iese research articles are listegdailel11.1

Table11.1: List of Articles

Article# Reference

1

U. Chouinard, S. Achiche, C. LeblomrdpQDUG DQG / %DURC
dependencies in mechatronics conceptual design of a quadcopter u$ioge
OLQJXLVWLF IX]]\ YDULDEOHY °~ SUHVHQWHG
Engineering Design, Vancouver, Canada, 2017, vol. 4, pp£d81

8 &KRXLQDUG 6 $FKLFKH DQG / %DURQ 3
Assessment During Mechatioa Conceptual Design using Fuzzy Logic &
4XDQWLWDWLY HMethBt®KcTACde Redr019.

U. Chouinard, Y.S LaKam+ & LR / %DURQ 6 $FKLFKH 3&
positive and negative dependencies and its impact on complexity m
devH O R S PJdupndl of Engineering Desig&ubmitted 2019

U.Chouinard,& &RXORPEH / %DURQ 6 $FKLFKH 2)
'"HVLJQ OHWKRGRORJ\ IRU NS oi\CRQUtiAGHbMe
2019

8 &KRXLQDUG 6 $FKLFKH , 6DQWRV DQG /
Fuzzy Simulation of Urertain Dynamic System: A SeBalancing Robot Cas
6 W X G DINAME 2019 Armacéo de BuziosRJ- Brazil, 2019.

U. Chouinard, S. Achich€el. B. Morales L. Baron and C. Duriez Analyzing
design modification effect on the compliance of deformablealskybrid
manipulators © ICQToMM M3 Symposiurijontreal, Canada2017.

Each of these articles allowed to meet the research objective antjsabivesThe research sub

objectives as previously presented are:
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SO1:Develop a methodology to assess and model negative dependencies during the conceptual

design phase using fuzzy numbers.

SO2:Develop a method to integrate negative dependency modeling aetisgon-making

process during the conceptual design phase.

SO3:Develop a robust optimization process that waisd fuzzy numbers to obtain uncertain
performance properties of mechatronic devieesl ntegrate thenegative dependency

modeling

For attainirg each of the Subbjective the relevant contribution and their respective papers are

summarized iE able11.2

Furthermore, other contributions have been accomplishéchwiere not part of the initial sub

objectives of this thesis. They are relate@able 11.3| It is to note that two of the contributions

are part of research articles that have not been submitted yet.

Table11.2: Research Contributions and Related-8ifjectives and Papers

SO Contribution Article(s)#
1 -The definition of the impactful factors (dimensions) of an adverse € 1
dependency

-The use of fuzzy linguistic variables to assess the dimensions
adverse effect dependency

-An aggregation method that uses the dimension assessmant&
adverse effect dependencies in a design structure matrix

2 -The use of graph theory to condense a negative dependency DS 2
usable criterion
- Demonstration of the impact of negative dependencies or
performance of mechatronic systems

3 -Successfu(nondiverging) fuzzy simulation of a mechatronic syste 4,5
subject to parametric uncertainties

-An integrated robust design methodology that is more computatic
efficient than existing methods




Tablel11.3: Additional Contributions

Contribution Article(s)#

-A Modelling method that allows to represent concurrently positive and ne¢ 3
into a single DSM

-Insights about the effect of design on the properties ohsarfiipulators 6

-Calculation of fuzzy eigenvalues for determining the stability of a mechat -
systemwhen subjecto adverseffects

-Insights about the circularity of mechatronic systems -

11.2 Software Implementation

Every software elements that have been developed during this PhD is freely available as an alpha
version. Thesoftware elements are available latps://github.com/COSIM.ab along their

respective documentation.

11.2.1Dependency Assessment

This section of theadtware is developed in Python. Python allows to better handle linguistic terms
due to its highlanguagelevel. The dependency assessm&oftware uses input from a excel
spreadsheet to input the required data, and then the modeling method is used abicalipm
generate the DSMs. Moreover, an analysis of the NDI is carried out on the system. The advantage
of this implementation is its ease of use due to the excel interface, and that there is only a need to

input the required data before generating thiMBSwvhich is much faster than manual entries.

11.2.2Fuzzy Simulation and System Optimization

The software related to the fuzzy simulation has been developed in a MATLAB toolbox. It allows

to simulate a dynamic system using fuzzy numbers. The advantage mopleenentation is that
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previously implemented simulation can be converted to fuzzy simulation without effort. There is
only a need to redefine the initial variables as fuzzy numbers, and the toolbox will take care of the

computation.

Moreover, the toolbo allows to extract properties of the results, and create figures of the fuzzy

simulation or of the fuzzy results.
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12.1Summary

This thesis has introduced multiple methodologies that can be employed together to facilitate the
design process of mechatronic systems during the early stages. These methods should allow to
mitigate the late stage redesigns due to unforeseen events.

The® events can in part be thleffect of negativedependencies that are present withie th
mechatronic systems. These negatiependenciesand more specifically adverse effgatan
greatlycompromise the integration process. Indeed, if they are not coedidaring the design
process, they may appear during prototyping which could then lead to costly and long redesign in
order to mitigate them. Consequently, being able to model them with sparse and fuzzy information
as proposed by this thesis such tawas done ir@kould allow to better handle them

throughout the entire design process. Moreover, using the result of this madetimgdduring

thedecisionmakingprocess should allow to select concepts that would have a mimimmderof
negative dependencies, and should thus be easier to integrate. Thisacareiedoy using the

dependency modeling method®@hapter $and condense the information into a single index that

can be used as supplementary criterion such as d@iﬁnaﬂy, although it was shown

that considering negative dependencies can be beneficial to the design process, it is necessary to

relativize this with the level of requirdtlinctional)dependencies in the system. Hej@eapter

has suggested a method to better model concurrently positive and negative dependencies and
integrate this modeling in complexity metrics developméhérefore, using the proped method

in early design stages should help in mitigating the issues related to integration and thus should
allow to reduce the size and number of required late stage redesigns necessary for achieving the
PHFKDWURQLF GHYLFHYV LIQ GoHI@dbé¢Ntly, bAs@d-0N ChaQtdyoLtce, itOsH Y H
possible to see that this thesis was able to answeraRQRQ2 along their stdpuestions. Indeed,

the proposed methods allows to identify negative dependencies early in the design process and use
them dumg decisioAamaking.

Moreover, the other main part of this thesigs related to dealing with parametric uncertainties.
7KH PHFKDWURQLF GHYLFH D¥ tHe R&BdR anhth QalY ¥im2nsOr3 ntay difterU
IURP WKH GHVLUHG YDOXHV 2IWHQ PHFKDWURQLF GHYLFH
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becoming unstable. There is thus a need to carry out a robust design methodology to ensure that it
will be performingin an adequate manner. However, due to the langeberof parameters and
the high complexity of mechatronic devices, robust design methodologies need to be

computationally efficient. Henqé;hapter lshowed that by representing parametric uncertainties

through fuzzy numbers, it was possibleige fuzzysimulaton of mechatronic systems order to

obtain their uncertain response. Using this uncertain response,passible to optimize the
mechatronic systesin orderfor them tohave a robusperformancelt is shown that the fuzzy
simulation does allow to compute in a much more efficient manner the uncertainty in the response
thanby usinga deterministic processuch as Monte-Carlo simulation, and consequently allow to
robustly optimize mechatronic devgeore efficiently. Furthermore, using fuzzy numbers for
modeling the uncertain mechatronic systems allows to usedigelingof the adverse effects
dependenes and include their effect on the system response. Conseq@bhomd

how toanalyzethe stability ofa mechatronic system when uncertainties relaidabth physical

parameters and componsgrgerformance are present in the system. Therefore, the methods
presented in Chapte8sand9 allows to answer RQ3 and RQ4 and tlsib-questions

In sum, the chapters of this thesis proposed mult@thods and new knowledge that will allow
to mitigate late stage redesigns. It is expected that by using the presented a&sdvetieh
decisiors will be made early during the design process and thus will reduce the design activities

complexity

12.2 Future Work

Althoughthe proposed methods were tested with various case studies, thttaaiseed to test
them with practicingmechatronic engineers. Indeed, tteveloped methadcould baefit from
user feedbackto better understand their downsdend th& ease of useThis shouldthus be

considered as future work.

Furthermore, there is still is a lot of work to be deméacilitate the early design stages. Indeed,
one large part oflesignmethods and not only the ones presented in this thesliges o fuzzy
knowledge and information about the systems to be designed. Using this knowledge is often time

consuming and there is thus a need to improve the way that these methods are used. Indeed, there
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is a good opportunity of research in combining artificigelligence techniques with the proposed
approacks Methods based on machine learning could be used to input the required fuzzy
information in theproposed desigmethods. This could be achieved by learning from previous
designs or from similar prodwgtDoing so should greatly reduce the involvement required from
the design engineers. Moreoventificial intelligence could also improve designas junior
engineer with less experience could still make critical decisions that a more experienced engineer

would usually make with their acquired knowledge.

