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Abstract

The successful function cbmplexengineering systems, particularly those which provide a dynamic
performance capability to a system, is usually largely dependent on the copecifisation and
selection of components to be used in that system. Whilst material selection and part design for
housings, etc. are critical tasks, in any system required to provide some physical capability
(displacement, pressure, measurement capabiétg,) it is entirely likely thatomponents selectetd
achieve this- such as motors, bearings, etcwill be instrumental in defining the extent to which

performancegoals are met for that system.

Unlike material selection and part design tasks, thaere noted to be markedly fewestrategiesand
methods to support engineers througsuccessful and effective completion tifis task. Despite
acknowledgement of the absolute significarmmfethis taskand the outputs it yieldan many design
methodologies,academic literature which explores this topic is found to Imeited. Commercial
solutions to the problem are also found to have various issassis explored in this projecthe
components selected in a system have an extremely large role to play in the capability of the system
to perform as needed, therefore providence of solutions which improve the effectiveness of engineers

in effective completion ofhis task arearguedto be of upmost significance

At its core, this thesis contributes a framework to support component selection in the design of
mechatronic actuators, supporting a process where diggstep guidance is offered through concept

and embodiment desigstages Underlying the core framework and its process guidance, a number
of other novel methods are proposed as a means to enhance effectiveness and efficiency in
approaching and completindiscrete taskswithin the overall selection procedurdn this thesis,
particular focus is giveto the use of a novel graphical method of conveying congmbiperformance
criteria in a way which supports informative and intuitive interrogation of the information they

present.

Application of the framework is completed in the ¢ext of mechatronic actuatoratilised in robotic
sub-systems The contributed framework is assessed through 3 separate case studies undertaken to
assess the effectiveness of this approach. These case studies vary in use case and requirement,
allowing theadaptability of the proposed approach to be assessed. From these case studies, analysis
takes place through discussion, simulation, and physical testing of the developed systems, allowing
for a wealth of qualitative and quantitative information to be gathé upon which assertions can be

made. Discussion is presented surrounding the overall performance, and conclusions are dadivered
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1.0 Introducing the Subject Area

1.1 Overview

There are a number of crucial systems, features, and principles without whéxthatronicand
robotics systens will not function to any degree of usefulness. These instances range across the
intangibles ofthe underlying control theoryto the readily observablactuation packages used to
drive actuators inrigid link robotic systemsfor example Any mech&onic system which elicits a
physical movementirrespective of purpose, material composition, age, etc. regsmme form of

actuationto achieve this

Solutions foractuation componentsare massively diverse, and this enormous range of candidate
solutions to often presents a complex and overwhelming task in engineering dg$sgmer et al.,
1998) Presently, it is perceived thatanycomponent selectiostrategiesrely on individual selection
processes being adoptddr different component typesmotors are selected using motor selection
approacheqHughes, 2013h)xand the same is true of bearingransmission system&wert, 1997)

etc. It is considered that these selection processéso often lack specifigguidance.Additional
O02YYSyil KIFa 0SSy YI RS haafond ikt8s walbelbie Rd vile Wiltdnfinde 6 & 6 S
todoA G GKI G 61 & ¢ 0-makihgindehgBeetngesighIaSkkHuldeeyal., 1997dAshby,
1992) where component selection has specifically been noted to have succumb to thistégsue
(Cuttino et al., 2010)Issues surrounding awareness of solutiansalso commonlyoiced(Hicks et

al., 2002) As will be explored in more detail section2.5, ssminalpublication in this field has drawn
attention to a range of issues which are evidenced to affect component selection(kéeskaer et al.,
1998)(Vogwell & Culley, 1991)vith a range of more modern examples demonstrating the @nés
day impactsWhilstexisting tools anghrocesses havdelivery of functioning solutionshere are still

demonstrablyissuesevidentin modern application.

The effects of changes in engineering projects are-datumented in terms of their causes aim

terms of the effectqSiddigi et al., 2011)Therefore, decisions such as those made in component
selection, are known to have large impacts if change is required later. With a task such as component
selection these costs can manifest as labour costs and the need to puratiditi®nal components

to meet a specification. Issues like this are noted to affected projects of all types. Conversely, some
issues, such as high costs of low volume prod(ldeamer et al., 1998)are noted to be adversely

affected by producers not being walhabled with component selection aids.



The work presented in this thesibas soght to establisha solution to support component selection
during the design of mechatronic actuatoyzarticularly as it pertains tthose used inactuation of
robotic systemslin doing so, it is sought to replace what is curreigbntified to often be an ad hoc
process with aigorousprocess which is moreformalisedand issupported in a logicalstepwise

manner.

At the highest levek of granularity related to thiselectionproblems, engineering desigliterature
advocateghe completion ofengineeing design process supported bynew tools and methodso

achieveimproved outputs

G{2ftdziA2y LINAYOALX Sa 2NJ RSaiadya olaSR 2y (NI

answers when new technologies, procedures, materials, and also new scidistifivveries,

L2adaAiAotS Ay ySg O2YO0AYyl (A 2y¢@ayge IBEetR 2008S 1 Se i
It has previously been observed howgineeringdesigntasksare often blighted by several key issues,

generally

T ¢aGKS NRARIKG ARSIE NI NBE fsidce iOcAnYi@ e elicited andkefabohled K i Y 2

at will;
9 The result depends on individual talent and experience;
f ¢KSNBX Aa | RIFEIY3ISN GKIFIG azftfdziazya gAftft 06S OAN

ALISOAL f (NI AY Apsige 54PahR BSitz, RIBRA Sy OS¢
Eachof the aforementioned points are considered worroborate some of the highlevel issues
identified in component selection taskS;stematic processemre discussed to address such issigs
Pugh, 1990)Gerhard Pahl et al., 2008y providinggreater repeatability and quality to the results
produced in engineering design. dissueof bias affecting results is somethirgsoechoed by other
authors most notably in selection ahaterials(Ashby, 2005)but specific mention in the context of

selecting engineering components is also m@degwell, 199Q)

In more specific literature @nponent selection is known to be a crucial task in any engineering design
processReputable and seminal @échatronic design methodologi€&ante & Yan, 201@Xheng et al.,
2017) (P. Hehenberger et al., 201Qjuidelines (Gausemeier & Moehringer, 2002anodels (I.
Graessler et al., 2018lris Graessler & Hentze, 202@nd frameworkgKernschmidt et al., 2018re
shown to specifically citecomponent selectioras a keytask evidencing acknowledgement of its
importancewithin the design activityComponent selectiois mentionedat the same granularity as
other crucial tasks such asconcept generation; concept evaliign; materials selection; etc.
Noticeably thesetasks are known to have a wealth of tools, methods, and approaches to support

their completion for example, morphological charts, concept scoringtnmes, Granta selector,



respectively.lt is therefore surprising that a greater range of established solutions do not exist in
academic literature as a means to support component selecéictivities in engineering design

activities given there is an &oowledgement of itsignificance

Several instances have been encountered whiigktlevel guidance particular to the selection of
varying components is offered in core mechatronic and mechanical engineeringBekiisn, 2015)
(Siciliano & Khatib, 2016imilarly, omponent specific highevel guidance is noted in handbooks and
manuals specific to particular component types: mot@riighes, 2005pr transmissiongEwert,
1997) for example. It is noted that these examples offer only very general guidance which is not
particular to some of the more idiosyncratic issues encourtddrecomponent selection tasks and

clearlydoes not account fodesign requiremets of actuators within specific contexts.

Solutions arealso encountered which propose strategies on how component selection should be
approachedwith more detail and without specific allusion to a particular component ti@arlson,
1996)(Vogwell & Culley, 199.1but despitebetter granularity there is still an absence of guidance on
specifics information which should be present@&tiere is also an obvious omission of methods which
can support such a tashs some of these strategies are ndated, many opportunities now presg
themselves where technological developmenhay facilitate the task being undertaken more
effectively with new methods and tools; most notably, the more extensive use of computers and the

internet, where some developments have already been propddéatiden & Filipozzi, 2005)

Jecific methods and propositionfor representing information aresporadically encountered
including more detailed steprise selection approachg€uttino et al., 2010{Hicks et al., 2002)The
use of taxonomy(Zupan et al., @02) and categorisationPoole & Booker, 20119f component
information toaid selection by promoting easier access to the information of interest has also been
explored. A range of solutions already presented commercially are also noted to be available to

engineers whichsection2.5.2.examineswith in detail

Despite good developments and exploratiof novel methods and tools to assist component
selection, it is considered that thereasgreat deal ofoom to build on these efforts. It is noted that
existing strategies and approaches used in this domain do not support selection from early stages
through to specification of a specific solution. There are also limited methedoolsfor effectively
communicating quantitative and qualitative information about candidate componetdspite its
importance being acknowledged in mechatronic design téddkbchi & Barthod, 2016 his being so,

it is clear thatan opportunity existsnot onlyto propose a newigorous and methodicadolution to
suppot component selection processes, mlso to develop new methods and tools to assist users in

completing selectin procedures more effectively.



GComponent selection isicknowledged to be an importariask in the overall engineeringdesign
activity, whilst specific literature on component selection coupled with various commercial solutions
also demonstrates the demand and need for support being provided to enginedis task Despite

the presence of academic and commercial solutions, there are also observed issues which are noted
to be ratified in other publicationThese themes are explored in greater detail in chapter 2 of this

thesis,and ther significance furtheanalysed.

1.2. Hypotheses

This work proposes that a more systematic approach to component selection can be introduced to
support reaching a solution to meet poefined requirements of a system. Thisoposition is

formalised in the following hypothesis:

A systematic process to guide component selection tasks can be implemented which supports
selection of key components required to enable solutions to meet their-defined

requirements

Anadditionalhypothesis has been adddxhsed orreview ofliterature, which postulates exploring a
particular new method of interrogating informatioto support this systematic procesdhis is
documented further throughout chapter 2, but in the interests of providinth hypotheses together,

this additional hypothesis jgresented below:

It will be possible to utilise graphical methods to represent component performance
information in a format which is suitable for interrogation to make component selection

choices.

These two hypotheses bring together the key elementsvbft this work seeks to achieve: the
development of a solution which provides a methodical means of approaching a task which can often
define the success of a project; and, exploration of new tools which are levebygaty methodical

solution, so that egineers are supported in returning high quality solutions.

1.3. Project Purpose

Motivation to explore this subject area had initially been developed from experience, whiael it
beennoticedthat existing solutionsvere often accompanied by a range of issiRaview of pertinent
literature and existing solutions, as detailed in the previous section and expanded upon in @apter

helped to corroborate many of tteeobservations

Fundamentally, this provided the rearcher with clarification towards what the prescriptive actions

should be in order to provide a proposed solution to the issues identified. Succhaglpeerdefined
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be used as analogoukescriptions

1.3.1. Project Aim

The overall goal of the project is captured by the following project aim:

To develop a solution to support engineers in methodically completing componseiection

tasks when designing mechatronic actuators for use in robot sylstems.

Understanding of existing approaches to component selection will be developed and knowledge
how they can be improved will be explored. Approaches taken in other wotksanther engineering

disciplines will also be reviewed as a means to inspire.

This work should not be consideredan optimiser for component selectioat this stage in
development It is the first step in understanding a newlution proposedo enable ompletion of
component selection in mechatronic systemad how it may help to remove some obstacles

currently met. It may eventually belsetter approachafter further development

1.4. Research Question

Section 1.1hasdrawn attention tothemes inliterature supporting the notion that there is utility and
an interest in the development of a solution to support methodical approaches to component
selection tasks. T discourse has includadention of novel ideas already considered in literature
which may also provide scope to build new and novel tools to support the methodical solution to be

documented in this thesis.

Section 13. has detailed that the project should aim to develop a solution to support component
selection.Asa means to assess tledfectiveness of the solutigrthe question this research wikek

to answer is:

How effective is the proposed solution in supporting methodical component selection to

facilitate selection of components to meet functionalystemrequirements?

Providenceof an answer to this question will illuminate the manners in which the solution developed

is effective (and ineffectivah enablingmechatronicactuator designand a number of insights about

GKA& | LILINRI OKQ&a ARA2aeéy ONI LanSequently, bttier irdomAtiosdf dzS y ( f
AYyGSNBadG gAftf faz2 RSOSE2LISR NBIFNRAYy3I GKAa O2yl

work to other interested partiesFundamentally, attempting to answer this question will allow clarity



to be gaired regarding whether the proposed approach allows defined system requirements to be

met.

1.4.1. Objectives
To assist answering the research question resolutely, objectives have been fomented to generate
applicable answers as milestones to achieving aerally answer to the question posed. These

objectives are as follows:

- Objective 1: Develop understanding of state of the art in the context of the subject matter; i.e. state
of the art in robotic actuation, mechatronic design methodologies, and compomseidction

strategies, methods, and tools;

- Objective 2: Develop specification of traits that an effective solution for supporting component

selection must possess;

- Objective 3: On the basis of the specified requirements, develop a solution to meet these

requirements;

- Objective 4: Expose the solution to typical use cases in order to assess its functionality as applied in

these typical situationsuch that the effectiveness of the solution can begin to be understand,

- Objective 5: Analysdevelopment and application of proposed solution to provide clear assessment

of the effectiveness of the solution in delivering functional systems.

1.5.Research boundary

The focus of this thesis will be on mechatronic design of actuators. Specificadiy vttich are utilised

in robotic subsystems; joint actuators, actuators in end of arm tooling, etc. Components and guidance
presented is particular to application in this domain, at present maturity efsthiutionproposed in

this thesis It is importart to understand what is meant by some of these terms in the context of the
boundaries of this projecThe solution proposed must facilitate dealing with the components defined
to be of significance within the boundary of this study, and it must facilitate selection taking place

during typical component selection tasks as they are undertaken in mechattesign.

1.5.1. Mechatronics and Robotics
A succinct and clear definition of the term mechatronics is offered by Bradlialy
GaSOKIGNRYAOaE Aa O2yOSNYSR gAGK GKS ONRYy3IAY3

technology, particularly:



Sensoraind instrumentations systems;
Embedded microprocessor systems;

Drives and actuators; and,

9y 3AAYSSNAW.A BrRadley ktaly 1D83)
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This definition isorroborated closely by numerous other key authors irs tiield (Billingsley, 2006)
(Bolton, 2015)Alciatore & Histand, 201ZJablonski, 2014pD. Bradley & Rus3$gP010)

A robotic systentonforms to the intelligent mache definition from mechatronicdAithin the larger
field2 ¥ YSOKFGNRYyAOaAZ NRoOo20GAO aeaidsSvya | NBPagebia ONROGS
Billingsley, 2008) . Af f Ay 3 af Ife plodaded serdifali@iyfii@@ on mechatronics,
enabling clarification that it is reasonable to describe a robottgp@mechatronic systenilo ensure

consistencythe robot actuators are described agchatronic actuatorserein.