However, the biggest challenge in upcoming years may not be related to dealing with thierollect

of knowledge for assessing the designs, but on the availability of technical solutions related to
circular/sustainable design in mechatronics. Indeed, it may be expected to have regulations changes
related to the lifecycle of products and their compdsie Part of this research, which is presented

in appendixC, investigated the circular design of mechatronics. Although it was found that
mechatronicsystemswere well suited for longerm strategies, they were notll designed for
endof-life. The curent research works for circular design promote DegiX (DfX), such as
recycling or remanufacturing, but rarely mention how to implement these DfX methods. It will

thus be necessary to haedlored solutiongor mechatronics.
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APPENDIX A ARTICLE 5: ROBUST DESIGN SWPPPORT USING FUZZY
SIMULATION OF UNCERT AIN DYNAMIC SYSTEM: A SELF-
BALANCING ROBOT CASE STUDY

Ugo Chouinard, Sofiane Achiche, llmar Santos, Luc Baron

DINAME- XVIII International Symposium on Dynamic Problems of Mechamicsacédo dos
Buzios, Brazil10-15 March 2019

A-1 Abstract

This paper proposes a fuzzy simulation method for dynamic systems having uncertain physical
parameters. The paper first introduces a fuzzy arithmetic that can be used to hadvamgoy
simulation, which would not be the case if the standard arithmetic is used. Then the fuzzy
simulation is tested on a sdd&lancing robot system. The simulation method is shown to result in

a good approximation of the dynamical response, but by bbeimg computationally efficient than
Monte-Carlo simulations. The paper advances potential uses of the fuzzy simulation such as being
used in an optimization loop during the robust design of a mechatronic system.

A-2 Introduction

Uncertainty plays a larg®le in the modeling of physical systems. Indeed, it is usually impossible

to obtain the exact value of parameters. Moreover, simplifications made to the modeling also
accounts for the uncertainty in the response of the system. It is thus of utmost isgdotan
consider uncertainties when designing dynamic systems as their effect could lead to decreased
performance. Taking into consideration those uncertainties results in carrying out a robust design
methodology. A design is said to be robust if it limite tvariation in the response without
necessarily removing the uncertainty in the design varigbt&. A robust design methodology

can thus be seen as an optimization which tries to minirhizevariance of the performance
function. It is also possible to consider optimality during a robust methodology if both the mean

and varance of the performance function are considered in aghjdtitive optimizatiol159].
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One important aspect that is considered in this work is the use of simulations as a means of
obtaining the performance function of the systinstead of an analytical solution. Simulation is
often more convenient in a highly complex system and allows to obtain information that is not
necessarily available analytically, such as the total energy consumption of a system over a given
period. In aprevious work by the authors, it was suggested to use a doapléeMonte Carlo
optimization (a MonteCarlo simulation embedded in an optimization loop) for the robust design

of a quadcopter drong7]. The MonteCarlo simulation (MCS) was used d@he dynamical
simulation of the drone to obtain the response distribution with respect to uncertain physical
parameters. It was shown that using a double loop MOati optimization along the dynamical
simulation could effectively be used to reduceghergy consumption and improve the robustness

of the drone without removing the variance on the design variables. However, since the
optimization used a MCS to generate the required data for statistical analysis, the process was
computationally expensiveven for a singleobjective optimization composed of the mean and

variance of the performance function.

To deal with the drawbacks of using MCS as a means of obtaining the uncertain performance of

the system, especially while using simulations to comphégoerformance function, we suggest
supporting the early design process using fuzzy numbers. The fuzzy numbers are used to represent
WKH XQFHUWDLQW\ ZLWKLQ WKH V\VWHPfV GHVLJQ YDULDEO!
to treat uncertainty in kst design methodology could be effective in the design of structures

[138], [139]or shock absorbef$40]. However][138], [140]make use of alphkevel optimization,

which although reported to be faster than when using Monte Carlo simulation, remains
computationally heavy. Indeed, alplevel optimization discretize fuzzy numbers on their
membership function and requires calculgtihe extremum of the performance function based on

WKH FRPELQDWLRQ RI WKH LQSXW YDULDEOHYV RZQ H[WUHP
alphalevel optimization, or the transformation methd8], use the extension principle and thus

usually evaluate one function with all the variables simultaneously. Using these methods in

complex design problenvgould usually results in a large search sj8dé

Furthermore, traditional methods using fuzzy numbers will usually result in diverging simulation

(i.e. time increasing uncertainty) due to the fuzzy numbers properties. Diverging fuzzy simulations,
which bounds often quickly tends towards infinity, cannot be used in optimization as there would
not be any possibility of calculating the variance of thegrerénce function. Hence, in this work
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we explore the dynamical simulation aspect using a constrained fuzzy arithmetic, which should
avoid obtaining diverging results. This work thus lay down the basis to carry out more time
efficient simulation of uncertaimechatronic systems using constrained fuzzy arithmetic instead
of running multiple iterations through MCS or using akbneel optimization, thus saving

simulation time and allowing more time for the early design process.

At first, the mathematical fowdations, used in this paper, for computing fuzzy number arithmetic

are presented. Then, to showcase the efficiency of the method we usbaaseling robot as a

case study. The modeling and control of the robot is thus described, and then the frélsalts o
simulation of the uncertain model of both the fuzzy method and MCS are compared. Finally, this
paper discusses on ways that the fuzzy simulation can be employed during the early design phases

to robustly design mechatronic devices.
A-3 Mathematical Preliminaries

A-3.1Fuzzy Numbers

Fuzzy numbers are bounded fuzzy sets which also have the properties of being normal, convex,
and upper semicontinoyi34], [35]. For instance, some of the widely used ones are the triangular
and trapezoidal shaped fuzzy numbé&nszzy numbers can also have Gaussian membership that
would allow to represent the uncertainty of a vaeakthich can be used in functions instead of a
Monte-Carlo simulation[34]. Moreover, the use of the quaSaussian membership function is

more practicasince the spread of the Gaussian fuzzy number would be theoretically infinite. Thus

the membership function®x) of the quasiGaussian fuzzy number is given in £4.1), with ¢

being a cubff parameter which is suggested todbe 3 in [34] because it would allow to capture

99% of the number membership.

- 0 if X X cl
° )2
oL exp u§§ if X clydx X
o 2|f @
R ® e (A1)
R ex u-§:: if xdx X cli
o 2V @p
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A-3.2Fuzzy Arithmetic

There are two approaches that are usually defined for the arithmetic operations on fuzzy numbers.
The first one being the use of interval arithmetic on thecuts of the fuzzy numbers, and the
VHFRQG RQH EHLQJ =DGIe KTV IHthi&/ WagkVe Risg tBeUintepvallaBitBbmetic
approach, which is computationally eféat, but with using the principle of constrained interval
instead of standard operations. The operations on fuzzy numbers as proposed by interval arithmetic
on D cutshave multiple drawbacks, especially if used in numerical simulabhmieed, since
simulation involves multiple operations, subsequent iterations of the simulation would necessarily
increase the spread of the result to a point where it will diverge. Indeed, this would be related to
the fact that for a give fuzzy numbex , according to standard interval arithmetic principle

a a {0}. Thus, instead of using the standard definition of fuzzy arithmetic, we will use the

constrained arithmetic such as describgd @] which then allows to have ,
. Therefore, for two given fuzzy numbetisv having membership functions, P, and D cuts

[u] ,[M,, D°[0,1], the constrained arithmetical operations are given b§AE2)-(A.6) [160].

Addition

(A.2)
Scalar multiplication

T

Multiplication

(A.4)
Difference

(A.5)
Division

(A.6)
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withu ,y, EHLQJ WKH ORZHU DQG XSSHU ERXQGV RIAVIH IX]]\ QX

A-4 Case Study: SelBalancing Robot

A self-balancing robot is an underactuated mechatronic dynamical system whichimasise in

different applicatioasuch asthe welNQRZQ 36HJZD\" ,W LV DQ LQWHUHVWLQ
inherently unstable due to the system being an inverted pendulum. Moreover, the system makes

for a good case study due to its relatively lownptexity while still remaining a challenge control

wise. The selbalancing robot has been widely studied in term of its dynamics and ddidl

[163] and thus we shall only provide the results of the dynamic modeling and control for the paper

to be selexplanatory.
A-4.1 System Model and Control

To demonstrate the fuzzy simulation method, we use a simplified model of the system for the
simulation.|Figure A.1l VKRZV WKH URERWY{YV SK\WLFDO PRGHO DQG ¢
VLPSOLILFDWLRQV WKH PRWRUfV WUDQVIHU IXQFWbhé&RQ LV Q

directly on the torque provided by the motors, and not on the voltage supplied to the moters. A no

slip condition is also imposed on the wheels. Moreover, the system is linearized around the vertical

equilibrium position 7 0 . Therefore, the robot can be modeled by the spéee equation
provided in EqA.7)

(A.7)
where the state vector is and the matrice#\,B,C,D are given by Eq(A.8).
01 0 @ 0 a o
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In this paper, the sebfalancing robot is controlled using a linear quadratic regulator (LQR)
controller. There is a wide bodyldgerature concerning the LQR and the control of abaléincing
robot, or of the closely related inverted pendulum on a cart. For more information. the reader is

referred for instance {d57].

m : Wheel mass

I, : Wheel inertia

R: Wheel radius

/:Wheel rotation

m, : Robot's mass

|, : Robot's inertia

L : Distance from wheel center to robo#nter of gravity
T: Angle of the robot from the vertical

WTorque prowded by the motors on the wheel
x:Robot's linear displacement

FigureA.l: SelfBalancing Robot Model
A-4.2 Fuzzy simulation of the Robot
A-4.2.1Simulation Setup

The first step in the simulation is to calculate the gains from the LQR controller using the nominal

parameter values, which are providegTable A.12.1} The controkr gains are found using the

LQR()function in MATLAB. Once the gains are found, a variation of 10% is then set on the design
variables of the selbalancing robot. For the fuzzy simulation, each of the design variables are
instantiated as being a fuzzymhber, using the uncertainty in the parameter value, and following

the membership function of the gaussian fuzzy number provided AEq]. As an example, &

show the fuzzy controlled state matux KB in|FigureA.2| where the shape of each uncertain

entries can be observed. Therefore, each operation during the fuzzy simulation will be carried out

using the fuzzy arithmetic presented in the previousmsect
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TableA.12.1:Nominal Parameter Value of the S8é&lancing Robot

Parameter m m, L R l, l,

Nominal Value 0.036 kg 0.9605 kg 0.15m 0.0235 m 1.9881e€ kg n? 0.0013 kg m

FigureA.2: Fuzzy Controlled State MatrixA KB ) Visual Representation with®x) being

the membership of the fuzzy numbers

A-4.2 2Simulation Results

The result of the simulation is providedkigureA.3|for both the Fuzzy method amdiCS (with

5000 iterations)Furthermore, the simulation times are compared@able A.12.2| FromFigure

A.3| it can be seen that the fuzzy simulation correctly calculates the nominal resppbessystem.

The level curves around the nominal response represent the possibility of the robot having a certain

position/orientation at a given time. Therefore, it should be seen as the possibility of the response

being bounded at a given time, and tiet actual response. Frgagure A.3] it is clear that the

fuzzy simulation does not provide the full bounds as it can be seen by the MCS. This is mainly a
result ofthe constrained arithmetic operations that do not consider the full breadth of combinations.

Although, the fuzzy simulation is far from being perfect, it still provides a good estimate of the
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potential behavior of the system in a much more computatioatiiéyent way, such as shown in
TableA.12.2

FigureA.3: Simulation Result of Fuzzy Method vs MCS with the color bar ( (a), (c) )

representing the possibility of the system having a certain response bound

TableA.12.2: Comparison of simulation time between Fuzzy method and Moatk

Fuzzy Simulation MCS (x5000)

Time (s) 0.45 3.85

A-5 Potential Use of Fuzzy Simulation in Design Support

As it was mentioned previously, the main goal of this paper is to lay down the basis for efficient
optimization of uncertain dynamic systems during the early design stages. So far, we have
introduced the required elements for the fuzzy simulation of a dynamic system, which was
exemplified with the case study on the dmfancing robot. There are many ways that this type of
simulation can be used in the optimization of dynamic system, espexfialigchatronic devices.

We present here two potential uses of the fuzzy simulation in design support: Carrying efficient

robust design robust control and handling negative dependencies in mechatronic systems.
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A-5.1Achieving Robust Design Robust ControEfficiently

First, using fuzzy simulation, it should be possible to carry out efficient robust design robust control
(RDRC) of mechatronic devices. For instaft23] introduced the RDRC on a DC motor and
mentioned that carrying out RDRC was computationally heavy even for a simple case such as the
DC motor. For achieving RDRC, it would be required to optimize both the controller gains and
system variables. Currentethod for RDRC are based on analytical solufii8] £125] which

might not be achievable for highly complegsgeems, and thus simulation would be more suited to
provide the required system performance informatidowever, including simulation in RDRC

would usually require the use of a Moiarlo simulation to obtain the distribution of the

performance functionsvhich would be computationally intensive.

An efficient RDRC could be achieved by using the fuzzy simulation in a -oljkictive
optimization loop, such as a genetic algorithm or particle swarm algorithm, and trying to find the

set of pareto solutiorthat reduce uncertainty in the response. Obviously, the optimization would

also require ensuring that the system is stable in the presence of uncertainties. This could be
DFKLHYHG E\ XVLQJ WKH IX]]\ H[W HIBN trRyxaRulatiddthelivzg Q RY TV
eigenvalueg153] of the state matrix A potential RDRC optimization process is displayed in

FigureA.4] However, no matter how the optimization is carried out, the difference in simulation

time betweerhe fuzzy and Mont€arlo simulation should prove to be significant, thus allowing

to search for a much larger design space.
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FigureA.4: Robust Design Robust Control Optimization Using Fuzzy Simulation
A-5.2Handling Negative Dependencies

The second way that fuzzy simulation could be used is when dealing with negative dependencies
within the system. Negative dependencies are for instance the noise induced by functioning
components to others, and may appeahéform of vibration, heat, or electroagnetic field.

Those negative dependencies can lead to decreased system performance. The[Wddk in
suggests a method to identifggative dependencies early during the design process by modeling
the dependencies as fuzzy numbers. The information obtained by this method could be interpreted
as a fuzzy noise that could be added to the simulation model. Doing so could allow to iflentify
the system would still be able to perform in the presence of those negative dependencies, or if

changes to the physical design, control method, or filter design need to be done to make the system

more robust. We show how this fuzzy noise could be iotred in the system model|iigure

A.5[ Once the result of dependency analysis is introduced in the model, it should be possible to

carry out the simulation as dedxd previously.

FigureA.5: Introducing Fuzzy Noise in Simulation Model
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A-6 Conclusion

This paper introduced a simulation method for uncertain systems using fuzzy numbers. The fuzzy
simulation has been tested osedf-balancing robot and compared to the Me@talo simulation.

It is shown that the fuzzy simulation using constrained fuzzy arithmetic provides a good estimate
of the behavior of the robot under uncertainty. The fuzzy simulation is also shown to be more
computationally efficient than the Mon@arlo simulation. The fuzzy method is then expected to

be a good means of robustly optimising a dynamic system subject to uncertainties. Indeed, using
the fuzzy simulation and trying to reduce the mean and variah¢ke response during an
optimization process should lead to also reduce the mean and variance of the response from the
real system. The paper then advances two potential use of the fuzzy simulation method to robustly
optimize mechatronic systems: canyiout robust design robust control and dealing with negative
dependencies in the system. The optimization of thebsddincing robot using the fuzzy method

will be tested in future work.
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APPENDIX B ARTICLE 6: ANALYZING DESIGN M ODIFICATIONS
EFFECT ON THE COMPLI ANCE OF DEFORMABLE H YBRID SERIAL -
PARALLEL MANIPULATORS

Ugo Chouinard, Sofiane Achich&hor Biez MoralesLuc Baron Christian Duriez

Canadian Committee for th€heory of Machines and Mechanisii8 SymposiumMontreal,
CanadaMay 2017

B-1: Abstract

This paper presents a quantitative study on the effects of angle vadepamsition of actuators

on thecompliance of a class of Deformable Hybrid SeRatallel Manipulators (DHSPM).
Although compliance is desired to achieve a secure and stable maneuverability, high stiffness is
good to provide precision and reject perturbations. Thus, the compromisezbat@mpliance

and stiffness can have different profiles along the degrees of freedom of deformable robots. The
study is based on the simulation of the model of the robot derived from computational mechanics
(Finite Element Method) and is conducted on e3PV with antagonistic actuation. We show that
antagonistic actuation predominantly increases stiffness in torsion when activated and that by
changing the orientation of the actuator it is possible to increase compliance in one direction while
decreasing iin another. Finally, we provide guidelines for the design of soft robots having a

parallel structure such as deformable hybrid s¢gr@abllel manipulators.

B-2: Introduction

Compliance is an increasingly desired property in many robotic applicatialeedncompliance

is usually desired whenever there are rdignan interactions involved such as in minimally
invasive surgery164] £166] or humanmachine material handlif@67]. Multiple researchvorks

have thus been carried out to achieve compliance in traditional robotics such as using active
compliance where theontroller is used to reduce the stiffness when the robot insewétit its
environment[168] or to develop mechanisrmthat would allow passive compliance at the
manipulator joints as proposed [#69] 4171]. Although thesanethods can reduce the stiffngess
they are still based on traditional robots which were designed for rigidity and precision while
performing repetitive taskin controlled environments. These robotslaws notcompletely suited

for use in a highly changing environment with human preseAcealternative to adding
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mechanisms on manipulators or to use the controller to increase the compliancesstoalsets.
Indeed,soft robotics is an increasingly popular field due to the intrinsic ability for deformation of
the system and it is believed that soft robots @aweaplace their rigid counterparts whenever they

are involved ira workingenvironment with human presence.

Design ofsoft robots is still in its infancy, and kanainly focused on prototype actuators and
grippers[172] £176]. Although some of the designs are functional, tiesyainnotfully suited for
commercialization. Promising designs adt continuum manipulators, which are robots often
inspired by biological agents such as elephant trunks and octopus tefit&@lef179] and tendrils
[180], and offer a suitable alternative to their rigid counterparts for #oliwian interaction
applications due to their compliant nature. Indeed, rchats as thEeTCh[181] are hybrid serial
parallel manipulators that use soft actuators instead of the typicalutigdigid ones.Although
multiple prototypes existhe design of such devices is still an open topic in the robotics community

since there are no formal design guidelines to follow.

This lack of formal guidelines can belated to the difficulty oéxtracting theproperties of such
manipulators as there are no analytical metlelt can be employed due to the nonlinear behavior

of the deformable parts. Indeed, analysis, modeling and contsofftstbbots is usually achieved
throughusingfinite element rethod (FEM)[182], [183] Furthermore, the design processsoft

robots, being mobile robots, grippers, or manipukat®rstill highly a trial and error process to
obtainthedesired properties as almost no studies have been carried out to analyze the behavior of
these systemsder variousvorkingconditions. Thus, to improve the design process of soft robots,

it is required to better understand how the compliance, which is the principal desired characteristic
for soft robots, is affected when making design changes. This Wlliteelying less on multiple
trial-error loops and thus accelerate the development of soft robotthdéaruse in tangible

applications.