1.5.2. Mechatronic Actuators

Key literature in thdield has described mechatrongystemsas outlinedn figurel (Page 449Gerhard

Pahl et al., 2006 describing how actuators can be considered aslaelementwithin a mechatronic

systetDa 2@PSNIff | NOKAGSOGdzNBd® ¢KS F20dza Ay GKAA &l
mechatronic system; i.e. the physical engineering components used to drive the system. The image
provided in figurel highlights the types of components oftémest in the specific context of robot

actuators (the type of mechatroniactuator of particular interest in this work); bearings, motors,
transmissions, and brakeSensors, motor drivers, microcontrollers, etc. are not considered relevant

at this stage.The highlightedregion in figure 2 clarifieshe components of interest within the

actuation arrangement.
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Figurel: Key parts of a mechatronic systéRage 449Gerhard Pahl et al2006) Red highlight added by Scott Brady
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Figure2: Area of focus in context of robot joint actuation design.

1.6. The Research Design

This study seeks to understand the effectiveness of applying a selsofigionto achieve functional
outcomesand how it relates to existing engineering desigjrategies Capture of qualitative and

guantitative data will best assist in assessment and answering the research question.

It is considered that this work follows a pragtisaresearch philosophy, whereby action is required to
produce solutions to assist in resoluti¢Blkjaer & Simpson, 2014 a means to provide credible,
well-founded knowledge to immve circumstancegKelemen & Rumens, 2008pualitative and
guantitative data types are expected to be evident in this type of study, and should provide the
objective and subijective inputs needed for assessments to be nimdEnswering the research
guestion, and in validating or refuting the hypothes®ghether the performance of the selected
components meets specified requirementsan be verified with quantitatie measurenent by
assessing the performance achieved by solufionsg KA f 4G a6 Ke&é | YR aK26¢
generated by the qualitative data collection developed during application ofthationduringtest
studies. This enablesvaluation ofthe solution proposedfacilitatingbetter understanding ohow it

works and its effectiveness in the instances where it is assessed.

1.6.1.Study Type

The greatest interest in this study lies in establiskirsglutionanddeveloping an initiainderstanding
of the effectivenesssolution proposed in producing solutions to meet system requirements
Evaluative studies are used to assess the successfulness or utility of sonigag, 2019Payne &

Payne, 2004)The significance dffiis in the context of this study is surmised:

1 G¢KS Llz2N1J2asS 2F S@rfdzZ GAQ NE&aSIHNOK Aa
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and then comparing this explanation to existiig< S 2 NEB ¢
Both from(Page 176Saunders et al., 2015)

Conversely, descriptive and explanative studies are discussed to work in tandem to provide analysis
of exact events which ha taken plac€Saunders et al., 201@)nd the significance of these. Has

been outlined how combined studies are prevalent in resed&dunders al., 2019) therefore it is
reasonable to suggest that descriptive and explanative aspects are also evident in thisltsisdy.
acknowledged that a descriptiofbucienne T M Blessing & Chakrabarti, 19953xisting processes
should take place prior to prescription of solutions. Description is achieved through extensive

literature review conducted on the guidance of key literature on the sul{btis Hart, 2009)

1.6.2.Case Study Approach Justification

Pragmatism typically produces-gitu outputs of real world valuéElaer & Simpson, 2011¥0 the

researcher being a part of the workrigcessarp ! & LINI IYFGAayY &assia 42 Iy
guestions withexploratory themes, a case study approach is considered to facilitat¢Rbisert K.

Yin, 2014petter than other methods considered, though action research has also been observed to

bear similaritiegKumar, 2014 what is sought to be assessed in this work.

Il QOGA2y NBaSINOK KIFa 0SSy RAA&OdeagedR, Kingar, 0RGafr 2 6 4G I R
& Kemmis, 1986)As such, many of the key tenets of action research are of interest to this study, but

many elements also contrast with the requirements of this work. Action reseadibdgssed to seek

GAY @2t @SYSy G 27T (RayevldsyHuingr, 2M&X¥ D $REE G O2€ € | 62 NI G A
(Page 202, Saunders et al., 2Q1@hich is not sought from this work. It has been discussed how
GLIS2LXE S KI @S (GKS NRIKG G2 O2y (Phdge dasyiReasdan22008)S OA & A
however, ths is ofgreater concern when implementing into organisations, vdaer this work seeks

to learn about the process at a level prior to that stétpis sought to ensure that the contribution

proposed in this thesis technically capable of delivering solutiortsefore exploring the inputs from

the communityand the usabity; it is, however, acknowledged that this is an importaekt step This

suggests action research mag bf utility in future studies. Action research is noted to be strongly
espousedL. T. M. Blessing et al., 1998)cienne T M Blessing & Chakrabarti, 19498gsign research;

however, with user inputs advocated here. As intimated, this study seeks to assess whether the
proposed solution is capable délivering solutions at all before applying comparative action research

(L. T M. Blessing et al., 1998) determine the exact nature of effect.the solution developed is not

capable of producing functional solutions, there is not use in exploring its use to the community.
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Reason 2006yre of interest to this work, but this is something also considered to be facilitated by
case study research. Indeed, it has previously been commented that if either the participation or
action eement are missing the research cannot be considered to be action res@arebnwood &

Levin, 2007)Seminal works on design research methodologies clearly outline use dftoases as a
means to evaluate developed methods: Duffy (1998) specified case study as a valid means of
SOt dz GA2Yy S ¢ KR T.aNiBledsRd dt aN,BI0sISddaeyf Glittined as a valid means

of data capture. Blessing (1998) has also drawn attention to instances whereongparative
observation has been used fortdacapture. This study has not had the resource to train an expert
engineer in the use of the solution develop and then observe them using it, therefore case study has
been used to capture this information; i.e. the reseaisthe expert in using this salion and has

documented as necessarfhis allows assertion that this work is not action research.

Case studies allow the effectiveness of the work to be tested empirizgltiie researchein a real
setting (Robert K. Yin, 2014)ucienne T M Blessing & Chakrabarti, 2088) such, the work cdre
I LILINE F OKSR adzOK KI  -RELKKNESEABaG: NBSKMAIOMEE | YR A
understanding can be realised in a rif setting(Robert K. Yin, 2014This work seeks to evaluate
steps taken and outcomes produced by applying sséution developedsomething other authors
have noted as atrength of case study research:
G¢KS SaaSyoS 2F + OFLasS aitdzReés GKS OSYyGNIt S
tries to illuminate a decision or set of decisions: why they were taken, how they were
AYLX SYSYGSRZ | vy iSchaminKO7&K | (G NB a dzf G dé

This synopsig along with others alluded to alreadyof case study research closely aligns with the
requirements ofthiswork. i A& &a2dzZaK{d (2 dzyRSNAGIYROIEKE yRTFKRKEO(
and why it is or is rteeffective.lt is described how case studies can be applied to typical ¢isesr,

2014)in order to develop a thorough understanding of the dynamics and function of a key metric

within that application caséRobert K. Yin, 2014V his is what is sought: to apply teelutionin typical
Ayaidlry0Sa Ay 2NRSNI (2 dzy PS&NBE28KuaR 201 4)isHdiodyBcEasisS y & A @S €
(Burns, 2000in relation to its probable use cas@Saunders et al., 2019)

It is welkdocumented how a case study is likely to requiag@aus methods to capture information of
interest(Saunders et al., 201@Robert K. Yin, 2014ach case study attempts to progress in difficulty

and consider new aspects during application of the developeldition A multiple case study

approach is taken in order to assasether literal replicationRobert K. Yin, 2014an be achieved

in terms of effective solutionsding developed, though it is considered that the cases covered in this

10
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The use of multiple cases is considered to facilitate answering the general question of whether the
solutionis capable of producing functional solutignshilst specific application in each case study is
designed to provide the depth of detail reiged to understand how it works and how effective it is

from task to task. The specifics of eachdst are summarised, as follows.

Tablel: Overview of the assessment undertaken throughout thesis.

Assessment | Assessment Description
Criteria

Case Study 1 Qualitative and 1 Assessment of applying ttemlutionto component selection for the
Quantitative redesign of actuation solutions in an existing robot arm;

1 Simulation of the actuation package developed by this approac
componentselection;

1 Installation and physical testing of the actuation package develq
by this approach to component selection;

1 Comparison of the simulation and physical testing results; and,

1 Comparison of performance, cost, mass, etc. of the old design v
the new design, and breakdown of effects of the component seleq

approach selected.

Case Study 2 Qualitative and 9 Using thesolutionto develop a new actuator;
Quantitative 9 Utilising thesolution alongside an overarching engineering des
methodology; and,

1 Simulation of the new actuator to gain simulated results of

performance.
Case Study 3 Qualitative and 1 Use of thesolutionin delivering a solution for industry; and,
Quantitative 1 Simulated and physical testing of the design, ensuring that

solutions yielded by theolutionare viable and effective.

In the studiesmentioned in tablel, thorough evaluation will take place by means of applying the

solution developedcross the midies. Capturinglata from a variety of sources in these processes will

11



allow evaluation of the irsitu application of thesolution Validation of the outputs of this process will
take place primarily via simulated and physical testing of the resultsusemtibyapplyingthe solution,

though crosgeference with other literature may also assist in validating aspects. Verification will be
achieved by comparison to established works which ratify the claims of this work. Verification is also
deemed to be achieved by conducting a numbgstudies and ensuring that each corroborates the
other and by means of conducting several studies in order to ensure that the results corroborate one

another.

Theinitial tasksof the research procesareillustratedin figure 3 breaking down how the &ks are
considered to relate to one anothe®olutionand Evaluation are highlighted in blue, as they are dealt
with specifically elsewhere. Chaptécovers thesolution developedwhilsttable 1 hasalreadybroken

down the elements which feed into the sa studybased evaluation process.

Figure 3 illustrates the approach taken to evaluate the developed contribution. With reference to key
methodologies in engineering design, shown in figure 4, on the following page, it can be seen the
approach taken canébconsidered to be corroborated by these approachgsscription 1 is achieved

through literature review, whist this same literature review informs the research problem (design
problem, hypothesis, solution, etc., as per Duffy (1998)) and distillatioriarhhation from this phase
SylofSa dLAND soldted Evdldatoy & then enabled by prescription of a developed
a2t dziAzys 6KAOK OGKNRBdAAK S@lftdad A2y FFLOAtAGEGSaA
practiceinformed evaluationprocess(Duffy & Donnell, 1998hen enables documentation of the
outcomes, where 2a and 2b ¢fucienne T M Blessing & Chakrabarti, 199§)lore the effects of

applying the prescribed solution relative to the initiabplem and existing literature, which is covered

extensively throughout chaptersdénd 6.

12
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2.0.LiteratureReview ofcomponent Selection Tools and Methods in

Mechatronic Design

In the context of component selection in mechatio®ngineering, it is important that mechatronics
design is first understood, and, in particulaow the component selection task is already supported
within existingmechatronicamethodologies. It has already been discussed in the previous chapter
how arobotcanis O2 y aA RSNB R bf méchatradibsRievices, daéréfddelits actuators can

be considered as an even narrower subsieinechatronics

2.1.Mechatronic Systems Desiljlethodologies

Seminal texts outline heavily utilised approaches andie the complexity of mechatronic design
(Gausemeier & Moehringer, 2002bh support of mitigating issues encountered in the development
of such complex systems, a variety of models, frameworks, and methodologies have previously been

employed.Some of he most prominent instances encountered are discussed herein.

2.1.1.The VModel

The Vmodel is one of the most core models used to assist in aiding mechatronics design clsallenge
Despite originally being published for software applicatiBohl, 1995A G A& y2GSR G2 0SS
m2aid AYLERNIFYyG Y2RSta F2N (KS(. Bae@sht exlaly 8o18) 2F i
Resultantly, the VDI 2206 guidelif@ausemeier & Moehringe2002b)established a comprehensive

model for completing mechatronic systems engineepngjects(figure5) and subsequentlwarious
interpretations of this ¥model have been applied in the subsequent yearshwheir differences

delineated inrecent publication(l. Graessler et al., 2018)s illustrated in figure.®New and updated

V-models have also been proposed to include technical and sdeialopments(lris Graessler &

Hentze, 2020%ince the publication of the initigluideline;see figurer.
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Figure5: V-Model from VDI 2206:2004. "Design methodology for mechatronic systems".
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# | Characteristic | VDI 2206: USDeT Binz, Eigner, Gilz, | Bender INCOSE
Properties 004 Watty Zafirov SE4D
1| Decompesition Mot Yes. by Not Mot illostrared | Yes, three | Yes, three
o System illnstrated warding hstrated levels lewels
levels
! | Integratiomof | Yes. parly No Yes, partly Ves, plus No No
model-based wirtnal tests
development
approach
3| Provide statos No Ves, decision Na o No Mot
Tevision =5 illnstraced
4 Life cycle No Tes Yes Yes. backbone No No
TEpresentation
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application SYEIBMS SYEIEINS systems Systems Systems | Enpinesring
tech- Engineering
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approach PICCEsS forward
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8 | Tutorial quality | Wonding Mamy Procedia | Procedia pamly | Procedia Genaral
pardy sequental steps md unc lear partly  |explanadom is
unelear ars gasy o wording unclear 835y to
fallpwr partly follons
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Figure6: Comparisorof various Wmodelsg (I. Graessler et al., 2018)
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Figuresb and7 are considered to demonstrate evolution of thembdel, whilstfigure 6 helpsto draw
attention to some othe nuanced differences between iterations of these distinct model vari@its.
particularinterest, row 8 of figuret draws attention to the difficulty in following these processes due
to issues with clarityCoupled with the vague reference to component selectjahis cumulatively
suggestsmerit in exploration of whether clearer and more specified guidance can be offared

support component selection from other methodologies.

Further instances of the-vhodel have beeimterrogated for specific applicatior{see appendix A.1.)
suchas5 Q! a &l dzf U -dugndeitedl Waodel()@lfntbo et al., 2018xand frameworks where

the \\model is used as a meaimerease interdisciplinary desigiernschmidt et al., 2018Pthers are

also encountered. Crucially in the context of this work, many refer to the component selection task in
some form, whilsextremelylimited discourse oimplementingthis task is offered. This is something
noted across engineering design metlodapies, not only those targeted towards mechatronic design
(Gerhard Pahl et al., 200@5. Pugh, 1990Acknowledgement of the task is significance, as it
demonstrates that it is a key task in the overall process; however, as stated, no specific guidance is
provided to aid thigprocess despite its acknowledgememhroughout mechatronic design literature,
component selection is noted as a key activity, but no support in this activity is enabled through use

of the \AModel in any of its incarnations.

2.1.2.0ther Mechatronics Metbdologies

2.1.2.1 Methodology for Reliability Prediction of Mechatronic Systems

The methodology for quantification of reliability in design of mechatronic systems is found to be one
of the more thoroughmethodologiesencountered in literature. Broadly,fibllows many of the overall
high-level steps that the ¥nodel does, but there are particular elements of the methodology which

are of signifiance to the component selection task.

With reference to figure8, step8 is noted to be of particular relevancg, YSa aO02Y LRy Sy ia
I GKSNRA Yy 3 |y Risladdel CoSsiried ag eoénfoneiitiSeledtion:
G¢KS 202S0GAQBS 2F (GKAAa adGSLI 2F GKS YSUK2R2f 2
(lifetime distributions) associated with the components ahdr gather, and process the data
AY 2NRSNJ (2 OF f Odz I (Ba§e 24F&ahNg Badthddl 2¢18)i S NBA O f dzS

The emphasis of this methodology is on the context of reliability; however, this statement is inferred
to require that suitable components afirst interrogated before their reliability and other parameters
can be assesse@vhich requires a selection procesbhe argument can be made that without an

effective support to assist this selection activity, the subsequent assessment of reliafilityec
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negatively affected. The methodology itself does not propose any techniques to support this activity,

therefore the user is left to find another approach or adaeptad hoc approach to the task, as is often

the case.
Users constraints,
(1} Mission profile, Synoptic of the extended basic process model
System Reltability objectives (2} Objectives
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requirements i ks Inputs Fuscrion Outputs
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Figure8: Habchi's 18 1 SLJ YSi K2 R2t 238

FT2NJ alb yI€

YSOKI (i NB y (Habch&saBarth@i Y2016)

17

by R

idztk yGAFAOIGAZY



The inclusion of the qualitative and quantitative spectrum at the base of the methodology is also
considered to be a critical insiglgspecially when considered in the context of existing approaches.
From experience, it is notedhat many selection strategies mention and support review of
guantitative information, with little allusion to the significance of qualitative information on the
capability of a component to fulfil a given requirement. Habchi has astutely noted that much of the
component selection exercise owes a great deal to consideration of qualitative infornzeatioell as

guantitative parameters, as per figure 8.

2.1.2.2.The Mechaiwnic Design Process Model
Shown in figur@ is the Mechatronic Design Process Model, as suggestéddme & Yan, 20100t is
noted to supportadevelopmentd F 8 SR 2y CNBYyOKQa Y2RStX gA0GK SyKI

upon concurrent engineering and mechatronicHifgcle prirciples being embedded into the model.

The Mechatronic Design Process Model is noted to acknowledge the correct information in terms of
component selection. Note that component matching and sizing is specified as a specific task to be
encountered and compted, whilst the database to be relied upon is also noted to be a significant

contributory factor. The further ratifies the significance of this activity in mechatronic design.

Mechatronic System Model
Design Initilisation & Task Clarification :.:.E.,,. ng.jnng information iy
y
[ Statement of customer's need }-.q ‘
Activity decompression -
A e 1
| Market research information Evohing information flow
Mechatronic function analysis and Solution information flow —
decompasition for PDSs m
Conceptual (Qualitative) Models
I Mechatronic concept models F Manufacturing/Assembly Tool
-
Finally developed and selected < Element (MATE) Model
mechatronic concept models Approximale manufacturing/assembly
(MA) modeis
[ Embodiment (Quantitative) Models UL, | Setof requirements for concept

MA systems

I Embeodiment medels

Fully developed detailed solution
<

Embodiment manufactuning/assembily
(MA) modets

Embodiment MA models with
more concrete manufactusing
processes defined

System function moded

Control program model

Dynamic evaluation
model

model

Assembly system model |
Product use model |
Maintenance service model |
Tooling meded l
Inspection maded |

Manufacturing system |

Information expanding as more decisions are made

Mechatronic System Models
Ml e phase made

Fully computer evaluated and specified
mechatronic design solution for final
assessment, then prototyping &
manufacture

Process models for simufation

Models for virtual analysis & simulation

Figure9: Zante's Mechatronics Design Prochkxlel.
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As noted during discussion of theMbdel, the guidance to support the task of component selection
in this mechatronics design model is also found to be quite limited. Again, the user is provided with
guidance as to the point in the design processansider this activity; however, no guidance is offered
to support implementing this task. The use of component databases are referred to, but strategies to

support selection or to interrogate information are not included in any further discussion.

With reference to figuredQa f S3ISYyRX AlG OFy o©S &aSSy GKFdG GKS a
ddz0 2S00 G2 al OGAGAGE RSO2 YLINE & & anzhf article, higiideRiS T A y SR
not found to have been expanded upon beyond its th@min thisT A 3 deljdddréquiring some

inference from the readerThe taskg inferred toinvolve moving this task to another staga the

design processPresumably, this is considered to enable the user to focus more clearly on other tasks

in the embodiment desigractivity. A question arises regarding whether migration of this activity might

impede effective completion of this activity. With the embodiment design changes, the criteria and
considerations for component selection may also evolve. eantiore, without a clear understanding

of component performancavailableit is conceivable that by addressing this selection activity late in

the design phasdssues may be encountered in even realising the solution as a result of absence of
suitable compnents.

[FO1l 2F O2yaARSNIGAZ2Yy 2F (G(KSasS FawLsSoaa yvYre 20S
relationship with other elements of the design task or with other components to be selesteith an

issue may introduce need to consider the effectzlofinges in design at latter stages and the issues

involved in thigSiddigi et al., 2011)

2.1.2.3.TiV Model

A similar approach is noted to have been oeemended in the TiV ModdMelville, 2014) Again,

system models are discussed as a means to support the way in which mechatronic design tasks are
approached, with specific reference to the types of task which are included at each stage.

Itis disdzia SR K2g O02YLRYySyil RSairdy akKz2dZR 06S O2yaa
YSOKIGNRYAO RSaAdy LINRBOSaasx ¢gKAfad GKS aLINRRdAzO
databases are interrogated. As in previously discussed works, the necessity to caosigmnent

selection as a discrete task is clear; however, specific guidance on the interrogation of information to

enable successful completion of this task is not included.

It should also be noted, as péigure 10, that the component database interratjon task is only
considered at the production leveGomething similais proposedby Zante(2010) As argued in

NBaLlzyasS (G2 %hyisSQa Y2RSf:X Al ada3aSadsSR GKIG (GKS
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to be responsive and amend the desigitharespect to findings from the component selection tasks
alongside the overall design taskthe right component isiot availablelate in the design process,
compromises will have to be made. Doing so later in the tagkduces risk anavill necessitate a
greater array of changes being made, which may become more difficathendat this point in the

taskas t is welkdocumented how changes later in the design phase can be ¢8sdlgtiqi et al., 2011)
PYEA1LS Yrye 2F (GKS 20KSNJ) YSiK2R2f23ASa O2@0SNBR
O2YLRyYySyda i GKS alidzk ydAdGlr A @S¢  &EsédcanSidemation LI2 3 A (-
earlier in the design phase, allowing it to be ensured that consideration of available components are
considered earlier thathe productionstage This is notommunicatedin the overall TiV model in

figure 10, but in a separate definins illustration, as referenced in figuré.1
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FigurelO: TiV Model (Melville, 2014).
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Stage Description

Invesstigative User needs, market research, technology research, specification generation

Legislative Planning, mission statemnent finalisation, contract agreement, qualitative spec.
document

CQuaalitative Initial design proposals mechanical/electrical/control  concepts  general

COTS component specifications detailed design, subsystem design, costing,
custom part design, data scanning for 3-D reconstruction of manufactured

parts

facility, final sclution decisions, meshing and model reconstruction based on

scanned data,

Productive Part creation/buy-in, subsystem assembly and testing, system assembly and
testing, systern modifications and twest based on reconstructed models from
scanned data

Operative Launch, operation, control maintenance repair based on 3-D scanned data,

inspection, and disposal

Figurell: Definitions from TiV model phasedighlight added

2.1.2.4 Hierarchical Model

A hierarchical methodology femdertakingmechatronics design tasks is also noted to be proposed in

literature, as illustrated in figur&2, below.

Mechatronic Module

Mechatronic Coupling Level

! i
| |
| |
| 1 i |
| |
yi-=-) |
| |
| |
i |
| == .
| |
| Meachanical Conirol E |
| Syslem Sysi=m SyEis |
| s Pillar 1 Pillar 2 “—TFillar by |
I.._ Diomain-specific Components _I.I

Figurel2: Hehenberger hierarchical approach.

As with other discussed works, credence is again given tontesl for selection of standard

components in this paper:

Ge¢KS

LINE OS33 2F RSUYAY3 KA SNI NDKA Jfunctiorfals &S €

requirement$(e.g. proven solutions, standard components) with their associated, well known

DPgdesignparameter§ NB I O KalicSgd&:&ab €larification.(P. Hehenberger et al.,

2010)
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Specific guidance on apgaching interrogation of qualitative and quantitative information
surrounding component performance is again sapplied and guidance o decisioamaking to aid

completion of this process is also notapkbsent.

2.1.2.5.0thers

As with many other instancediscussedin this section, other methodologies fazompleting
mechatronics design tasks have been encountered which acknowledge the impodatihe task of
selecting components without providing specific instruction as to how best to approach such tasks.
Other instances include proposed systematic guideline st8pkem, 2014 ktep-wise guidancevhich
augmensthe \fmodeld £ A 8 9 [ |ahd nNIBdBdiplinary interface modelheng et al.,
2017) figure B, which are seen to refer to component selectionguiding the overall mechatronic
design process, but without specific allusion to how particular aspects of such a task should be

undertaken.

|9pOLU BTEP BoBLaIU!
Aseuydiosipgin

Micro level process

Figurel3: Hierarchical and ¥hodel hybrid methodologyZheng et al., 2017)

Some niche design strategies have been encowatéor design of very particular systeif@&@anchetti

et al., 2009) with evidence of their appli¢@n (Laschi et al., 2009)\s n other instances covered in

this sectionspecific guidance on selection of components is not supplied, but the significance of the
process is noteddthersrobotic and machine design methodologhesve been encountered, including
usercentred approachespecific to design for humamachine interactiorfCoelho et al., 2008jound

to be lacking in technical definition for approaching tasks. Other methods encountered also tended to
focus on collaboration(Mcharek et al 2019) simulatiorbased mechatronic desigfDohr &

Vielhaber, 2014)or process optimisatiofMarconnet et al., 2017augmenting the Mnodel.
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2.1.3. Summary bModels, Methodologies, and Frameworks to Support Mechatronic Design
Thematically within the context of this thesis, all of the methodologies, models and frameworks
discussed previously are found to have very similar issues: theyirdwelly allfound to mention
specifically the need to complete the component selection task and highlight that databases should
be interrogated in doing so; howeveno specific guidance tsupport selection, the type of

information to be sought, or methodsveragedo interrogate databases are proposed or alluded to

Fundamentally, these methodologies deal with specific problems in mechatronic design but tend to
do so at a higher level of granularity thre solutionproposedwould seek to achieveviechatronics
design mehodologies are found to operate at a level which supports the overall process of design
from start to finish commencing with market inputs to develop a specification and ending with
delivery of a finished product or systeifhe solution proposed would féitate guidance through the
particular task of selecting components, which is quite idiosyncratic in the scheme of mechatronics

design overall.

The methodologies already reviewed are found to acknowledge the significance of component
selection, but do nbsupport the activity well. It is therefore required thaxistence and applicability
of approachesspecificto component selectiorare also reviewedp developclear understandingf

existing approaches.

2.2. Selection and Decisianaking in Engineeririgesign
Jear understanding of the activities undertaken in selection shouldcbesidered as part of
development of a selection solutio\ significant body of seminal work in this areas has previously

been published, which has allowed clear understandiinge developed.

Engineering design tasks atmdertaken by engineering designdiGerhard Pahl et al., 20Q6Jhe

design task can be undertaken by various types of engin@ersgchanical engineer designing a
mechanical system is still an engineer conducting a desitvity. In thesepplications engineering
designergregardless of their discipline)NB y23iSR (2 6S AyiSNBaidiSR Ay a

components, with little regard for how the component functigihbarmer et al., 1998)

There is consensus surrounding some of the critical steps to take in a selectioty.attiere are
several works citingeliance on a design specificatias a critical starting pointHughes, 2013b)
(Egbuna & Basson, 200®nabling translation of this information into functions required of the
systembeing developedand attributes required of solutiondHarmer et al. 1998) Others support a
similar approach, though in a more case specific maifWaraver & Ashby, 1996hough the intent

to define objectives iad parameters to bamet s still clearly evidentThis starting point is supported
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in well-establishedselection processes from other fields, including materials sele§Ashby, 2005)

and selection of manufacturing procesg&ercli & Lovatt, 2001)

' FTOSN) GKAA AYAGALE RSTAYAGAZ2Y 2F NBldZANBYSyila:z
SYGAGASa Ay@2t@Sa Go2 YIAYy &l SCahon&ADiySIwfHssy 3 | YR
is illustrated in figureld. Within these two main steps, there exists a sequential operation of
interrogating information, making comparisons, and a selection decisimgheade. Fundamentally,

as described by Cebon, the screening process facilitates reduction of the range of items under
O2YyaARSNI GA2Y S gKAf Al (GKS aadzZJi2 NI Ay 3 spedffie 2 NY I (A
information such than an individualstance can be selected; i.e. a specific material grade or a specific
Y23G32N) Y2RSt ® CdNIKSNE Ad Aa FaaSNISR GKFG alKS
OKF NI OGSNRAGAO 2F |t (Cehom& ASKbS NIRFfIR subseduénOsiickeds/ | O )
of future work(Ashby, 2005and associated commercial solutions (Granta Selector) suggest that this
characterisation is likely an accurate one. It is outlined that selection strategies and methods for
searching differ dependmon the specific hature of the tagkebon & Ashby, 199omething which

is corroborated throughout literature(Ashby, 2005) Some mechatronics methaalogies do

acknowledge the significance®fa dzLJLJ2 NI A y 3 A Yy TnarifctuierSitdbased(ZadeO K | & &
& Yan, 2010fMelville, 2014), but their relevance to thescreening procesand supporting through

this process is notcknowledgedAs argued in section 2.1.3., tligggests that the significance of the

task is noted, but the complexity and nuanced aspects of the task are poorly understood.