Therefore, in this paper we focus on providing insights about the compliance of deformable hybrid
seriatparallel manipulators (DHSPM) when subject to design modifications. We first provide a
larger background on the general characteristics of DHSPM. Wheprovide the methodology

that was employed to analyze the compliance of the manipulators. Finalyesenthe resuks

of the analysis andie provide insights on how to attain desired properties.
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B-3: Deformable Hybrid serial-parallel manipulators

B-3.1 Pressure Actuated Sections

This paper mainly foces on the design of a deformable hybrid manipulator similar to the

FeTChMK1 which is shown inFigure B.6| These robots are composed of three (or more)

deformable pressure actuators (either ailiqurid) rigidly connected in pallel and similar to a
Stewart platform which are then combined tform a serialparallel manipulator. Sucla
manipulator benefits from some of the typical properties of rigid hybrid manipsilstich as
increased workspace compared to parallel dmtter control/accurate motion, and improved

rigidity compared to seal robots[184].

(@) (b)

FigureB.6: FeTCh Deformable Hybri8eriatParallel Manipulator (a) Real Implementation (b)
FEM Simulation

Motion of the deformable robas induced by siton accordiodike pressure doator. The
accordion shapallows for the elongation of the cavity whpressurizegthis type of behaviois
called extensorThis behaviois in contrast with the Mckibben actuator (artificial mus¢ie35],

[186] which shorteswhen actuated.

As mentionned earlier, the soft actuatare rigidlyconnected in parallel. This hagany benefits
such as easing the fabrication process or by allowing a more acektdte be created for the
control of the robot. Moreovergdeformable manipulators are simple structaravith few

components compared to their rigid counterparts as the@ meedor mechanical joints (such as
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sphericajoints) that would allow the effector to rotate sitice deformable components alléov

such motion. Indeed, it is shownigureB.7|(a) and (b) how a section (parallel robot) deforms

from its orginal position when pressure is applied in the cavity of an actuator.

@ (b)

FigureB.7: FEM of a manipulator section (apactuated (b) with left inflated actuator.

B-3.2 Antagonistic Actuation

Another way of actuatingoft robots other than pressure is by using cables. By combining both

cable actuation and pressure actuation it is possible to obtain antagonistic actigibas many
advantages such as increasingnumber of controllablelegree of freedom of the manipulator,

and potentiallycontrollingthe stiffness of the robot. Indeed, the pneumatic actuator works only in
extensionwhile the cableworksin compressin. Thus, combining these two actuations can help
increasingthdRERW YV VWLIIQHVV DV LMW) ag they@reEnorking Byaigst eaghV H F W L
other. In the case of the DHSPM, antagonistic actuation can be achieved by adding cables to each
indvidkXDO VHFWLRQ IURP WKH URERWYVY EDVH WR WKH VHFWL
connecting the base to the egifiector, which is shown ifFigureB.8| Although both methods for

connecting the cables have the same controllable degree of freedom, a manipulator like the one in

FigureB.8t(a) would have more degree of actuation and potentially a larger workspace.
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(@)

(b)
FigureB.8: Connection of cables for antagonistic actuation (a) for each sectisiagl® cable
from base to effector

B-4 Design Modifications For DHSPM

B-4.1 Orientation of the Actuators
There are multiple factors that can influence the compliansefofobots. Changing the rnexial

or thickness of the membrane (as in the case of pressure actuators as grigwre B.9) would

necessarily modify the properties of the manipulator. Howekierge are certain limitations that
should be accounted for when doing so. First, the fabrication of these robots is still a highly artisanal
process (silicon casting, 3D printing) and thus limitations exist regarding the usable materials and
the maximum/mimum dimensions. Furthermore, because finite elements are usually used to
model the robots, there are also limitations regarding the dimensions as the meshing process for
the FEM might result in an inaccurate model, or a too computationally heavy arefdrh, in

this paper we explore design variations of the DHSPM section by changing the orientation of the
actuators and analyze the effect on the compliance. This analysis is based upon the assumption that
a functional and realizable actuator Hiast been designed for the desired robot size. By using a
standard actuator during the analysis, we are also trying to solve one of the problem rdi8&} by
which states that soft robotics lack standardized components such as in rigid robotics, which leads

to difficult knowledge transfer betwednalized projects and new designs. Therefahepughout

the analysis of different sectiodesigns, the same actuat@hown inlFigure B.9| is used.

Furthermore, it is worth rimg that the actuators used in this paper are made of Dragon Skin 10
Silicon[188].
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(@) (b)

FigureB.9: (a) pressure actuator dimensions, (b) cross section of the actuator, dimensions are in

mm

We analyze the effect of changing the orientation for both inward (dégraad outward position

(degreeOut) where we define theedreeln orientation of the actuator being oriented towards the

center of the DHSPM section. Models of sections with different orientation are shisgune

B.10|. We will refer to the design variations as followslue Degorientation Thus, a section

KDYLQJ GHJUHHV LQZDUGY RULHQWDWLRQ ZLOO EH UHIHUU
RXWZDUGV DV 38 '"HI2XW’
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@ (b) ©

f
(@) © ®
FigureB.10: (a)(c) side view of a O0Deg, 30DegOut, 20Degln manipulator sectiof)(d)
isotropic view of 0Deg, 30DegOut, 20Degln manipulator section

Furthermore, each of the sections were designed such that the centroid of the actuators laid on a

circle of 55mm radius around the axis as it shown |EigureB.11

FigureB.11: Actuator positioning around theaxis

B-4.2Number of Cables in Antagonistic Actuation

Antagonisticactuationcanbe used to control the stiffness of the manipulator, makisiffer or
more compliant by having the cables act against the pneumatic actUdterstuitive design
would be to use the same number of cables as pressure actuators to have a enmagjehistic
effect. However,tereis notany increase iontrolleble degree of freedom from adding one or
three cables for the sections oé tturrently studied DHSPMndeed, the pressure actuators allow
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for positive translation along the vertieis {y-axis in this case) and rotatianound the other two
(x/2) while the cables only enableegaive translation along. It is not possibléo achievex/z
translation if the actuators/cables are not inclined fromytheis Furthermore, it would not be

possible to achieve rotation around theaxs if only threepressure aaators and cables are used

in configuratiors similar to the ones jrigureB.10] However, havinghreecables increases the

workspace of the robot as well as improves its coetyoipared to zero or one cables, as shown in

FigureB.12| In the case of the FeTCh manipulator, the cables are located opposite to each actuator

and apply a moment to the rigid vertebrae, which in turn, allows for greater bending angles.
Nevertheless, becauséthe disposition and width of the actuators, the force applied by the cables
also introduces undesired behaviors suclorashe shearing of the section (ileete could be
displacement of the effemt along thex/z axes, buthis motion would be resultof the robots
deformation and would not lmentrollable). Thus, we investigate if increasing the number of cables
is beneficial for increasing the stiffness of a DHSPM, even if this, in turn, increases the complexity
of the design.

(@) (b) ()

FigureB.12: Tracking of an object (sphere) for (a) caldss section, (b) section with center

cable, (c) three cable section
B-4.3Measuring the Compliance of a Section

Behavior of the DHSPM is dictated liye behavior ofthe sections it is composed of. Although
soft robots are nehinear entities, it is possible to assume linear behavior in the deformation of soft
actuators that are comprised between two rigid sectigdnsashown in[189]. Thus, we focus on

the analysis of a single section of the manipulator. As mentioned previously, anatgdgtsaijots

is achievechumericallyand in this paper, we use the SOFA framew&80] with its Soft Robots

plugin[191] for simulating thedeformablerobots.The FEM of an actuator is created using CGAL
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[192] and each of the actuators are constituted of 3550 tetrahedra. Furthermore, during the

simulation the cables (when antagonistituation is used) are considered rigid in tension.

The compliancewhich is defined as the inverse of the stiffness and denoted by is measured

through simulationThe FEM initially results in a sparse stiffness matrix beingf.0de inverse

and condense the sparse matrix to a 6x6 compliance rogtaipplying a wrench at the effector of

WKH URERWYfV PRGHO DQG Uo-bwidthédoomd@nkewrKattixid pvosed3dDis-HP HQ W
similar tomethod thathave been substantialised for analysis of rigid serial, parallel and hybrid
manipulatos wherean exact model is difficult to obtaifi163] £165]. However, in this paper we

use the FEM instead of the real robot

As mentioned earlier, we assume that there is a linear behavior for small displacement/force
between two rigid sections. This assumption allows for the comparison ofotieensed
compliance matrices , of the various designs, which will be used to better understand the effect
of actuator orientation and antagonistic actuation in the compliance of these systentshome

configuration In fact, Eqg.(B.1) is equivalent to the result of simulation, where an example of

simulation measurement is showrHigureB.13

FigureB.13: Simulation of the compliance measurement in SOFA

(B.1)

with being the change in position along the principal axis and

being the change in orientation. Howeveiisinot possible to extract the full

compliance matrix from the simulation if a single wrench is applied. Thus, to build the compliance

matrix, we apply multiple wrenches to the FEM in order to compute each colunof the
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compliance matrix by measuring the resulting displacement vector such as shown in
Eq.(B.2).

(B.2)
where is the function that return a vector with 1 at the elemeand O otherwise (ex:

), and is a scaling factor for the wrench which value should be
chosen to ensure linear behavioliis to note that in this paper, was chosen after triarror
through the simulation and resulted in and . The

resulting vectors are temporary vaks directly extracted from the simulation which

need to be desal, as shown in E@B.3), in order to be used to fill the compliance matrix. These

steps aresimilar to multiplying by the identity matrix.