. Screening Family C
Family B
Generic Family A )
Selection ‘

Y
Family-specific

Selection L
"su pporting Y
Information Searc hing
engine and

index

Y

Books
Leaflets

Manuf's
Databases

Internet

Figurel4: Two main steps of a selection actii§ebon & Ashby, 1997)

The specifics of these two tasks are further expanded upon by Cebon; however, other literature which

deals with exact challenges at this staga selectionprocesshave not been able to be located during
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review. During the screening process, databases are remarked to require interrogation, but for the

task to be effective these databases must dmmprehensivecomplete and universaj succinctly,

d { ONEB S yrforyhed by l@king dfe technical and economic requirements of the design with the
FGOGNROGdzES LINRFAE S& a2 NBdbon &AshbyKIS97EoOMNBdB Yiikthed R G |
screening phase, should provide engineers with an output of shortlist of candidate solutions, which is

NA LIS F2NJ AYOSNNRIFGAZY 2F GadzZLLRNIAY3I Ay TF2NYIEGA
specific instance which should bélised./ S62y | yR | AaKoeé Qa LI LISNJ OdzZ YAY!
of what is required of databases interrogated for the purpose of enabling any selection activity. This

is illustrated infigure 15. This gives overview of the information required to intggate in selection

and the steps which support interrogation; however, it is important to also consider how choices are

made upon interrogation of this information. This is something which has been noticed to be less

specifically guided in academic liteuae.

(i) A database suitable for screeming should have the following characteristics:

+ It should be comprehensive — contain all general classes of entities in the kingdom' of
mterest.

* The attributes it contains should be wniversal — commoen to all of the entities in the
database. The attributes should further satisfy the requirements of comparability,
measurability and discrimination.

+ It should be complere — have no holes or gaps without any data. This can be achieved by
the use of approximarions and esfimates to fill the holes.

= It should have a refarional structure (or similar), to nuninise data redundaney.

* It should, where possible, exploit a hierarchical taxonomy, so as to facilitate data
checking between layers of the structure.

* Range checks and physically-based relationships between the attributes should be used to
mmplement automatic data checking procaduras.

(1}  The supporfing information system can have mformation stored in any format. The only
requirement is that items of information should be "tagged’ according to the identifiers of
records in the screening database. Omnce a particular entity has been isolated by the
scTeening process, all information about it can be retrieved rapidly from the supporting

mfermation system.

Figurel5: Conclusions of Cebon and Ashby (1997) on requirements of information interrogated during selection activities.

In light of the discussion from the last two paragraphs, there is a need to make a distinction hetwee
decisionmaking and selection of any type. As already discussed, the selection activity is noted to
comprise of phases, where definition of requirements particular to the selection task is undertaken,
F2tf26SR 08 G&ONBSYAY 3 phaseyGebod & Aktidy J2ONT) is gordidered T 2 NIY |
that these phases constitute what is involvedaiection Decisiormaking is observed to be an action

which takes place often many many timesg during selection with selection comprised of two
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& LIK | .&rBraréview, it is understood that decisiomaking in selection tasks is widely accomplished
by providing the engineer with all the relevant information, and then by allowing thenmse their

expertise and training tanakethe decision.

Selection activities in engineering design are evident throughout any project, from definition of a
methodology to guide the activity through to selection of conegpheration techniques, selectiaf

a best solution, selection of materials, efit.component selection, anditk reference to the Mnodel,
provided belowin figure 16 (Kernschmidt et al., 2018f can be seen that standardised component
selection is considered to be undertaken around the nadir of the overathatronic design process,
where the input requirements from standardised componeate specifically highlighted. This task
being undertaken at this stage is corroborated acnesous iterations of the ¥hodel, and at similar

stages across other mechahics design methodologies, as discussadierin section2.1

Requirements

Existing solutions

AN Module

N\ | Component | [ ESSIgNE /
> Standardized components ) —————— |
“ W \SysMLaMechatronics

\ Analysis and modefing

2 Extension of V-Model through SysML4Mechatronics

Figurel6: \-model from Kernschmidt (2018).

The particular significance of component selection sagith respect towherein the design task they

take place islao addressed in engineering design methodologies. Pahl and Beitz (2007) outline how

in concept and embodimeHevel tasks there are specific stepbwhich selection activities (such as
component selection) canebconsidered critical elements. An obselivatmade by this researcher is

GKFGZ Ay tAYS gAGK tIF Kt FyR . SA ihemilastogeah®wafe a4 St SO
represented as in many instances from sectiond2.1{ St SOGA 2y Gl ala S@2t dS o)
changes, and most sadtion tasks, be it for materialamanufacturing process, or components, should

be considered concurrently with other design tasks undertaken throughout the process.
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Selection and decisiemaking are commonly encountered in any engineering design igctv

project. Design of new systems is a process which is paved with the need to make many choices at
varying levels of granularity. In turn, each of these decisions comes with a consequence, where even
seemingly small decisions can have large impactpasformance, monetarily(Siddigi et al., 2011)

and in project delivery times.

2.3. Review Focus

This primary interest of this thesis is component selection in the developmemhexhatronic
actuators to be used irobot arms So far, review has been takipace to ascertain the significance

of component selection in mechatronic design and to esshbdi fundamental understanding of what

is meant by component selection and what the activity is comprised of. In order that detailed
information can be captured to support proposition of a novel solution further review must take place

to capture particulainformation which is considered most likely to be relevant to this solution.

Targeting the areas of literature of greatest significance to this exercise has been achieved by relying
on the findings of exploratory review conductadsections 2.1. and 2.2lmost all literature endorse

a stepwise approach to mechatronic design, where component selection (or related actions) are
noted to be significant tasks. A focused literature review is therefore required to develop a deeper
understanding of thespecift relevant literature, such that cleareeds and opportunities are able to

be clarified This also facilitatesomparison of the solution proposed with existing solutions.

On the subject of taxonomy, 2 publications within the engineering design contelxtrem the need
for clarification of categorisations as a means to understand technical sy¢teerkard Pahl et al.,
2006) (Hubka, 1988)whilst an important paper on the topic of selection cites taxonomy as being
crucial to the selection activitfCebon & Ashby, 1997} is therefore crittal than some exploration of
this topic takes place in more detail. The need to interrogate or utilise quantitative information is
specifically notedHabchi & Barthod, 2016Wwhilstreview of qualitative informationin selection is

note noted to be reviewedrlhere is therefore,value in further exploration dboth these topics.

In review of some mechatronics design methodologidslville et al., 2015]Zante & ¥n, 2010) an

issue was highlighted about potentially anachronistically approaching the selection task. This raised
guestions about the component selection activity as it relates to the overall system design, and as to
how one component being selecteffects others being selected. Since many of the components in a
system such as an actuator are linked in many ways, it is considered necessary that some review of
whether the significance of these relationships in the physical system has been assesged befo

particularly in the context of how selection atomponent can affect others.
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During analysis of what is involved in the selection activity, it has been noted that selection tends to
take place without use of formalised methods for decisimaking, seh as weighted methods, etc.

From experience, these are known to be effective in selection in other areas of engineering design, so
it was decided that further review in this area would be a worthwhile endeavour. Since this work is
focusing on design of aators through enabling component selection, it is considered somewhat
axiomatic that review of the above topics should take place in the context of actuator design and/or

component selection.

2.3.1.Summary of Research Focus

From review of relevant literature consulted in early stages of the project, a clear focus has been
attained in terms ofwhere the remainder of the review efforts should be targeted. This has been
based on themes identified from initial exploratory litewa¢ review, as covered in sections 2.1. and
2.2, whilst the recommendations from figureshave also clarified the need to provide a strong
database and means to interrogating this informatidme remainder of review will focus on the

following key areas

9 Existing formal processes (methodologies, frameworks, strategies, process flows, etc.) used
to guide the process of completing a component selection task;

1 Review of existing formal processes (methodologies, frameworks, strategies, process flows,
etc.) ued to guide the process of actuator design;

1 Taxonomy and categorisation of component and actuator information, particularly that
which is pertinent to the scope of this research;

1 Review of how quantitative and qualitative information is currently intertedaby
engineers;

f /2YLRYSYyl &aStSOGA2yQa SFTFFSOOH 2y
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and,
1 Review of whether formalised decisionaking processes are leveraged in the process of

component selection to assist engineers in making decssion

Figure 17llustrates how these focus points have been arrivetatrossreferencing their overlap
with key literature covered insection 2.1. and 2.2. This figure illustratthe themes which have
emergedas 6 column headings, ardarifies how key texts overlap with these themeStrong
relationships is where literature directly suggests the need to consider the column headihg
context of component selection or selection in a more general sanselerate relationships suggest
utility or have applied content from the relevant heading in another field/application, whilst weak

relationshipsmention content relevant to the column headingith little/no further exploration
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Systematic Significance of Significance of Selection with
sequence of Taxonomy and Quantitative Qualitative respect to other Use of formal decision-
1st Author Year operations categorisation Information Information component types making processes
Graessler 2018 * * =
Gausemeier 2002 * * *
* - - -
Mlambo 2018
pahl 2006 ok - ke ok - £l
Graessler 2020 * * *
Habchi 2016 * * HEE o
Zante 2010 * * *
Melville 2014 * * *
* * * >k ok

Hehenberger 2010
Zheng 2017 * * *

e ek ok e ok ok ok £l
Cebon 1597

L] * * ok
Salem 2014
Hubka 1988 * *x * *
Ashby 2005 b * s ®

Degree of support for column heading's
influence on component selection
Strong wE
Moderate o
Weak *
No reference

Figurel7: Significance of literaturen selection of engineering entities to selection of components. Legend denotes strength of re
to component selection solution.

2.4. Categorisation and Taxonomy in Component Selection

Hubka has previously raised concerns about the lackysfematic knowledge in engineering in

general:
GLG Aaa a2YS6KIFG adzNLIINRKRaAy3d K2g fAGGHES aeadasSyli
202S500a adzOK Fa (22f @bbkd; 198BS Al yOSas YIFOKAySax S

It has also been highlighted how in selection tasks hierarchical taxonomyfigere 15) is an
important consideration(Cebon & Ashby, 1997This supports suggestion that a lack of systematic
knowledge would affect the quality of outputs produced by engineers in selection tasks; with better
understanding and view of candidate solutions comes better results, reached more quickly, and with
greder confidence in solutions produceHubka, 1988) These foundations support the need to

reviewin greater detail on this subject, with particular focus on relevance to component selection.

Any eventual solution proposed which would be required to guide engineers in selecting the right
components, representing different component types in categofidich were botHogicalandin

keeping with formal consenswgould be a great asset to that prospective solution. It had been
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envisaged that a hierarchical taxonomy would be a sensible way to achieve this, something found to
be corroborated in seminaltérature (Cebon & Ashby, 1997Review of existing categorisations
directly relevant to component selection further supported tifBoole & Booker, 2011)Other
research also made similar allusiq@sipan et al., 200Zpiang Kok Sim & Yiu Wing Chan, 180hgng

& Rowe, 1995)thoughwithout the detail provided by Poolet al. (2011).

Categorisation review has been conducted across a range of subject matter, from robotics taxonomies
through to actuation and component taxonomies. Revigwhis contentenabled clarification of the
exiding categorisation which previously existed relative to component types availtddagh little

was added in terms of published developments pertinent to this work aside from that found in core
mechanical design tes{Shigley, 2017§Childs, 2003)This highlighted issues in terms of the gaps,
owing to absence of taxonomy on component types of interest to the type of amtuag¢ing
developed or failure to keep taxonomies up to date with latest technologies available. In light of
f AGSNF 1dzNBQa NBO2YYSYRFGAZ2Y 2F KASNI NOKAOIf Gl E
absent from literature in a meaningful way that wduupport component selection and definitely

not represented in acomprehensivgCebon & Ashby, 1997ashion. Ontologies have also been
reviewedin the interests of rigouy as theycan be considered rulbased taxonomiegNilsson et al.,

2009)(Chandrasekaran et al., 1998pwever, limited benefit has been gath&rom this process

2.5. Strategies and Tools Utilised in Robotic and Mechatronic Systems Design

Numerous insular approaches supporting selection of individual component types exist, especially for
motors (Hughes, 20134Bhatia, 2014§Zeraoulia et al., 201@kEsen et al., 2016however, it is noted

that none support selection with respect to other sahstems of components. These operations are
generally useful in outlining key considerations in terms of teechto account for speed, torque,
intermittent torque, power requirements, inertianatching, etc. In a system such as a robot,
interaction with other components and actuators is critical. Other instances are encountered which

deal with very nuanced elemenbf selectior{Meoni & Carricato, 2018)

2.5.1.Component Selection Frameworks and Methodologies;

There are dimited range of component seleicn guidelinesound in literature includingvery high

level processsRSNA SR FTNRY ! AaKoeé Qa I LedaxdEet ¢ &., 19ty | § S NA |
greater focus on novel elements afjraphical representation tool developed. Carl¢@f96)has also

created a higHevel guideline setwhere specific guidance is citered to be absentHigh-level

approaches have been developed by government publications for parameter optimightafoy,

1996) Others have outlined the key components necessary for software enabling effective

component selectionCulley & Webber, 1992a)with one instance proposing both a higvel
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solution and showing how that can be extended to greater degrees of granufddgell & Culley
1991) Others have went to greater detail, but lack specifics in terms of tools to use and operations to
employ(Agarwal et al., 200®r foaus on optimisation of specific parametgiskhtaruzzaman et al.,

2011) Several of these instances are providedppendix A2.

Perhaps the most detaileguidance is provided is a method based on historical data tsenake
estimates(Cuttino et al., 201Qwhich makeit somewhat idiosyncratiin terms of more ubiquitous
component selectionfigure 18LINE A RS & 'y 2@SNIBASg 2F GKS al OGdz i
in this work. Notably, this approach leans of similar themes identd®being of interesin section
2.3. The significance of requirements at the outsét,KS Yy SSR F2NJ aNBIjdzA NBYSy i

significance of governing equations and actuator data for manufacturersaregt@ll accounted for.

Absence of structured processes in technical system designcommented as an issue generally
(Hubka, 1988)Gerhard Pahl et al., 20Q6&and it is considered that there is also an absence of

supporting processes in compemt selection.
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Design ! Analysis

4

3et of Primary Load and Displacement
Actuator Requiremenis Histories
Manufacturers’ Data A il

Governing Physical | Set of Secondary Primary Requirements Generalized Actuator
Equations Requirements Analysis Type Informeation
u W }
Pre-determined Work- Candidae Sef of Feguiremenis Load

based Relationships for e .
Secondary Regquirements M*:IJ Thypss Weighiing Hah:hlng

‘\‘ Hb.'i(—FE"I’Dm‘H‘hE. Secondary Requirements s Actuafor Wk
Refationships Analysis Capaaiy
{

Set of Teriary Top (lass of Actugtor Types
Requirements with Key Parameters

b +

Tertiary Requirements
Analysis

i

Chesen Actuator Type

Figurel8Y a&! Ol dzl G 2 NI QEifir® &xialA 2040) YSG K2 Ré
Similar problems with component selection are noted in other industpesticularly for software

component selectiofErnst et al., 2019Lin & Zhang, 200@Fahmi & Choi, 2009Calvert et al., 2011)
(Baker et al., 2006}Silvander, 2018jHamzalLup et al., 2008)with frameworks and strategies
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proposed to assist in these instan¢&®nys, 2015)Reviewhave been extended tthese instances as

a means to perhaps inspire an alternative view of how engineering components could be selected.

2.5.1.1.Selection Strategiesriployed for other Engineering Entities;
The main approach encountered in materials selection employs graphs to represent material
performance across a range of criteffashby, 1992p | a Ko & Q& | LILINR I OK G2

seminal and utilised extensively with its accompanying software package (Cambridge Engineering

Selector; CES). The method works by representing material performance criteria oiY goo

facilitating intuitive comparison.

The graphical approach to component selection developed by Ashby proved to be very successful

insofar as the idea is utilideas a successful piece of software to this d&gditionally, manycore
YSOKLI yAOFf RS & Mdaoyhedvifireféréene? 3 R & & QEhiHBAA0Colins et al.,
2010)(Childs, 2003)The mostcritical part of thisapproach is arguably the selection charts leveraged.

These are discussed in specific detail in sectior22.5.

2.5.2.Component Selection Tools and Methods
Fromsection2.1.2.1, both qualitative and quantitative information on componesglectionshould
be of significancea component selectiorsolution This has been reflected in the research focus

detailedin section 23.

2.5.2.1.Supporting Interrogation of Quantitative Component Information
Tools to assess quantitative parameters of prospective solutions are found in both industry and
academia. Both with be assessed in this section, beginning egthmerciallywell-established

solutions. Discussion of novel, less wileloped solutions wilhe covered latterly in this section.

Industrial Solutions

There are a number of modern tools and methods for selection of components used in industry;
however, it is observed that these tend to be predominantly centred on motor selection. Many motor
manuacturers provide their own platforms for selection of motors, one of the most comprehensive
of which is that of Oriental Motors, sdigure 19. This platform allows user to configure the system,
specifying loads, materials, and geometries, etc. and fae$ autocalculation of the motor

LI NI YSGSNBE ySSRSRo® ¢KAa SEGSyRa 2yfeé (G2 haQa

which clearly excludes a large range of solutions. Other similar systems are avi@iabipshire,

Y

Y 2 (

20208 F3FAY ALISOATAO (2 ho9aQia KINRgI NBiyofyhesé SEGSy

systems is not disputed, but they are limited in their extension which is an issuéaeelinented in

literature (Vogwell & Culley, 1991y ogwell, 1990)
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Other solutions are provided, vich are observed to be less effective. Maxon Motors provide a tool
analogous to the RS Components selection approach, which utilises drop down menus. This menu is
2FGSYy OdzYoSNE2YS YR aAyoOS (GKS NIy3aS 2F 2LWiA2ya
determined intervals, the utility is also hampered; see figu8sand 21. This also only considers

Maxon Motors products, an issue outlined as a problem several times already. RS Components
21N GSa a  FFANI @& (&L Olhtdrogdavwn Yielus utilidedl fol & dzLJL.
selection of components, see figure.Z2ue to dealing with various manufacturers, RS Components

do not typically present the information in a manner which is standardised and easily interpreted,
requiring much user conversioof units. From extensive experience, RS Components information is

often found to be out of date, absent or incorrect when compared with specific datasheets, an issues

which extends to other suppliers too. Lack of consistency of units is also notedasenpin current

tools, an issue documented extensively previogslgrmer et al., 1998Vogwell & Culley, 1998nd

raised as a particular issue to be avoided in selection {@#son & Ashby, 1997)

Transfer Mechanisn

@ MNot equipped
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Calculation Mode

®Density

ONass

o
—|o |2
L

Material: Iron z
Dersity: 7.9] X10°3 ke/n'8
Mass: ke

Transfer Mechanisn

Reduction Ratio

Load Torave (total): New

Homent of Load Inerta SRS

Other Wosent of Inertia: X10°-4 ke'n"2 * Load torque and woment of load inertia are values converted
for the prisary side.

o icitation R=EAL

<<Back Next>>

Enter a value between 0.01 [an] and 889.99 [aa] in unit of 0.01 [w].

Figurel9: Overview of use of Oriental Motors software, which allows input of qualitative information on performance
required from motor.

Il ONR&aa Fff LIXFOF2NNYVAEZ &SI NOK NBa&dzZ indiguledNand: £ 61 & &
22. This is something which has previously been remarked previQdstywell & Culley, 1982 a

potential impedance to effectively relaying information. For example, figurés2a refined list of
2LIiA2ya F2NI I IAGSyYy GFalz odzi O kKkanBigiaforoilghd f I NB I
YI ydzZF I OG dzNBENRa LINPRdAzOGADP C¢KAA A&dadzS A& FdzNIKSN.
requirements and user interfasewhich are unintuitive or do not provide suitable scope for

manipulation of criteria values.

On gearbox selection, it has not been possible to find tools and methods which are specific to the

selection of gearboxes, though manufacturers guidelines haga bacountered which are somewhat
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helpful (Power_Jacks, 202@earig selection is also littered with similar problems. For example, SKF
provide a calculator, as shown in figur Z'his is helpful in setting up the situation it will be used in

(similar principle to the Oriental Motors selector, figui®);lhowever, as afolutions are SKF products

AG F3AFAY R2SayQid LINBaSyd Fft 2LA2ya | @FAftlofSo
knowledge: one of the first steps is to define the type of bearing required, and without expertise in

the applications of diffeent bearings and how they perform relative to one another, this seems an

odd place to begin. Even experienced engineers are unsure of best usealfgalig versus angular

contact bearings, so lesxperience engineers may struggle greatly without betjuidance. A main

competitor of SKF, NSK, also seem to have a fairly cumbersome interface for bearing selection.

000 m ~
‘W l: d] = e (O)
— =L = \ 5
THT s [} it W
COMPAGT MOTOR GEAR CONTROLLER SENSOR ACCESSORIES
DRIVES
= FILTER
PROGRAMS
Al
() maxon DC motor () maxan EC motor [J Configurable
[ pex Program () EC Program () Brushed DC motors
() DG-max Program () EG-max Program () Brushless DC motors
[ RE Program ([0 EG-4pole Program
[ A-max Program ([0 EG-i Program
() EC flat Program
() EC frameless
PARAMETER
[ Power (W) v] l @ (mm) v] [ Length (mm) v]
[ Torque (mNm) v] [[Max speed v] [ Numberof autoclave cycles v
[ Speed constant v] [ commutation ~]
C reset

Figure20: Maxon Motors component selection interface.
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Figure21: Typical output of s&rch. Broad range of solutions, not easy to crossipare against other criteria.
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Across all of the component selection interfaces considered, almost all of the same problems

documented in literature from ~30 years afogwell & Culley, 199aye still inherent. The best tools

for component selection encountered are employed by manufacturers, which leaves issues with these

methods omitting a large portion of the availablensponents. This raises a major issue with the

comprehensivenes@gCebon & Ashby, 19986f databases being interrogated, which can be argued to

invalidate or be hugely detrimental io K S

4dz0 a8l dSy i

GaONBSyAy3IE

Iy R

known to be taken in selectioactivities Considering a large volume of components will make

catalogued/listed breakdown of available components extremely annoying, hence the witlit

graphial representation.
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Figure22: Overview of RS Components interface for component selection. Note missing information (red highlight) and lack
of consistency in units utilised (blue highlight).
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S seir-aligning ball pearing
B3 cyinarical roller bearing
&= Needle roller bearing

S Tapered roller pearing i
B spnerical roller nearing

KN SKF Explarer
» Popular item

Figure23: Bearing selection calculator by SKF.
CNREY G(KS NBaSINOKSNDRE& SE LIkl Ssidd Silinteifatastulijekt SoNE

the following issues frequently encountered:

Varied units for one criteria in search resyite. Ncm Ozin, andNm.

''YAGA dzaSR FNB y2i NB b gRRYIIK SIRNY NG A 20T A
{ dzLJLJ A tRaddi ceffath yofponent types.

Suppliers still have a largely incomplete database of the prodadiable on the market

they onlycarry the items thewtock

Unintuitive and onfused interface for selection.

Changing interfaces from supplier to supplier.

Absence oflatasheets with some components.

I OG dzl f O2YLRYSYld LISNF2NXIYyOS FTNRBY YI ydzZFl

=A =4 =4 =

= =4 =8 =

(=N
(s}
<

S |

Oid

OGN YAFSNNBR (2 &dzLJLX A SNDa R {doplimali@odesslfof (1 KS & &

component search is destroyed by invalid results, wasting.time
9 Other more minor issues.

The above has been compiled from review of existing approaches and exger@mmparison with

other, previously published academic literature shows substantial overlap:

(1) 6Systems are manufacturspecific.

(2) Systems are produé LISOA FAOSX SdId Gol GGSNARSEE NI GKSNJ (K

(3) Paperbased methods are tedious aticthe consuming.

(4) Computed 8 SR YSiK2Ra OFy 3IAGS alftt 2N y2aKAYyIE

(5) Data presentation formats vary from catalogue to catalogue.
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(6) Designers cannot easily see the effect of changing the selection cgifetéamer et al.,
1998)

An extremely similar set of points are made by Vogwell (1991), showing evidéaceend among
methods used over the last several decades which have been ratified by current observations. On this
basis, there is a clear regement for databases which are comprehensive, intuitive to use, &play
consistent units, etcFigure b previously outlined many of these requirements, whilst the points

made above supplement these assertions with component selection specific criteria.

Academic Solutions

I 2YYSNDALFE &az2fdziaz2zya INB F2dzyR (G2 NBf dptioksS| OAf &
Within academic literaturgthere are noted to be remarkably few tools to support selection processes.
Those which are encountered rely on graphical representation of component performance, with
almost all found to draw direct inspiration from tlextremely successful use of graphs in materials

selection(Ashby, 2005)which has been briefly alluded to already.

The earliest efforts which sought to explore this phenomenon are noted in the late 1990s, where
selection of energy sources such as batte(idarmer et al., 19983nd linear mechanical actuators
(Huber et al., 1997a)ere trialled using a graphical approach. FigutéliRstrates examples of these
instances, where graphs representing battery performance are shown to represent the ranges of
component performance (only approximately, which introduces inaccur@d¢simer et al., 1998)
whilst Huber has taken the approach of providing only the lirditssence of specific instances also
inhibits this process being followed through to fruition. This is of importance as it has perhaps not
been studied at that level of granularity, whilst absence of that level requires selection to move to a
different format, meaning the overall selectionqmess relies on two different selection methods,

complicating things.
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Figure24: Component selection graphs for Batteries (left, Harmer (1998)) and linear mechanical actuators (right, Huber
(1997)).

Cuttino(2010)relied upon graphs mostly as a means to derive relationships between criteria for linear
mechanical actuatorgnd to a lesser exterds a means to support interrogation of these graphs for
selection. This is illustrated in figuré.2This workfocuses oncriteria relationships and leverages
graphs as a means to aid this work, rather than supporting selection through a graphical interface, as

proposed by Huber (1997), Harmer (1998) and others in the remainder of this section.

W= 0.033W: "
A? =0.9570

Wealght {lbs)

2 20000 40000 50000 B00 0000 120000 W00
W inch-lbs)

Figure25: Cuttino's use of graphs for curve fitting to derive relationships.
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Figure26: Poole (2011) line representation to performance of linear actuators.

Another example of graphical approaches being utilised to demonstrattopeance capabilities of
linear actuators iprovidedby Poole (2011¥jgure 26,where single lines are used to communicate
performance.The line graphs demonstrate the upper performance limit across a range of linear
actuators. Notably rotational actuators don not seem to be wefiresented. Thematically, the
instances covered so far from literature also seem to overlook going beyond the highebkiof

granularity, where none facilitate selection of a component instance.

The approach proposed may be useful in supporting the selection of linear actuators in the screening
LIKFasS 2F | aStSOGA2y LINRPOSAaAT K2/FSANWYNDI AdLyXY (IKKSS
be interrogated would be required to change. Solutions in this section have limited sample sizes, which
affects the comprehensiveness of the solutions, raising issues regarding use of the approaches

developed so far in practice.

Zupan (2002) also proposes the use of graphs to represent component performance as a means to
interrogate information during the selection process. An example of the graphs Zupan has used is
illustrated in figure 28. Zupan samples only around 200 instancestaftors, across a range of

several different types of actuator; there are 8@escovered in figure 2, meaningeach component

type only has, on average, 10 instances sampled. Whilst the novelty and idea from Zupan are
interesting, this also lacks tmmprehensiveneszarlier outlined(Cebon & Ashby, 1993k being a

necessary component of a selection dataheeed perhaps even to gain a clear understanding of the
effectivenesof the approackd  %dzLJr y Qa4 ¢2NJ] | fa2 Aa 20ASNBUSR (2 2
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to those already considered, facilitating part of the screening activity, but limited in facilitating
selection of an individual instance. The premise of represgntiformation in a way similar to Zupan
has demonstrated is an interesting and usedok which shows great promise if developed further

with a larger sample size, and applied to a larger range of component types.
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Figure27: Zyan (2002) proposes use of graphs to interrogate information.

A study by Madden and Filipozzi (2005) covered quite a niche range of actuator types, focusing mainly
on experimental technologies (shape memory polymers, shape memory alloys, polymer actuators,
etc.), which arguably limits it applicability in terms of readrld design challenges. The study explored

use of a wekbased actuator tool, and seemed to draw significantly from the work of Zupan (2002)

covered previously. An example is provided in &R28.

Instances have also been encountered which are less directly relevant to the interrogation of
component information for selection, but support representatiorotfier processesonducted during
selection(Hicks et al., 2002Hicks has also highlighted the significance of component selection as a
task, but the approach contributed in addressing problems is targeted at regression analysis as a
means to predict costs in component selection at aneathge. Whilst not directly supporting
interrogating information to make a selection, it does provide evidence of the utility of conveying
engineering information graphically as a means to support the component selection exercise in some

format. Shown irffigure 29.