(B.3)

B-5: Results

B-5.1 Effect of Actuator Orientation on the Compliance

Different methods can be used to analyze the compliance of a system through the
compliance/stiffness matriguch as using the tradey computingthe determinant, or by finding

the eigenvaluefl96]. However, in this paper waarry outa more detailed analysis by providing

the diagonal elements of the compliance matrix. Using these rbstiiés help in understanding

the effect of the design modification ssmemodificatiors might result in an increased stiffness

in a specific direction and reduced in another. Furthermore, we also provide results of the
compliance with different inteat pressurevaluesas it would necessarily affect the results,

especially if antagonistic actuation is used. The results from the simulation for different internal

pressursof the actuators are showr|figureB.14
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(@) (b)

© (d)

© ®

FigureB.14: (a)(c) Compliance in displacement along X,y,z respectively(fidfompliance in
rotation around Xx,y,respectively. In (b), 10DegOut overlaps 0Deg, and 20Degln overlaps
10DegIn
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As it can be seen |iﬁigureB.14 the compliance is only slightly modified when the actisatoe
pressurized if no antagonistic actuation is used. Furtherrti@eesults also shothat the main
DGYDQWDJH RI FKDQJLQJ WKH RULHQWDWLRQ RI WKH DFWXI

obtained by inward orientation. However, changing thentation, both inward and outward

increases the compliance in torsion along the-wvetical axes.These findings constitute
interesting design guidelines for this type of actuators.

B-5.2 Effect of Antagonistic Actuation on the Compliance
As mentionegreviously, antagonistic actuatitias the potential timcrease the stiffness ofaft

robot. We use the same process as the analysidiiexchange in orientation to obtain the results
regarding the effeadf usingone cable in the center three cal®@s (as it was shown ‘IPFigure

B.12). These results are showrfﬁ'rgureB.lS

As it can be seen |iF|igureB.15 adding a singleable in thecenterof the actuatodoes noseem
to have a positive effect on increasing the stiffnesh@fmanipulator section as it might have been

expected. This is the result of the center cable acting as a pivot point, especially forsatatiod

the axis. However, @ding 3 cables does significantly reduce the compligaseeen iEigure

B.15| specially 1d and 10 ) and thus could be used whenever a stiffer section is desired, such as

the base of the manipulator.

Furthermore, it is possible to significantly rigidify the structure of the robot by combining both
change in orientation and antagonistic actuation. Indsedsing a 30 degrela section with three
FDEOHV VKRXOG LQFUHDYV HwtiidR WaK just KlightiwMridgromstbr thewdrdlled H V V

section with antagonistic actuatiand the notvertical axis torsion stiffness.
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@) (b)
© (d)
©) (f)

FigureB.15: (a)(c) Compliance in displacement along X,y,z respectively(fidjompliance in

rotation around x,y,z respectively, for O degree section
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B-6: Discussion and Conclusion

Soft robotics still lack standardized componentsupport faster development and to reduce the
variability of trialerror based design process this paperwe demonstrated how it is possible to
extract the properties, such as the compliance, of dafdemobots through simulation. Moreover,

we shoved that it is possible tacontrol the properties of deformable hybrid sefpalrallel
manipulators by changing the orientation of the soft actuators or through antagonistic actuation.
Indeed, these design whifications can be used to obtain properties for the robot without
necessarily designing multiple actuators. Furthermore, the result of the analysis could lead to new
control algorithns for active stiffness, which would be similar to the rigid robots aigars for

active compliance. This would be achieved by having a minimum pressure in the actuator to
rigidify the structure using antagonistic actuation. Moreover, the compliance analysis can be
extended to design displaying similar patterns where mukigtieators are connected in parallel,

such as in walking robots or soft grippeFsnally, some design guidelines can be drawn from the
current analysis. If greater shearing stiffness is desired, it is required to orient the actuators inwards.
Antagonisticactuation with 3 cables should be used whenever increased stiffness in torsion is
desired. Finally, the only advantage of using antagonistic actuation with a central cable is if larger
rotation angle is desired, such as in the case of a 6 actuatorstStiatfarm that allow rotation

around the symmetry axis, as the central cable increases the compliance.
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APPENDIX C POTENTIAL OF CIRCULA R ECONOMY
IMPLEMENTATION IN TH E MECHATRONICS INDUS TRY: AN
EXPLORATORY RESEARCH

C-1 Introduction

The world populatiogrowth and subsequent increasing resource consumption have brought many
people to question the traditional linear econom¥yene a takenakedispose process is in place.
Hence, the circular economy (CE) is increasingly discussed as a means to decougfeicc
growth from resource consumpti¢i97]. Consequently, multiple researchers and organisations
have looked into defining the concept of CE. One definition that often comes up is from the Ellen
Macarthur Foundation (EMF), which defines a CE as a system that designs out waste, keeps
products and @iterials in use and regenerates natural sysied@3. Alternatively,[199] refers to

CE as anumbrella concept, which encompasses the activities related to the reduction, reuse,
recycling, and cascading of products/components/materials throughout the lifecycle. The CE
should thus be seen as trying to keep the value of products as long as posisésystem, either

from keeping the products in use or by efficiently recycling or cascading its constituents, and thus

reducing wast§200]. It could then be perceived as a means of achieving product susttinabili

However, the circularity of a product goes much beyond the product itself, involving a number of
stakeholders, customers and governing bd@e$]. For a product to enable circularity, not only
appropriate design has to be carried out, boper business models need to be developed around

it. Moreover, customers/users need to ensure that the elements put in place by companies are used
to circulate the product. As a matter of fact, it is reportef2@2] that the customers perceive
themselves as the major drivers of the CE. For the CE to be viable, it thus relies on 5 major concepts
[203]:

1. Reducing environmental impact of the product;

2. Optimizing resource utilisation, both during the development process, manufacturing and

use phases of the products;

3. Developing products thato be reused, remanufactured, recycled, etc.;
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4. Using renewable energy during the manufacturing/use phases of the product;

5. Creating new business model to support circularity and encourage customers to participate

in the circular economy.

The CE is however not a os&zefits-all principle. Different industries/domains would require
different changes to their design processes to allow circularity. Indeed, a solution in one domain or
field might already be implemented in another, or mightoeofeasible at all.

A widely used typeof product which is widely usedre mechatronic devices. Their use spans a
ODUJH UDQJH RI DSSOLFDWLRQV IURP 3VLPSOH™ FRQVXPHU
complex and critical subsystems of airplanege o the numerous mechatronic devices currently

in use, there is a need to design them in a circular manner. Therefore, this work is targeted
specifically at finding the current state of circular design in mechatronic development in order to

facilitate tre understanding and the implication of a CE in the mechatronics design.

At first, we give an outlook of mechatronic systems for completeness purpose. Then, we provide
an overview of circular product design principles from the literature. To have a better
understanding of the current state in mechatronic development for circularity, we carried out a
survey with mechatronic engineers, which is then presented. Finally, we provide some insights
about improvement to the design process that could be made te ermar circular mechatronic

products.

C-2 Research Aim, Question, and Methodology

This work aims at having a better picture of the implication of a CE in the mechatronic product
design process: identify which aspects of mechatronics are the most éoiticakularity, and

guide mechatronic engineers for considering circularity aspects during design. Moreover, we will
discuss on the applicability of the circular principles related to product design in mechatronics.

This work is thus based on the followiresearch questions:

X RQ1: Which product properties are necessary for a product to be circular, and how do they

apply to mechatronics?
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X RQ2: What is the current state of development of circularity in mechatronics, and what are

the challenges associated lwitnplementing circularity principles?
x RQ3: What needs to be improved in mechatronic design to have more circular products?

To answer the first research question, a literature review of product design in CE is carried out.
The literature is compared asittentify common themes and determine if there are key aspects
that ease implementation of circularity properties. The review is solely focussed on the product

design aspect of the CE.

Then, a survey has been distributed to mechatronic engineers based on the identified properties to
better understand which aspects are currently considered. The survey was distributed through
interest groups on social networks (e.g. LinkedIn), and alsb mensonally to mechatronic
engineers. In total, there were 28 respondents to the survey, all working in the field of mechatronics.
Lacking a statistically significant number of respondents, the survey is then analysed in a

descriptive manner.

Finally, based on the findings of the survey, different research directions are suggested as to ease
implementation of CE in mechatronics. Some properties and design changes that would be more

accessible for implementation in mechatronic design are thus discussed.
C-3 Mechatronics

Mechatronic devices integrate aspects of mechanical, software, electrical/electronics and control
engineering. They are used in a wide variety of fields (e.g. aerospace, automotive, robotics) and
thus often require a high level of functiomyl These types of devices are inherently challenging

to design due to the multiomain interactions that exist within the syst¢d94], [205]
Consegently, a lot of effort is invested during the design process for the integration of the multi
domain components and subsystems. Developing methods that would facilitate the mechatronic
design process and related decision making is thus an active fieddezHrc24]. The main
productrelatedchallenges associated with mechatronic devicesraidmulti-domain nature can

be summarized as suf204]:
x Lack of common design language to represent a concept,

x Difficulty in transferring the informationdiween the engineering disciplines,
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x Difficulty in assessing the consequences of choice between alternatives.

Furthermore,he development of a mechatronic systerifferent from regular productsince a

large part of the process needs to be spent osdftare and on the hardware (electronics)
developmentFor instance, on a purely economical point of vi206] reports that in the case of

a cleaning robot, he hardware development cost could average $27K while the software
development could average over $78K. Moreover, a big part of mechatronic devices behavior is
based on the software component. An example is one of the modification proposed by Volkswagen
af(WHU WKH 3'LHVHOJDWH" ZKHUH IDXOW\ FDUV XQGHUJRHV
environmental regulatiof207]. This software update can alter the drivpgyformance from
throttle response or gear shift behavior (automatic transmission) to increased Diesel Exhaust Fluid
consumptionNevertheless, there is still a tight connection between the software aspect and the rest
of the mechatronic system and thukthbse aspects need to be considered to acloptmnal

integration.

Consequently, to ensure a more streamlined development process, product development in
mechatronics will often follow the VB2206 \-Design procesgl 1]. This design procesgcounts
for theneed to concurrently consider all aspects of the mechatronics domains. Indeed, throughout

the various stages (conceptual, detailed, production, etc.) it is recommended to follow a System

DesignConcurrent Domain SpecifiSystem Integration approach, sashshown ifFigureC.16

This should then allow the various engineering discipline to be constantly interacting and thus

should facilitate the integration of the varicrggineering domains.

L
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FigureC.16: Mechatronic VVDesign Process

Moreover, to meet ever changing customer requirements, mechatronic engineers need to design
devices that would be working in multiple conditions. If it fadsdo so, then the mechatronic
device will likely be replaced by a newer more performing or better adapted device. In this work,
we consider the properties of mechatronic systems such as outlifigs],ifi208] as being the

critical ones that would be subject to result in mechatronic systems to become obsolete. Those
properties are defined as abilitied#b] and are mostly related to the levelfofctionality of the
mechatronic device. We also complete the set of properties with two other that are deemed
essential: Safety and Secur[B09]. Each of these properties would also be related to different

mechatronic domains. The full list of properties, with their definition and involved domains

(typically) are given ifTableC.12.3
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TableC.12.3: Mechatronic properties description

Property Definition Domains involved References
The ability of a system tochange
Configurability  configuration in order to maintain a hig f All [25], [208]
performance level.
The ability of a system to kee
. delivering the same level ¢
Adaptability functionality by adapting to changir fAl [25], [208]
operating conditionsnvironment.
Interaction The ability of a system to interact wi
- humans during operation, to improve t f Al [25], [208]
Ability . : .
man/ machine operational skills.
f Mechanical
. The ability of a system to ensu .
Dependability reliability and performance integrity. f Electronics [25], [208]
f Control
N o f Mechanical
Motion Ability The at_)lllty of_a system to move in i f Software  [25], [208]
operating environment.
f Control
Perception The ability to sense the operati [ Electronics
- : [25], [208]
Ability environment. f Software
Decisional The ability of a system to take decisi
Autonomy with the least amount of human input. f Software  [25], [208]
Manipulation ~ The ability of a system to dndle f Mechanical
- ) [25], [208]
Ability material and tools. f Control
The ability of a system to operate |
Safety avoiding hazards to the physic f All [209]
environment.
_ The ability of a system to ensure that f Electronics
Security data and its operational capatiils can 09]
only be accessed when authorized. f Software
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The mechatronic properties outlinedTiable C.12.3|are critical in the usability of the devices.
,QGHHG HYHQ LI D VLQJOH RI WKRVH S toRiiHdntg/ thdnvit @d&yHV QR

render the mechatronic device useless. Consequently, if mechatronic devices are to be designed in

a circular manner, it would be required to account for these properties. However, the main
challenge is that these properties ardlyiginked to the electronics of the system, and thus highly
prone to become obsolete. Furthermore, one other aspect to consider is that circularity might differ
in meaning for the various engineering domains. Therefore, there might also be challextigeés rel

to the understanding of the circular design requirements.
C-4 Product Design in a Circular Economy

As previously mentioned, a number of internal and external stakeholders contribute for the
development of circular solutions. The designers/engineetisdio parts could be seen as enablers:
they should ensure that the product is, for instance, reusable, recoverable, and recyclable, and thus
enabling a product to circulate. However, it is reported in different research work that one of the
barriers of he CE is the technical knowledge. For instance, the auth¢24.@j reports that the
availability of a technical solution (referred to as technical bottlenecks) is perceived as the biggest
barrier for the successful implementation of a CE. At the same time, the technical aspect only
accounts for the smallest driver. Moveo, [211] states that designers lack the krloow of
assessing the circularity of a concept. For the CE to be successful, it should thussbarpece

have a paradigm shift in the development process of produgseneral and mechatronics in
particular,and get product designers and engineers to drive the development of circular products.
It would then require designing into the products mldtigharacteristics that would allow the

product circulation in the value chain.

Consequently, the design for circularity entails to many challenges. It is mentioned that to keep a
value in a product, designers would be required to prevent their obsaesaad if not possible
ensure that their constituent could be reused or recycled effici@hf#y This section presents the
various methods that have been identified to design more circular products and elaborates on

obsolescence, especially on obsolescencecthddl be relevant to mechatronics.



227

C-4.1 Design methods and strategies for circular products: An Overview

The design of circular products has been the subject of multiple research works. It is one of the
main focus themes of the CE, as better desggpmoducts would allow them to be circulated. The
different definitions of the CE distinguishes between two types of loopdidsied and technical

[203]. Bio-based loop are mostly focussed on trying to bring back the materials to the environment
as nutrient. The technical loops aim at Kkeeping products in use and
reusing/remanufacturing/recycling the components of the systent gassible. The following
overview will mainly focus on literature related to the technical cycles as it is the most relevant to
mechatronic systems. The different research works will be presented in a chronological order.

First, [213] suggests a design framework where the prodesigd should focus on two key
characteristics: being future proof, and easy to disassemble. The ease of disassembly would in turn
enable the circularity of the product by easing product maintenance, the remake of the product
constituents (which encompasses$urbishing, remanufacturing and reconditioning), and finally
recycling[213]. There are also other aspects that need to be considered, such as for recycling where
it not only relies on the ease of product disassembly, but also on the recyclability of the materials.
In their desig framework,[213] also mekions that the term reuse is to be avoided as it could

interpreted differently, such as the reuse of product, reuse of parts or reuse of materials.

The work carried out bj214] outlines design strategies that would allow for circularities and are
classified in 2 categories: Slowingsmirce loops and closing the loop. Since the goal of circular
product design is to keep a product value as long as viable, the loop slowing strategy mainly focus
on design methods that either result in extending the use life, such as by easing maintenance.
Another strategy would be of having lefifg product as by ensuring reliability and durability.

The authors i1215], [216]develop a detailed taxonomy of the product design methods that would
allow for circular productd216] identifies 5 design strategies in their conceptual framework that
would allow for circularity: design for circular supplies, design for resource conservation, design
for longlife products, design for multiple cycles and design for system changes. The \|\@&&]in

finally present a framework that maps the circular business strategies to product design strategies.

The authors if212] approach the circular product design either designing for product integrity or
for recycling.[212] defines design for product integrias the focus on resisting, postponing or

reversing product obsolescence. These objectives can be achieved through designingiga, long
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extenduse or for (product) recovery. If not possible or viable to postpone obsolesfZitie,
suggests that products shoblel designed to ensure efficient constituent recycling.

Based 011212], the authors if217] investigate the design of circular product in the medical field.
They first outline that although multiple design strategies have ideatified for circular product,
research lack in the application of circular design for the various fields. For instance, a particularity
of medical devices is their need to be sterilized/disinfected. Therefore, medical devices to be
circular need to bable to recover from what the author$2t7] refer to as hygienic obsolescence,

which is the state where a product cannot be used for health reasons. They thus propose a
framework to design medical devices basedhentradeoff between the value of the product and

its hygienic criticality.

Finally, the authors ij218] propose a lifecycle based framework which is relies on either
designing for a technical or biological cycle. The technicalecgtrategy can be swivided into
design for slowing the loop or closing the loop, whilst the biological cycle focus endpmed or
bio-based strategies. The framework proposefPh§] differs from other works as they conside

the whole lifecycle as being a design strategy, with design methods/product characteristics

overlapping in each lifeycle strategies.

Overall, the different design frameworks that have been developed mostly aims at the same goal,
keeping the value d product as long as possible, and economically viable. This is why they are

often associated with business strate[féd], [216]VLQFH WKH 3 YDOXH"™ RI D SURGXF
dependenbn it. Furthermore, they are highly general, and thus might not all be well adapted for
highly mult-domain products. It is thus necessary to investigate the implications of these

frameworks in terms of required product properties.
C-4.2 Key Circular Product Properties

Each of the aforementioned research works proposed design methods or framework that would
allow product circularity. It can be seen in their description that they overlap, which is detailed in

Figure C.17Figure C.16| The similarity between the strategies is that they often refer to either

slowingloops or closing loops. The authors[R119] instead distinguishes between 4 circular
strategies (looflosing, loop extending, preventive, longevitydaintensification) which could

have different enabling methods. Regardless the way that the circularity strategies are defined,
WKH\ DOO EUHDN GRZQ WR D [RRW2R, B20RNBiHané grevMi@iD EL O L W L
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TableC.12.4| Of course, it is necessary to point out that none of these capabilities should be seen

as better than another, but they should be designed infixdtacts depending on the customer

requirements or business model.