40



[ Actuator Selection - Mozilla CEX

i Ble Edit Yew Go Pockmaks Tooks  Window Help
E . ® p | ) . 0 =+ .
i Bi-k ¥ Pgm | & rttp:firen,ece.ube.c php7tstLength= AbkrtDe ¥ ot
Calenlation Resules (help)y: 2
Hornalized Hork Density ve Hechanical Amplification Power Density
2 wrayg E 10°6 ¢ =
lig}
g 1072 k . Eld
. S ava b
5 y =
1071 - - s 1003 -
b 1 § w2
. g’ TS | T
T 3 4 El” gy
3 . w1t Bl R e e
K 10°-1 L £ £ i g 16% o] L S L
= 5 10 15 20 i 2 3 4 5 6 7 8 9 W
Fiechanical Aaplification
Relative Frequency ws Actuator Strokes per Cycle Battery Hass and Actuator Hass
W3 g 1000 p
i . o
1wz k4
1L n 10°-1 == -
2
= oquto e - 2
.z w01 f, . g 10tz |
P . Fi . .- -
& [ &
103 h L L L L 5 10%3 n " "
00 02 04 06 0.8 10 1.2 14 1.6 107=F 107 =6 107=5 10%=d
Actuator Strokes per Cucle Actuator Mass [kgl
w
W b L ED @ Done [ | <t

Figure28: Madden (2005).
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Figure29: Hicks representing cogtrediction information through graphical communication methods.

It is observed from the most relevant literature in academic pation thatpart2 ¥ G KS G a ONBSYy

process in selection is facilitated by proposed approaches rdfiiement down to a shortlist or
selectionof a specific instance is nédcilitated. It is observed that a steady trend of new work in this
area across aignificant period of time is evident in literaturimdicatingthat many researchers have
observed this as an opportunitthoughit seemsit may be one which hasever been developed to
fruition as a solution. Previous publication by this work also destrates an openness from the

research community to accept new work on this idBaady & Yan, 2018Brady & Yan, 2017)

2.5.2.2.Use of Graphs to Convey Engineering Data
The utility of graphs in conveyance of engineering information is one which is explored in component

48t 80GA2yS YR Al Ad 1y26y FNBY (KS IdziK2NR&
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engineering. To develop clear knowledge on formal malilbn, use of graphs in conveying

engineering knowledge has also been explored extensively.

Ashby Diagrams

In the context of engineering and the conveyance of information using a graphical format, there are
also many examples encountered in existingrditare. One of the most popular and successful

applications of graphs is in the use of graphs do display information on materials to aid in their
selection. When representing engineering entities for materials selection, classification of the

groupings hag been defined as outled in table 2 below

Table2: Definition of hierarchy of groupings in materials selection charts with examples.

Type Description Example

Family The overaltype of entity being assessed Materials

Class A particular case within the type Metals
Subclass A more specific group within the class Aluminium
Member An individual specific instance Aluminium grade 3310

In addition to the description and examples providethinle 2, figure 8 supplements this description

to demonstrate how the material types correspond to one another once plotted on an Ashby diagram.

Figue 8RN} & &ALISOAFAO FGdGSyiAz2zy G2 GKS aOKSO(lAy3 f A
class, sukrlass and member. This facilitates definition of best materials to use from early stages of
development of a system all the way through to final materials selection activities. It is an intuitive

way of conveying information: in instances where thexis andy-axis criteria are both sought to be

reduced, the engineer can quickly check which candidate materials are closest to the origin.

Traditional methods may otherwise require inspection of datasheets, etc.

Property 2

Members

Checking limits

-

Property 1

Figure30: Establisheddrminology for groupings when representing engineering entities graph{allye 5, Cebon & Ashby,
1997)
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Figure31: Ashby plot example.

With reference to figure 3, it can easily be seen how an exhaustive population of available materials
Ad | LR26SNFdA G22ft Ay ONAYIAYy3I +y SyairaySSNRa G

a means toisnultaneously convey important information relevant to the parameters of a task.

GOODMAN DIAGRAMS

Goodman diagrams are one of the oldest encountered uses of graphs for the conveyance of
engineering informatiofGoodman, 1899however, new uses for this method of conveyance are still
found in recent pubtation. The plot provides information to communicate the alternating stress
versus the mean stress found in materials, and graphically communicates the number of stress cycles

a material can be exposed to before failing.

Beyond communication of the inforation graphically, the information presented in the graphs has
also created opportunity to display relationships graphically too. Gerber lines present parabolic lines
based onexperimental data, whilst Goodman lines approximate the same relationship tiaiglg

line. This is illustrated in figui2, below.
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Gerber Line

/
CKN
/ Goodman Line

0, -Op Line

Figure32: Example of a Goodman diagram, annotated with various information typically assessed using this chart.

TORQUE SPEED GRAPHS

Graphical methods are also used at very specific levels in engineering, as a means to provide
information on motor performance variation. Forterque graphs present information which shows

the variation between torque and speed provided by motors, therefallowing information to also

be conveyed relative to the power rating of motors. Such graphs are also very useful in illustrating
nominal operating ranges as compared with intermittent operating ranges. See illustration below,

figure 3B, where an exampgl is given as provided in a typical commercially available brushless DC
motor:

Operating Range Comments
n [rpm] Continuous operation

150W In observation of above listed thermal resistance

12000 (lines 17 and 18) the maximum permissible winding
148877
- temperature will be reached during continuous op-
8000 eration at 25°C ambient.

= Thermal limit.

4000 Short term operation

The motor may be briefly overloaded (recurring).

50 100 150 200 M [mNm]
10 20 30 40 I[A]

Assigned power rating

Figure33: Torque v speed graphs for a motor. Taken from datasheet for Maxon 148877 motor.

This further demonstrates how a graphical means of communicating this information can be very
useful; communication of this information would become very cumbersome if attempted without the
dzaS 2F INILKad LG Aad lfaz2z YyhazardAaKkg8z2SyakKkoea

documented graphically; graphs of this ilk are only useful at the point of selecting a specific instance
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of a component. Equally, these graphs are often not available for certain components; i.e. Maxon
motors provide 538 S F2NJ YIye 2F (GKSANI Y2G02NBRX odzi w{ /

Ny

information for their motors.

Further exploration of this idea has covered greater depth of graph use in science and engineering.
This is coveredn appendix A3., where examplesand supplementary discussion is provided for

additional review.

2.5.3. Formal Decisiemaking Methods in Component Selection

Various uses of formal decisionaking methods have been reviewed, initially relying on key literature
reviews(Mela et al., 2012JJahan et al., 2011f existing methods and their applications. TOPSIS is
understood to allow attainment of best alternati(eai et al., 1994)Hwang et al., 1993p ascertain
best alternatives using Euclidean from thest/worst solution(Krchling & Pacheco, 2015Veighted
least squaréChu et al., 1979nethods were reviewed as a means to enable selection, whilst Analytic
Hierarchy Process is known to deliveradered hierarchySaaty, 1990(Saaty, 20133nd is known

to have been previously relied upon in materials selection applicat{daban et al., 20113nd
machine acquisitiorfPage 710, Nof, 2009Modified direct logichas also been applied to materials
selection(Fayazbakhsét al., 2009and may be useful avenue to explore further in any solution to be

developed based on existing ugdahan et al2011)

Review of the methodologies and strategies covered in sectiong 2.4. has also taken place relative

to this point, and it is noted that decisie¥il { Ay 3 Ay &St SOliAz2y G(SyRa (2 oS
discretion. It has been discuskén section 2.2. how in selection equipping engineers with all the

relevant data and a useful format to conduct screening and comparison is viewed as the best approach
(Cebon & Ashbyl997) however, it has not been seen that formalised decisimaking tools have

been used to guide component selection. Notably, as alluded to in the previous paragraph, various

tools are used in selection of materials and manufacturing processesddarhimnstrates that there is

evidence of use of these methods in making selections in engineering, and may suggest a gap exists in

this regard in component selection where a useful contribution can be put forward.

2.5.4. Selection with Respect to Other Components

Existing instanceshere component selection approaches are holistic have already been commented
to lack specificitfVogwell & Culley, 1991 arlson, 1996)asnoted in images provided in appendix

A2. For instances examining selection of a single component type the process is complicated by the
need to review varying databas@darmer et al., 1998)whilst throughout section 2.1. and 2.5. it has
been noted how little support for the selection or interrogation of databases exists. On occasion where

a range of diffeent component types are to be considered, this task becomes further complicated, as
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the range of information platforms, interfaces, and presentation methods to be interrogated increases
G22® LG KlFa 0SSy LINBGA2dzate 0O2YYSSYdygeR 1R@ss | &

desimble, yet this issue appears to still be unaddressed in commeaoidlacademic solutions

O
NN

proposed. Supplier databases come closest, but are noted to be burdened by only representing

stocked items.

Throughout section 2.5.1. a range of component seledimations have been explored which provide
greater detail and specify around the methods used for selection. An issue commented on these
approaches is that they focus on one component type. Some examples are those which support
selection of batterieqHarmer et al., 1998)linear actuator§Zupan et al., 2002)Poole & Booker,
2011) or bearing¢Siang Kok Sim & Yiu Wing Chan, 19%/hjlst each propose some interesting ideas,

it is noted that they are often particular to a specific component type, whickerissues with
interactions with other components, particularly when the issue surrounds components which have
strong reliance on other component; for example, motors and transmissions are often used in

combination, so should perhaps be chosen with resp@one another.

Fundamentally, it is noted from literature that some works would facilitate selection of various
component types with little specific guidance, or others support selection of a specific component

type with greater detail. Instances whichT I OA f A G G S¢ amombteséldcoy with f 42 R?2
respect to other components, but merely could be leveraged this way if the engineer so chose. It is
considered that some solution whigupportsselection of varying component types, with specific

reference to other components, and with strong detailed guidaiscan opportunity. No comparable

works have been found in literatureshich presents an opportunitylustratedby figure34.

Component

Widely specific, but no
applicable with

lack of detail

relation to oth-
er component
types.

Anunyoddo

Figure34: Descriptions of existing apgaches to component selection, in yellow and blue. Opportunity for hybrid solution,
as highlighted in green.

2.6. Need for New Component SelectiBalutions

Across this chapter, the significance of component selection as a central activity in mechdésigit
has been establishedey issues and prospective solutions have been explored and illustrated with

reference to academic publication and exploration of existing commercial solutions. Review has
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enabled relevance of component selection to be est&gltsat an overall engineering design level, at
a mechatronic methodology level, and-detail with review of specific methods, tools, and

approaches.

CNRY NBGASS Al Aa Of(GeboNk Askhby,199Fambase@asts [aNBip&gng A IS ¢
selection, whilst tools and support has also been shown to have issues wiwolutions are likely

to be possible. Some of the foremost issues identified and ratified by other literatclude:

a. Paradigmatic selectiogd 6 SQ@S I f gl &8a R2yS Al GKAA gl &z az
b. . AlF&dSa F2N) SyiuAdASa SyaaAySSNE INB Y2NB O2y¥FA
solution;

Timeconsuming process;

Lack of awareness of sions available due to neaxhaustive databases;

Need for great experience to be effective in selection processes; and,

A variety of issues inherent in other approaches to selection of engineering entities.

~ o oo

These issues are reminiscent of many issue®ary § SNER G KNRdzZAK2dzi Sy 3IAySS
level methodologies and frameworks as w@krhard Pahl et al., 2006. Pugh, 199@rench, 1984)

(Ulrich & Eppinger, 1994Many of the same problems regarding poor understanding of requirements

are echoed, along with issues with paradigmatic pro@eksption, etc. rather than decisiemaking

being led by a robust process informeddyigorous, systematic process.

These issues have been arrived at following a targeted review, based on review criteria established in
section 2.3.1. Others have arguextremely similar points in materials selection in mechanical design
(Ashby, 2005)particularly (a), (b), and (e). Point (c) is considered significant in component selection
literature (Harmer et al., 1998Culley & Webber, 1992a3omething ratified in engineering design
literature more generallyGerhard Pahl et al., 20Q6Reduction of time lost on processes is clear

throughout engineering literaturéPeter Hehenberger, 2015)

Component search platforms areted to bemanufacturerspecific(Harmer et al., 1998)Culley &
Webber, 1992a) In modern era, suppliers are not exhaustive in their overview of components
available, only whathey stock. Platforms are often produspecific, rather than system specific
(Harmer et al., 1998)something which resonates in modern systef@riental_Motors, 2020)
(Maxon_Motors, 2020)It has been commented how useful models exist in producing information
about componentrequirements(Delbecq et al., 2017)with graphical providence of applicability
delineated graphicallyPeter Hehenberger, 2012Jhe absence of a single, standardised format for
presentation is remarked upon frequentfidarmer et al., 1998)Culley & Webber, 1992and, with

reference to figures 22 ah23, is evidenced to still be an issue
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2.6.1.Specific Gaps in Knowledge

In line with thearguments made throughout this chapter and summarised in section 2.6. dhéar,
table presentedn figure 3 outlines the gaps in knowledge that have been idigedi. The leftmost
column lists the first authors of papers consideradst important in this review, whilst the remaining
columns list the 7 criteria which have been found to be most relevant to any solution developed, as
defined in section 2.3. The sifinance of each piece of literature to corresponding columns is
highlighted in each cell by theey outlined in figure 8, which allows clear conveyance of which works

are most relevant to each column.

The colouration of each column, meanwhile, draws ditam to the broader picture acrosall
literature: this is described in table This evidences that a systematic review has identified significant
gaps in the literature in this domain, whilst the volume of literature coupled with existing commercial

soluions demonstrates a demonstrable demand for further development in this subject area.

It is proposed that the overall solution to be developed should provide a means to support systematic
undertaking of component selection tasksndings from review ofarious criteria has demonstrated

that there is also value in developing aids to assist the overall process, as highlighted in3ighse 3

a means to specify what the proposed solution should set out to achieve, a prescriptive design

specification for tle proposed solution is provided in the following section.

Table3: Key of colour codingnd symbolselative to figure 3.

Extent to which literature is relevant Colouv

Symbol

Strondy represented across a range of applications

Existing solutions, but limited in maturity and/or not applied to

component selection

Limited range of solutions for component selection. Limited in maturil_
X
@)

Instance of literature strongly addresses column heading in actuator

context

Instance of literature partially addresses column heading
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Guidelines,
methodology, or Supporting selection
Taxonomy and systematic Formalised approach to [l Assisting assessment or [lwith respect to other
classification of sequence of decision-making conveyance of components in the Use in Actuator

1st author Year components Graph use operations (MCDM, etc.) qualitative information [Wactuator system Design
Huber 1997 0 X
Harmer 1998 0 X X
Vogwell 1989 0 0
Cebon 1997 X 0 X
Vogwell 1991 X
Poole 2011 X X X
Carlson 1995 0
Ashby 2007 0 X
Cuttino 2000 X X
Zupan 2002 X X
Kok Sim 1991 X X
Hicks 2002 0 0 X
Egbuna 2009 0 0
Akhtaruzzaman 2011 0
Begey 2020 0
Culley 1992 0 X
Madden 2005
Cheng 1995 X 0

Figure35: Colourised definition of gaps in knowled@mlarged example in appendix A.4. for better

readability.