TableC.12.4: Product Capabilities for Circularity

Capability Definition

Durability/Reliability The system can keep performing its intenderppse for a lonc
period

Upgradeability The system can be brought to a higher level of functionality

initially intended
Repairability/Maintainability The system functionalities can be kept at the intended initial

Reusability The system cabe reused by other stakeholders with the s:
level of functionalities as initially intended

Refurbishability The system (or its constituents) functionalities can be restot

Remanufacturability The system (or its constituents) can be brought battletsame
level of functionality/quality as initially intended, or to high
standards, so it can be used in a new system

Repurposability The system (or its constituents) can be used to other purpo
in other products) than what it wasginally intended for

Recyclability The system constituent can be recycled
Recoverability The system constituent can be incinerated to recover
energy

Moreover, these circular capabilities would have an effect on the use phase of the product. Indeed,
they would allow to a certain extent to keep the products to become obsolete. Obsolescence is
defined as being the loss of perceived value of a prd@a&j. The vadue of a product can be
GLIIHUHQW PHDQLQJ GHSHQGLQJ RQ WKH VWDNHKROGHU )RU
perspective would not be the same as the one from the manufacturer. Hence, there are multiple
types of obsolescence and we outlinere the ones that are deemed the most critical to

mechatronics. These obsolescence types are functional, technological, logistical, economic,

regulatory, and social. They are detailed ableC.12.5
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TableC.12.5: Description of Obsolescence Types

Type Description

Functional Functional obsolescence occurs when a device cannot achieve its in
requirements, which can happen when parts of the product is broken ot
SURGXFWTV UHT XL (228.HswarbddddrshrkKnargwkirbfBvare
development where for instance a software change could result in the ha
not being able to support the new software, or a software that is not sup
by a newer hardwai@22], [223]

Technological Technological obsolescence occurs when new, better performing, pre
comes out and that suppliers stop manufacturing or supporting the
productg221], [224]

Logistical Logistical obsolescence occurs when the means of producing/acquil
product cease to be available. This can occur for instance whenuibeneqt
used to manufacture a product are no longer availaBlg or when the medi:
used to distribute a software is no longer suppdaad].

Economic Economic obsolescence occurs when it is no more economically vial
continue using the product. This could occur for instance in the case of a |
product, such as a toaster, which would be costlier to repair than to buy
one.

Regulatoy Regulatory obsolescence occurs when a product or part of product is out
This does not imply that functionalities or technologies of the produc
obsolete. An example of recent regulatory obsolescence would be the
diesel cars by the Germanunicipalitieg225]. Sometimes, the wi product
is not necessarily banned as in the case of diesel cars, but only some pa
as the engine in this case.

Social/ Social or Aesthetic obsolescence occurs when the product is no more
Aesthetic desired because of changes in trends.

It is clear that the obsolescence type could be mitigated with the circular capabilities depending on
the product requirements. For instance, functional obsolescence could be delayed if the product is
durable and upgradeable. Other products may need @thelar capabilities to keep being used,

and it is thus case dependent.
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Nevertheless, it is still possible to observe a trend in the circular product capabil|mablef

C.124{and how they would be implemented. Indeed, it is possible to identify two main key

properties that should allow to integrate circular design principle: Robustness and Modularity.

First, a robust design is defined as the reduced sensitivatydevice to uncertaintigé26]. The
uncertainties in the device can be related to manufacturing errors, wear, tear, and deterioration of
the components, or changes in the operating environment. Therefore, a system that is robustly
designedmplies that even though uncertainties are presents, it will still operate in a satisfying
manner. Hence robustness would need to be designed in circular products in order for them to be
long-lasting. However, there would always be a traffebetween opmal functionality and
robustness, as they would often be contradicting design objeciives. is also true for
mechatronics which add the difficulty of ensuring robustness through different engineering

domains.

Moreover, a system can also be designedetanodular in terms of functionality or in terms of
structure. This modularity allows much of the circular design methods to be carried out. Indeed, it
is reported in[226], [227] that modularity could enable more efficient recycling by easing
disassembly, or by enabling upgrade by changingsyatems. Modularity often comes up in the
circular product design research workglsas if217] where one of the example used is a surgical
shaver for which heads are reprocessed by the manufacturer to comply with health regulations, but
the rest of the body can be reused, thus reducing the imifoet product compared to single use

shavers.

It is to note that some of the circular capabilitigg ableC.12.4|are the result of the combination

from those two properties. It is also obvious that each circular product capability would require
more than only the key properties, but they should not be\attie if they are not present. A

representation of the properties in relation to the circular strategies is also s{tiguraC.17

Furthermore, both modular designd robust design are important aspects of mechatronic design
and still are subject to intensive research by the community. Indeed, work su@8gg4124],

[150], [228] proposes methodologies for robustly designing mechatronic systeioreover,
modular mechatronic design has also been highly investigated such as done for ing222fe in
[230]. Consequently, it can be hypothesized that mechatronic devices are well suited to be

integrated to the circular economy as they should already be designed consideidegtthied
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key properties, namely modularity and robustness. Hence, it is necessary to investigate if
mechatronic engineers do need to worry aboaftér all, or that it would only require minor

changes.

FigureC.17: Mappng of the Circular Design Strategies with the Product Properties

C-5 Circularity in Mechatronics

An online surve§y was conducted from 26/06 to 01/09 2018 to better understand which of the

circularity characteristics were currently designed into the various mechatronic products.

6 This survey is kept available for reference at: https://goo.gl/forms/VIvDbYZRmP9ej3tY2
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Moreover, the survey focussed on finding why and how circularity aspects were desigrnted, and
determine which the challenges were with respect to dealing with obsolescence.

Throughout this section, we first present the results of the survey. Then we elaborate on the
implementation of circularity in the mechatronics domain, and what can bevietpin the design

process.
C-5.1 Findings from the survey
C-511 5HVSRQGHQWVY 3URILOH

In total, there were 28 respondents to the survey, for which their background is pro@l

C.18| Most of them (63%) were working in the Automation/Manufacturing and Robotics fields.

Moreover, most of the respondents had some level of knowledge about the CE. Finally, although
the number of respondents is limited, there was a substantial amount ohakerg a lot of
experience in the domain. Indeed, a third of the respondents were working in the field for over ten
years which would categorise them as mechatronics design experts. However, lacking sufficient
number of respondents for statistical purptse survey analysis will be carried out in a descriptive
manner. However, it is worth noting that the most common technique used for decision support in
industries is expert knowledge and judgment and there is no agreement about the sample size and
no staadards by which a sample size selection could be evaluated to select the number of expert
participants required231] to assess the generalisatiohthe results, several woks in product
development base their conclusions on a number of experts ranging from [238],7[233]
Therefore, we can argue for the value of the findings of the survey but whenever percentages are
XVHG LW LV PRUH IRU WHKaH ackkbaDstatistic§ ValbEeRQYHQLHQFH W

Based on the background information collected from the respondents, two key points were
outlined. First, the mechatronic products the respondents were working with all required to be
functioning for over 1®hours, while themajority from 13-10° hours, and moré Then, when

asked to rate the complexity of the products they were working with on a scale from 1(very low)

” The initial expected lifetime is expressed in hours as compared to yeeesnsultiple mechatronic devices are
required to operate the vast majority of the day.hbirs represents the device functioning continuously for over a

year.
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to 10 (very high), 70% of respondent rated it at 7 and higher, with 8 being the median value. These
points efine the challenges arising from mechatronics development and are influencing the way
the systems are designed. Indeed, mechatronic devices are highly complex and are usually required

to perform continuously to reduce their downtimes due to failures.

(@) (b)

() (d)
FigureC.18: Distribution of respondent based on (a) Industry sector, (b) Years of experience, (c)
.QRZOHGJH DERXW &( G SURGXFW({V H[SHFWHG OLI
C-5.1.2 Customer Requirements Influence

It was outlined in Section 4 that there were various product properties that would allow to adopt
circular design strategies. In terms of mechatronic products, the strategy that could be said to be in
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SODFH LV-IMBHQIORJIISURGXFWYVY ,QGHHG WKH UHVSRQGHQW\
the circular product properties that would fit under this {bfegstrategy|FigureC.19showswhich

circular capabilities were often included.

Obviously, customer demandeethe highest priority in the design of any product. Consequently,
when asked about the reasons to include the various CE properties, most of the ones that were
included were &sed on customer requiremerdnd expectations, as shown in Figure 3.
Mechatronic devices are required to be long lasting, but the end of life (EOL) is not usually
considered in the design of these systems. The only respondents that considered EOL (mostly
recycling) were ones coming from companies that did implementesign/CE principles, as

shown i@ These observations are in line WiB34] that mentions it is not interesting

for companies to design recyclable products if the customers rather havadting and repairable

ones.

7KH VXUYH\ UHVSRQGHQWYV D O \d® riadyQavtor [Ho@cusricyD, PsndV K H U H
that the] custmmer demands come first ORUHRYHU WKH go§itkd) but\piivkty)isp V 3
given to customer demands )LQDOO\ UHVSRQGHQ&W ®REPW inRr@iHEBriy KDW W

have to be accepted by custoniers

Therefore, currently from mechatronic engineer point of view, the changes to the design process

will come from the customer, otherwise there is no incentive for changing the design process.
,QGHHG WKH UHVSRQGHQWY PHQWLRQHG KeDxdimpeRam@J VR Z
deep desigh RU WKDW LW ZRpe@lGnoeHimX b tHe Wéslgr? phases5SHVSRQGHQW
PHQWLRQHG WKDW WKLV ZRXOG E HfullilLathirteGuiksrRends thah tBé) R G X F V
original needs )J)URP WKH UHVSRQGHQWYV {rdS Rare® thcural proditZwil RLQ J '\
RQO\ EH S RdésignkEidettived [&re] changed and [that] system [are] developed to make
circular products economically advantagedusR U W kv WWe adbpted if it has economic
advantage§ & KDQJHV VKRXGB WH®RoWdr seldctPm) marketing/sales processes

before circularity is adopted in the design process.
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FigureC.19: Reasons to design circular capabilities

FigureC.20: Reasons to desigcircular capabilities when companies considersdasign/CE
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C-5.1.3 Functionality and Technology the biggest challenges in designing circular
mechatronic products

It is stated in the previous section that the circularity of mechatronic devices would mainly be based
RQ WKH FXVWRPHU UHTXLUHPHQWY DQG LW ZDV SRLQWHG R
could say to be adopted in the design process i®fgrloops. Even considering this strategy is

highly challenging for mechatronic engineers. When looking at product obsolescence, the most

likely aspects to become obsolete are functional and technological, which is sfiigureC.21

5HDVRQV SURYLGHG WR WKH GLIILFXOW\ R th&iMpe@iiv®dectlUR G X F
for upto-date performances (electronics) ORUHRYHU DOVR FRQ\b@eritiahed)J HOHF
WKDW RQH UHDVRQ WR G LivoBtRQNA ling@ ¥skha® sdR&Ssipienivill just\stépD W 3

producing certain chips

,W LV DOVR PHQWLR Q HeGuiteindntd d $hB QrastttisNikaly kozhende over time
(can be impose by regulations). Therefore, we should design systems that can constantly be
adapted/reconfigured, and they must be usable for a long period of time. [..] the components must
[also] be reliable because they are used a’lot 7KHVH DUH RIW HigecivieQas/ UDGLF!
mentioned in the previous section since adaptability/configurability would be related to modularity,

and that durability to robustness.

Finally, one challenge that needs to be considered is the short development time needed for these
typeso SURGXFWYVY ,QGHHG LW LV difle@VeriaRa3thaGedehvbonméenty ZR X O (
[it] requires additional reviews and oversight RU MW RDMAQHUDO KDUGHU WR PDNE
VA\VWHP FLUFXODU VLQFH WKH SDFHTR4 a@dihYitk©ObRck Bkh@ vged V H[W
for customer to require circularity of the mechatronic products and thus accept longer development

process.
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FigureC.21: Most Likely Causes for Mechatronic Properi{@issolescence

One of the other major concerns in mechatronic design would be related to regulatory

obsolescence. Indegiigure C.21|displays that for the safety and setuaspects, this would be

the most prominent cause. It is to note that 19/26 respondent mentioned that these two aspects were
required in their mechatronic devices. Moreover, respondent mentioned that difficulties
considering the design of circularmeclRQ LFV ZR X O G E HSthbiitQ for8afe® norRisW K H 3
DQG WKDW ItRek ik QovhérEs@i¢tibhs®in aviation, as we must follow closely regulations,

we sometimes have no choice but to use technologies and we have no real power to ehange/re
desgn it”

The various industries that uses mechatronic devices within their products are often highly
regulated. Indeed, when looking at the development process of robotic systems, automobiles or
manufacturing plants, they often have to comply with inteonati standards related to, for
instance, functional safety (IEC 61508, ISO 26262, ISO 13849, IEC 62061). The development of
devices under those standards is highly rigorous and time consuming. Therefore, implementing
properties in the products that wouldtrbe directly required might not be feasible, as the
development process would be too costly, and thereguired features might be a violation of the
DSSOLFDEOH VWDQGDUG 7KH U déf IdiRvudievantl [.L\asSddjlrErhiente BfG DV E

sakty, reliability and cost overrule risks inherent in moving to circular models
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C-5.2 Do mechatronic engineers need to worry about the Circular Economy?

Strictly speaking, companies involved in mechatronics could easily state that their products are
CrFXODU DV WKH\ FRXOG EH VDB/IRR WRRLRERRGZ B E Al )W HQWE BB
+RZHYHU GRLQJ VR ZRXOG QRW EH WKH UHTXLUHG 3SDUDGLJ

In general, most of the respondents were open to the idea of a GE famiestance, mentioned

W KibPs\WWmart to keep in mind W K D UWgefuMsdutLuviapplied honestlyD Q G LgvéatideaD 3

However, the respondent usually had restraints in the applicability of the CE as it was mentioned

W K D WAmMiolsy Ugefl, but hard to implement in practice D Q G W K H \ efiit&,WotW KD W 3
economical design principles are the driving force of the circular economgKLVY UHVSRQVH ZF
EH OLQNHG WR DQRWKHU UHWSR @H@W f2¢eQWLtBedo@cesW KD W L
(the Earth) and life environmentut [circular economy is] completely out of scope in the world

of mechatronic desigh

It can be seen that mechatronic engineers do not perceive added value of circularity. It can be
hypothessed that the af@mentioned statements mostly relate to the fact that companies often do
not keep ownership of their product. Hence, unless the customer intends to circulate the products
themselves, they would have no interest in EOL properties. However, if other bistiagsgies

are adopted, such as from a product/service systems (PSS) perspective, then deglgmia@L
properties would not be a customer requirement anymore, but a company need. Therefore, the
mechatronic engineer will have an incentive to spend timaeeduring the design process to ensure

that the mechatronic product have the required properties.

Therefore, in terms of mechatronic design, considering circularity aspect would in part require
multiple changes to the design process. First daar and acknowledged by the engineers that
thereisaneed forAEHWWHU KDQGOLQJ RI WKH W@e&vEe ] indudiig@& UP D O (
ODWHU VWDJH RI WKH SURGKSE tHanges!id the\ Beligh of Réchabicat
components, relesiquing parts to make sure they can be refurbishe LQDOO\ DQRWKHU UF
mentions that it would be required to adc PDUW SURJUDPPLQJ SUDFWLFHV W

software and hardware systems
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C-5.3 Survey Limitations

The survey that was cardeout do have some limitations concerning the scope. Obviously the
major one being the number of respondents to analyse statistically the results. One other limitation
in the analysis is the type of products that the mechatronic engineers were workingaosittof

them were working in the automation and robotics, aviation or automotive sectors. Only one
responded reported to be working with consumer products. This greatly affect the properties that
are designed in the product since the requirement woeddlgvary. Indeed, the expected lifetime

of the surveyed products are much higher than what would be expected from consumer products
and thus the longife strategy might not be present in the later. Consequently, it would be necessary

to investigate thdifference in the designed properties for consumer mechatronic devices.
C-6 Improving the Design Process for Better Circularity

C-6.1 Easing remanufacturing

One of the challenges for mechatronic engineers is including characteristics concerning the end
of-life so that it is beneficial for their company. A way to do so is to ease the remanufacturing
process. Indeed, remanufacturing is a crucial process toerecagte while allowing to provide

good as new part for a lesser cost. The Ellen Macarthur Foundation provides case studies that
shows how OEM successfully provides a remanufacturing sef288g. Although handling the
remanufacturing process can be of interest for larger companies, it might be less feasible for Small

Medium Enterprise to invest in the required infrastructures.

However, it is not necessarily the OEM that would need to carrgmamufacturing. Indeed, there

is a large industry revolving around remanufacturing of mechatronic devices. Nevertheless, there
are still a lot of challenges associated to it such as the reverse logistic supplj286gior the

reverse engineering of the mechatronic devif237]. Therefore, instead of investing in
remanufacturing plants, OEMs couldeate partnership with well established remanufacturing
company to ease the logistical and reverse engineering aspect of the process, which is starting to

be done such as presented2&8].

Therefore, from the OEM perspective there could be two different ways that remanufacturing could
be implemented to increase value. On top of that, the remanufigcaspect would be even more
attractive in the case of PSS business cases.
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C-6.2 Using Adaptable, Reconfigurable Electronics or Distributed Systems?

It is well understood that the electronic aspect of mechatronic devices is crucial for their proper
functioning. It was previously outlined that this is often a cause of product obsolescence and is also
a major concern in terms of EOL management. For instance, it is mentid288]jithat although
electronic products such as the Fairphones are designed with sustainability in mind, there is only a
limited amount of material that seabe effectively recycled. There is thus a need to instead keep
components and subsystems in use as this would allow to retain the most value. However,
electronics become obsolete quite rapidly and there is thus a need to be able to adapt them. One
potental solution is suggested [@40] which mentions that reprogrammable electronics such as
Field Programable Gate Array (FPGA) could be used. However, this would necessarily involve
designchanges and might complexify the development process as FPGA might not be commonly
used in certain companies. Another potential solution is the use of distributed architecture for
additional functionalities. Indeed, new trends in the development otatiintelligence and the
interest in increasingly more autonomous machines could lead to premature obsolescence of
existing mechatronic devices. Instead of this, it could be possible to move towardpltykieal
systems (CPJR09], [241] which would then allow to add functionalities watlt changing the
embedded electronics.

C-7 Conclusion

This paper investigated the current state of design related to the circular economy in mechatronics.
First, the paper, based on a literature overview, outlined two key product properties that should
allow for circularity, especially in mechatronics. These two properties were the modularity and
robustness of a product. It was then assumed that since those properties were often considered
when designing mechatronic devices, these systems would thud baiteel to display circularity
properties. To verify this, a survey was distributed to practicing mechatronic engineers. The survey
showed that product properties linked to ldagp or loopextending strategies were often
designed into mechatronic devicebut the enaf-life was rarely considered. Moreover, it was

found that although most respondent thought that circular economy at his core was positive, it may
not be of relevance in mechatronics. This was mainly due to mechatronic engineers nohseeing t

value of circular products since it was not a customer requirement. Consequently, some suggestions
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were made to improve the end of life characteristic of mechatronic system by easing
UHPDQXIDFWXULQJ RU E\ SRVWSRQLQJ REVROHVFHQFH RI WK

However it is clear, as it was pointed out in the paper, that the said paradigm shift the CE aims to
create maye very challenging to implememt mechatronics. There is still reluctance from the
engineers and from the companies to better managenith of life of their devices. Indeed, unless
customers require to have more recyclable or repurposable systems, there will be no incentives.
There is then a need to shift to other business models that would make end of life properties more

attractive, sah as ProdueService Systems.

Finally, one thing that needs to be considered in future work is how to provide better support to
mechatronic engineeffsr integrating CE Indeed, mechatronic systems beofgmulti-domain

nature, there is a lot of work to be done in determining how to include circularity in an integrated
manner. There is thus a need to investigate the implication of all engineering domains in the

circularity properties and not only the domaihat are related to physical entities.
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