2.6.2. Design Specification as an Outcome of LiteradReeiew

The literature review has enabled deeper understanding of specific technologies and academic
literature most relevant to the contribution posed in this thesis. In understanding the existing work
already in this field, it has also been possible tentify issues which exist, both through those
explicitly outlined by other research and also through implicit understanding developed from issues

or absent solutions noted ireview of existinditerature as a whole

A specification of key requirements gsidered crucial to the success of any solution assisting the
process of component selection in actuator desigas been developed, as shown in tableThe
requirements developed have been able to be specified through review of current state of the art in
terms of existing technologies, methods, and strategies appligtié research area of interest, and

also through overlap with literature outlined in figur&.3

A substantial body of literature has been found in this area of research, in addition toga
commercial solutions. This serves as some justification of interest and demand in this area. At the
centre of issue identified, existing guidance provided appears to be toddéngh as per sections 2.1.

and 2.5.1., in particular. In addition this, supporting engineers through to selection process (section
2.2.) with useful tools to aid interrogation has been identified as another area of weakness with
relatively few solutions. Of the solutions encountered, various novel and promising ideabdave

noted which may have strengths as applied to a central solution for component selection. It is
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considered that many of these promising methods are currently not applied to component selection,

have not been developed to their potential, or operatsatietely from other tools.

Table4: Requirements of Required Solution for Component Selection.

Scott Brady Requirements list for a component 09/08/2020

Ph.D. Thesis selection solution in engineering

design activities

D/W | Requirements Responsible
D 1. Support conveyance of qualitative information to users: SB
D - Compile database of relevant information on the component considered,;
- Capture information from higievel to moderate level. Individual compone|
datasheets can provide specific componegtcomponentqualitative information;
D - Provide a mechanism to support interrogation of this qualitative information; a|
D - Provide a formafor display/conveyance of relevant information on compone
types to the user;
D 2. Support conveyance of quantitative component information to users: SB
D - Compile database of quantitative information on component types of interes
this study;
D - Establish a method to support interrogation of this information;
W - Establish a method to support intuitive review and comparison betw
prospective solutions in component selection activity; and,
D - Support process through to selection of individual specifimmonent, based on
guantitative performance parameters.
D 3. Provide a baseline categorisation for components considered SB
D - Define the categorisation of components to enable representation of qualitg
W and quantitative information; and,
- Build onprevious work to develop up to date and logical taxonomies of compon
relevant to the selection procedure being developed.
D 4. Support decisiormaking: SB
w - Provide users with spectrum of information available such that decisiaking is
supported byallowing review of all relevant information; and,
w - Where definition of most important parameters is required, provide robust :
formalised means of determining criteria precedence
w 5. Support selection with respect to other components SB
w - Selection of components impacts the selection of other components. T
interaction should be accounted for and supported in any guidance provided
D 6. Overall guidance through component selection task completion: SB
w - A solution should build upon previous procelsw diagrams and stepise
guidance;
D - ¢KS dzaSNna FGaGSyidazy akKz2dZ R 0S5 RNI
required in selection tasks; and,
D - This design specification has already prescribed the need to explore novel sol
to communicate infomation. An overall strategy to clearly specify the interactic
and steps to take is necessary.

review has provided clarificatioof gaps in literature, as well as the necessary knowledge basis to
compile a requirements list for a solutioBuccinctly, this work seeks to establish a new component
selection solution, which brings greater rigour and robustness to the prdtéssxpected that this

solution will require to draw upon several discrete elements to address all points of thendesig

specificationtherefore an ovefarching frameworks proposedo structure to the overall solution
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3.0. AFramework for Component Selection

As alluded to at the end of section 2.6.2framework structure igroposed to support component
selection alongside novel methods which are to be leveraged $election of components to meet
requirements Sections 3.1 3.3. introduce the maimethodsutilised, whilst section 3.4illustrates

GKS TNIYSE2N] Qa AYGSYRSR 20SNIftt FdzyOQliAzyod

3.1.Component PerformarcGraphs

As per the requirements ligletailed in table4, relayingquantitative informationon component
performanceto enable effective interrogation of this information is crucial to enable effective
selection. This has been discussed at lenptioughaut section2.5.2.in chapter 2, justifying its

inclusion as a key requirement in the design requirement list put forward in seZifop.

From review acrossection2.5.2, it is noted that graphical methods of representing information have
shown excelnt effectiveness in communicatingngineering informationto meet various
requirements whilst the idea has been explored with positive effect for component sele(Ziopan

et al, 2002)(Poole & Booker, 2011(Harmer et al., 1998)armer The diverse range of existing
solutions used by commercial enterprises tend to rely very heavily on-dlbem menus, and
interfaces of that ilk, which have been commented to heseies for many yea(slarmer et al., 1998)
Despite the use ajraphs to effectively communicate a rangeottierengineering informatiortAshby,
2005)(Huber et al., 1997ayraphicaimethodsarenoted to have been largely neglected in component
selection withthe exception ofa handful of exploratory papers in academic publicatasillustrated

by figure 3.

The promising results found from initial work in academic literature and extensive success of graphs
across engineering and science for tasks analogousigponent selection serve as reasonable
rationale to support exploration of graphs as a means to convey component performance information.
Coupled with the saturatedise of drop-down and catalogue approaches used by commercial
suppliers/OEMs, the potentiafalue of a novel manner of displaying information for interrogation is

enhanced.

Across commercial solutions and solutidosnd inacademic literaturean array of issues are noted
to be evident when attempting to undertakiterrogation of quantitativeinformation during
comporent selection tasksExpansion of the specifics surrounding point 1 of the requirements list,

table 4 are provided
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1. Lack of relativecomparisoy 2 F Sy LIKNJ} aSa fA{1S al LIWX AOlI GAZ2Y
dza S G KS aKdzyid (Pege/Aprughess 138NI 20NEA Yy RdzOGA 2y Y2 G 2N
OK S| (P8ge 42 Hughes & Drury, 2013)an be found in motor selection literature.

Without more tangible discussion of the limits of these systems, or unless the reader has a

wealth of experience, graphical comparison may facilitate easier understanding of
performancerelative to other options availabl&Vith reference to figur87, one can ascertain

the cost range of DC servos at a given nominal torque and compare to other motor types. This

Ad FIFEN Y2NB dzaS¥dzA GKIy adGraSySyida tA1S a5/

2. Absene of a central, comprehensive source of informatip@ulley (1997) specifically draws
attention to the need for a comprehensive database to enable effective selection. This is
noted to be absent throughout commercial and academic solutions. Academicossldick
comprehensiveness as they stop short of delving into the necessary levels of granularity to
support selection of an individual solutiand they also often use small samples for their
databasesOEM solutions tend to be parochial, only offeringlatform to interrogatethat
whichthe individual supplier/fOEMtocksells

3. lack of standardisation of data sheetsvariation in units and presentation formats
complicatesand slows theprocess of reviewing quantitative informatiohrough the
proposedsolution, it is posedthat the use ofgraphsto convey information can removihis
issue. It also potentially facilitates a better platform for unit conversion; and,

4. When trying to choose between several components across a range of criteria, it quickly
becomesdifficult to keep trackof what components are better on which criteria points. This
Ad SALISOAILffte GNUS 6KSy 02YLRySyida NS aol i
andcatalogues. It is considered that the representation method suggeastdhelp mitigate
this issueby providing a comprehensive and centralised platform for interrogation

é
N

(et

Issueshave been identified in commercial solutions regarding the ineffectiveness of solutions
available there whilst similar issuehave been identifid in the granularity and methods used to
communicate component performance information in academic publica#ieraproposed means of
addressing these issuegraphs have been developed to support selection of actuation components
in engineering design #eities. The development of this approach is explored in the pages which

follow.

3.1.1. Development of Graphto Represent Quantitative Component Performance
Information

All graphs developeih thisworkOl 'y 6 S T 2 dzy R appghdidesivhilat sel@dt gragisSvNI &

be discussed at length in this section for the purpos8 & LJX F Ay Ay 3 G KS RS@St 2SR

the stepsinvolved in creating the graphand the issues encountered and overcome.

3.1.1.1. Sample Database
Prior to development ofjraphs to represent the information of interest, iais been necessary to
determine what information should be represented and what sources should be used to gather this

information. Concisely, there were three points which required definition:
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1. What compments should be covered by this solution?
2. Of the chosen components, which criteria should be covered by the solution?
3. What sources should be used to create a good quality sample of components and criteria of

interest?

These three questions are addressediuidually, and exploration and understanding of these issues
has been necessary as a means to enable this solution to be developed. These points are, however,
considered to support the contribution being made, without being directly critical to the duriton

of this thesis. As such, pointHas been addres&d in section1.5 and appendix B.1.Point 2 is

addressedhroughoutappendixB.1.2, and point 3 iglsoaddressed in appendB.1.2..

3.1.1.2. Presenting Graphs
Various issues in presenting the ghs have been encountered and overcome as a means to facilitate

this method of interrogating information.

Definition of Most Appropriate Scale

Initially a linear scale was considered for representation; however, it quickly became apparent that
this would not be a practicabiay to proceed owing to the large variability in criteria magnitudes,
this is demonstrated in figuré8. Detail at the exeemes (particularly the smaller extremes) is lost, and

it becomes very difficult to fit all elements on the scale in a manner which doebias towards

favouring certain component typewer others for representation.

Electric Rbtational Motors
rque vs. Cost

I‘. Mj-‘Se o

Geared DC Motor

Cost (£5s)
300

200

Stepper Motor

100

Figure36: Example of attempt to plot on a linear scale. for torque and cost of electric motors.
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To overcome this issue a logarithmic scale is utilised, which addresses each of the points mentioned.
An example of this is presented in figusé, where it is demonstted that this scale provides far
clearer conveyance of component performance across many orders of magnitude, also removing bias
towards some components over others.

Electric Rotational Motors
Torque vs. Cost

From origin 1:1 Ratio
DC Ser 10 Servas
4
1000 \ 2
BLDC A _7
& Geared DC
100 N /
Cost (£5) P~
10 DC
1
0.1
0.001 0.01 0.1 1 10 100 1000
Torque (Nm)

Figure37: Example of motor criteria as plotted on a loganitic scale.

Constructing the Graphs

As mentioned,a databasehas been developed to provide a sample from which the graphical
representations could then be builThe database provided a generalised overview of the extremities
of the criteria to be represdrd at varying points. The focus of graphs currently keeps a single criteria
on the Xaxis and varies the-dbmponent of the graphs for each component. This being the case, the
graphs are constructed by taking thegh and lowextremities of the X componémnd plotting these

on the graphs Next the extremities of Y values gieriodic X values are sampled. Figus8
demonstrates this processsinggeared DC motor&the green bounded regiorfpr torque against

massas an example

From figure38, it can be seen that between a torque of 0.001 Nm and 0.01 Nm several X samples are
used. At these periodic X samples the Y range is plotted. This same process is completed across the

entire X range, which allows a boundary to be created which refeatts| performance boundaries
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of components available to engineers. This differs greatly from any existing works encouZiepadh
et al., 2002)(Poole & Booker, 2011)Harmer et al., 1998)which only deal with approximate
estimations. This facilitates conveyance of better quality information, which is more accurate in terms

of the actualsolutions available to an engineer.

Electric Rotational Motor
Torque vs. Mass

Ratio 1:1

Mass
(Kg) 1

0.1

0 100

0.001 0.01 0.

: Torqué(Nm) :
Ifigure38: D'scyssiqn of how graph boundaries are constructed. Extremities of X elements highlightadkidot, and y

02 Y L2 yniyfighteddnred.

This process described for plotting the graphs is next required to be repeated several times for each
criteriawhich must be represented. Fexample, when plotting torque versus cost for motors, the X
values of torque will remain the same as in fig88& however the criteria, numbering systenand

range provided for Xomponents will completely change. This is demonstrated in fi@¥eThis

covers changing-8omponents within a single component type for a sirfglaily of componentsin

the example provided, this is geared DC motors. Thisga® must then be replicated for each
component family represented in the motor graphs; i.e. the process is repeated for BLDC, BDC, AC

sServos, etc.

This is an extensive process, undertaken dach criteria of each component foreach graph. It
becomes eve more extensive after completing for motors, as the next step requires this same process
to be applied to development of graphs for bearings, brakes, sensors, and transmiésijpeat many
bespokegraphs have beendeveloped in this work, with each graptovering an average of 5
components across varying criteria. This does not include graphs which have been edited and utilised

in each case study, where the number of unique graphs has grown extensively.
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Figure39: Alternateinstance of bounding of geared DC motors. Note change of criteria, chanegxisf Yumbering
system, and change in Y bounding components for the family shown.

Issues Encounterad Presenting Graphs

A variety of issues were encountered in compilingdgha&phs, summarised as follows:

a.

Sensor graphs weitempted to explore this phenomenon further, but wemet successfully
developed. Owing to the low numbers of component instances able to be sourced with
accurate and complete datasheets for key components such as optical and magnetic
encodersthere was too small a dataset to merit transfer into a graphicahat. This is not

to say that this information cannot be represented graphically, only that the resource
limitations of this project have precluded this from being possible in the timeframe laid out
Certain guantitative criteria are deemed unfit to mgsent graphically. Stepper motor step
angles generally range from 1.8° to 18°, so this is covered in qualitative databases for now
until a future solution can be found

Representing information on the graphs in an easily viewable manner. Overasimg a
logarithmic scale.

How to bound the areas of the graphs initially posed problems, but has been overcome as
outlined in section 4.2.3.2.1.

Avalilability of component criteria dictates how effectively certain criteria and certain
components can be epresented graphically. With more available data, the graph

representations can be more comprehensive.
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3.1.1.3 Performance Indices of the Graphs

This section introduces the utility of the index lines which are shown in every graph developed. These
indexlines function as markers to show how two criteria relate to one another proportionally. The
fAySa INB O2f 2dz2NA&ASRY 3ANBSYy fAaysSa INB G118y 4cCN
whereas the red line equates the units of two given criterihat G MY M wl GA2¢ O06KSNB L

an overview of proportionality of one to the other.

Example

In figure40, two dots are marked on the graphs; red and black. These dots represent two generic

motors, compared against two criteria: cost and torque.yhave approximately 0.1 Nm torque.

If the desire is to reduce cost as far as possible, the red motor is the cheapest. If the designer, for some
reason, wanted a motor which provides the best torque outpat unit costin GBP incurred, they
would be encdzNJF 3SR G2 NBFSNJ YIAyfe& (G2 GKS y2YAYyIlf &CNJ
reference point, but the nominal line is leant on in most applications. The green line shows a constant

ratio, which changes depending on the graph being considerdtidmexample, this line represents a

100:1 ratio of cost to torque (0.1/0.001, as highlighted by blue circle); at all points above the line the

ratio is higher than 100:1 and at all points below it is less than 100:1 The 1:1 ratio line shows how two

criteria compare when their units arquatedto give a relative sense of magnitude.

Electric Rotational Motors
Torque vs. Cost

/r'°"‘ ongin 1:1 Ratio

1000

100 ———N Y | =

Cost (£5)

0.1

0001 001 0.1 1 10 100 1000
Torque (Nm)

Figure40: Example of use motor plots.
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Electric Rotational Motors
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Figure4l: Example of utility of index lines, part 2.

In figure4l, 2 new linehave been added. A red line and a black line. Additionally, a red and blue circle
have ben added at the torque extremitiesf geared DC motors. These circles denote the gaint

this graph at whiclsome ofthe best(red circleland worst(blue circlefunction-costed solutiogexist,
assuming th&lesired output is maximum torque per GBP spent. Motors denoted by the red circle cost
around £400, and deliver ~100Nm of torque. This means that a 4:1 ratio exists of cost to torque.
Compare this to the red do€B0 and 0.1 Nm torque; 500:1) and the black dot (~£300 and 0.1Nm
torque; 3000:1) and the utility of function costing becomes more useful. Some of the worst instances
are stepper motors around the light blue line, costing around £50 and delivering <0.8005thrque
(>100,000:1). Even though these stepper motors are cheaper outright, they are several orders of
magnitude more expensivieom a functioncosted POVThere are reasons for this added cost in some
instances, which is what qualitative summaries discussed in se&foattempt to account for. Utility

of index lines depends very much on the application.

In the context of index lines, the user shouldniwérom a line they consider reasonable dependent on
their requirements. From there, a component should be chosen with respect to the line. Continuing
with the example from figurél, working with the From Origin line, i likely that the useideally
wants a solution which ibelow the line andthe greatest distance orthogonalljrom the line a low

cost to higher torque solution. Where this ot feasible, solutions above the line should be

58



considered and these should be thieortestdistance from thdine orthogonally, again attempting to

achieve best torque to cost ratio.

Broadly speaking, it can therefore be understood that when seeking good furaigimg for the Y
axis criteria, the user should seek somethbejow the line and thegreatest orthogonal distance
from the line. That is, the largest distanceoAthe smallest distance B, in figu&. If the XAxis criteria
is being optimised for function costing, the opposite should be applied, as shown in4@urelow;

large C value or smallh\Rlue.

/ /
/ 7
/ /
/ C ’
/ /
7/ /
/ /
. 4 .
Y—Axis \ Y—Axis Ve
B y m
/ 7/
’ A ’
7 /
/ /
/ /
/ /
/ /
/ /7
4 >
X—Axis X—Axis

Figure42: When trying to reduce criteria on Y axis, make distance A as large as posaii@ofsible reduceB asfar as
possible. The opposite should be followed for thaxs.

Algorithm to Determine Best Functiogosted Component

There are instances where visual inspection will be sufficient to observe which components align best
with index lines for functioftosting. As a means to account for instances where thistipossible,

to check solutions, and téacilitate later conversion to a software formatalgorithms have been
developed which will provide an output number to indicate which solution is the best from a function

costed perspective against two criteria.

The process of developing the algorithm to create a value for determining the best fuiocsoed
selection was expected to be far more simplistic than it ended up being. Two of the key reasons for
this were that the scale is plotted logarithmically, whienpinges upon the ability to conduct the
calculations linearly. Also, due to the changing component types, the changing criteria, and the
changing proportionality between the X and Y axis criteria, there was need to introduce a coefficient

for considerimy this changing proportionality.
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Dealing with changing proportionality of X and Y Axes

Sticking with the Torque V Cost graph to ensure continuity, one can observe that the scales for each

of their criteria are not the same. It also needs to be acknowdeldyat the scales change from graph

G2 3INFLK® !a adOKs (KSNBQa | ySSR (2 |&aadza 3s (K
the other. This is done by sampling the first increment of th&x¥ and the first increment of the- X

Axis to attan a coefficient of proportionality for the graph under consideration. This is given as follows

in relation to figure 3:

"0QI'REODT QB DE 6 QI T
"OQi"Redwi Q& "DE 6 @ Qimdt 1 p

pTT

On the basis of this, the value must beapplied to X value® future equations since they are 100
times smaller. This is to ensure 1:1 proportionality with Y values in determining the index for function
costed component selection. The index Bsentially the Euclidian distance between an individual
point and the ratio line being used, explaining the need to instituterttignstant in order to produce

a useful index value.

Electric Rotational Motors

Torque vs. Cost
From origin 1:1 Ratio
DC Servi J£§ervos
\ i
1000 7
BLDC o e
= a Geared DC
100
Cost (£s) \\/‘L{
10 DCS
1
0.1
0.001 0.01 0.1 1 10 100 1000
Torque (Nm)

Figure43: Reference for explaining algonith

In future developments, particularly if integrated into a software platform, all increments of the scale

could be checked to ensure that the proportionality is the same. If there is an issue then this can be
identified and dealt with, as there would hao be an inherent issue within the graph. In software,

each components index could be displayad a criteria of that componentDepending on a
O2YLRYySyidiQa t20F0A2y>S Ad Ydzad 0S F2dzyR Ay 2yS 27

60



Derivation of Selection Index for a Component abtvwe From Origin Line

If Bis the index of interest for a point above the line, tiBmust be found. The algorithm developed
to support this is next presented, whilst figude delineates the elements of the equation being

derived.

: x
N
S
)
L T
v R
8-.
X
R | >
P

Figured44. Components utilised in developing a quantitative value for the funetmsting index above the index line. X and
Y axes denotes, red line indicates From Origin index line.

Bis given as:
0 0 ¢ 0 O0®E+Qt —
Since:
6 "Yi Q¢ —
Where,
Y 0 Y
Where,
Y € 0 o0ME —

The information presented above is new content developed in support of this researchAvsliight
variation is required to providndex calculation for below the line; however, this is summarised in

appendixB.2.5.in the interests of avoiding repetitious discussion.
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PotentialUses and Applications of Performance Indexes

The use of functiomosting serves as a useful tool to early estimation of a system(Eoshch &
Widden, 1993) however, functiorcosting is an established method able to be used when trying to
optimise the performance of one characteristic to another; i.e. best torque per unit retssThere

are many instances in engineering where one might wish to optimise a performance criteria per unit
mass, cost, energy, etc. The use of indices explored here facilitates this within the framework

proposed.

Work in other fields has taken performee indices and used this informatias an axigAshby2005)
as a means to, in essence, consider three criteria at once. This is not something that has been dealt

with in this work; however, there is scope to build on this work to explore this in later work.

3.1.1.4 Boundaries of graphs developed and tfiermation they represent

The potential expanse of relevant knowledge and informatifam graphical communication through
the proposed methods vast.Applicationin this instanceis reserved to consideration of motors,
transmission systems, bearings, ddkes. This provides an ample platform on which to demonstrate
the applicability and viability of thgraphs developedThis will allow the approach to be applied and
outcomes generated and analysed thereafter. This research will also consider ontyitdrea
specified inappendix B.1L. This is in order to maximise learning without focusing on criteria which

will not provide best information on applicability of framework.

One of the main issues encountered in compilation surrounds availability of Neay of the
datasheets which were available on RS Components and other platforms utilised missed out key
criteria such as mass, size, and issues were met with costs not being available without asking for
specific quotes too on certain platformBhis has imdered conveyance of this information graphically;
however, it is also clear that this informationnist available to those using these platformew to

select components, which further emphasises the issue present.

3.2. Qualitative Information Databases

Another foremost point from the requirements list provided in section 2.6.2. after review of literature

is a mechanism to provide comprehensive information on component types. Qualitative information
is not something which can be communicated graphically avubh simpledrop down menus, but

this information can still be immensely important, so a means of compiling this information is also
required. As such, clear general information on each component type should be provided as a means

to enable higHevel inerrogation of such information about component types; for instance, if a user
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wished to quickly review common use cases of a journal bearing this should be something which can

be done easily.

From literature review, it is noted to have been specificaligemted that hierarchical categorisation

of information in selection activities is cruc{@ebon & Ashby, 19973and that this is corroborated in
component selection specific research wo(Ksipan et al., 200ZPoole & Booker, 2011Yhis is also
something which cannot be delivered through the graphical means of communicating information,
therefore it has been proposed that the taxonomy is developed to sit alongside the qualitative
information databases. Thigcilitates interrogation of where a component type sits in the overall
taxonomy, and also facilitates provision of the qualitative information necessary to inform decision

making.

Inspirationcan be taken from othdiields (biology}o assist in enablinthe taxonomy and qualitative
information to operate in tandemExamples of instanc&®m biologyare givenin figure45 (Sources:
https://www.onezoom.org/ and https://learn.genetics.utah.edu/content/evolution/tree). IN these examples, the
dza SNJ Ol y SELX 2thedE didgfafd agoSeview quidlitatitiekirBormation presentdthis

may represent a solution to the presentation of qualitatinformation in future applications.

Figure 45: Example of hierarchical of structwreused in biologyto present relationships and to convey qualitative
information.

Qualitative databases have been developed which pronuatesideration of solutions with which

engineers maye unfamiliar, whilst also providing general relevant information for each component
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type. It is intended that this will assish helping mitigate engineers usirgaradigmatic design
tendencies or theirown biases to justify design decisions. This is an issue which is encountered

ubiquitously across a range of engineering discipl{geatby, 2005)

3.2.1. Taxonomy of Actuation Components

The first step in development of a structured model of actuation components was creation of a
& 6 N2 veRigwoBmethodsfor actuating within the use case of interesid linkrobotic systems.

This broad overview of components used in robotic systems is provided in figwighdan associated

colour coding provided in table

Table5: Legend foOverview of generalised mechanisms for actuating robotic systezngresponds to figure @l

Technology Type Colour
Pneumatically actuated
Hydraulically actuated
Motor actuated
SMPs/SMAs
Jamming Methods

Electrical Power Supply

Medhanically Stimulated Electrical, Thermal, and Magnetic-
Actuation based Actuation

Mechanical Spatial Mechanical Rotational Medhanical Linear

Adtuation Actuation Actuation Spatial Actuation
Shape Memory || Shape Memory || MagnetoRheological || ElectroRheological
Polymers Alloys Jamming Jamming

f EMF Rotational ;

Figure46: Overview of generalised mechanisms for actuating robotic systems

i

Asperfigure46, the highlleveltaxonomycategorisesind definesrelationshipsyd F I YA @4 | IAAR =
as per table Zfor better readability an enlarged version is found in appendixised3.). Omissions

are made for thause of motors in pumps, etc. for pneumatics and hydraulics as this was considered

to be excessive in detail without contributing to understandaighis stage Also to be noted is the
extension of electromagnetic force (EMF) to produce rotational motion. As a test case for this thesis,
systems relying on this type of actuation will be the focus of the component selection task; i.e. the
component selection exeige will not extend to hydraulics, pneumatics, etc. at this time, as inclusion
would make an already vast task even more difficult to approAchadditional potential upside for

formatting the taxonomy in the manner demonstrated is in support of categtias of information
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into a future unified modelling language (UML) as discussed by other dilsson et al., 2009)
(Malec et al., 2007(Prestes et al., 2013pchlenoff et al., 2012)

As a next stepalationships have been formed surrounding motors, transmission systems, bearings,
brakes,and sensors. These component types have been deemed the most pertinent and relevant
components as per sectiod.5. An example of the type of breakdown developediveg in figure4?,

whilst the remaininghierarchical taxonomieare presented irappendixB.3

3.2.2. Qualitative Databases

Examples of the quititative overviewacross varying levels apgesented with the full breakdown
available to review irappendixB.4 These overviews have been developed to represent proof of
purpose for conveyance of qualitative informatiorNotice in figure 47 that some points are
highlighted in a red box. This denotes the instances which are taken as examples of how qualitative

information is initially proposed to be presented, and these examples are shown in @pleands.

Table6: Offset axis motion transfer

Issue Details
Maintenance 1 Depends on material utilised
Performance 1 Typically used in lower gear ratio agbs
1 Good for transfer of motion, less commonly useful in high reduction/increag
ratios
Typical Uses 1 Instanceswhere transfer is required between two shafts not in alignment
9 Often between two shafts not in axial alignment, but still parallel with X, Y,
and/or Z offset

Table7: Parallel shafts

Issue Details

Maintenance 1 Depends on method utilised. Some types (spur, bevel, etc.) can have issud
wear on gear surface, and wear of bearings.

Performance 1 Vast performance range able to be attainedepends greatly on the specific

componenttype utilised.

Typical Uses 1 Useful in applications where eaxial transfer of motion is needed;
1 Useful for facilitating high accuracy, low noise, high efficiency, very large g
ratio range, and cost effective solutions also available
Notes In literature, this type of motion transfas known as parallel shaft motion transfer. It

suggested that caxial motion transfer is a better term. As discussed in table 6, shg
can be parallel with an offset and be transferred to. Gear types falling under this

heading require accurate aligrant between the input shaft and the gearbox shaft,

coaxially.
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Figured47: Taxonomy of transmissions used in mechatronic systems design. Items highlighted in red

— Offsel-ais Motion Transfer

are explicated further in tables 6, 7, and 8.
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Table8: Worm gears

Issue Details

Maintenance 1 Worm shaft bearings can be subjected to large loads, potentially requi
replacement

9 Shaft bearings can be subjected to high radial loads, potentially
necessitating replacement

9 Wear can incrase backlash, potentially requiring other component
replacement

Performance 1 Nonbackdrivable/seHocking in one direction, which can make for a go

safety feature

Minimum backlash options available from some manufacturers

Typically low transmission affency

High friction losses due to constant sliding contact

Double enveloping solutions available, which support higher loads

Tend to be used in large speed reduction ratios

ENE I

Typical Uses

3.3. Guidelines to Support Component Selection Using Qualitative Information and
Graphs

To clearly guide through the processiidglines are created as a distillation of key tenets of other

g2N] a O02dzLd SR 6AGK GKS NBaSlH NepaSes®isof gaidelheshavelS NA Sy
been developed which guide through different phases of an engineering design endeabeur.

guidelines exist to promote a systematic approach to component selection, especially with reference

to the component performance gphs. The negative effects of absence of methodical rigour have

already been documented in literature review, but are surmised well as follows:

GLG FLIISEFNR GKFG LINRPofSY az2ft dSNBR 2FGSy adl NI
a solution fromtheir knowledge bases without much effort. Only when this approach fails, or
contradictions begin to emerge, do they adopt a more clearly planned or systematic sequence
ofil KAY 1 Ay 3 (RagdABIPahA&B¥itd, £007)
l aKoe YR 1 dzo{l KIFgS |fa2 RA&AO0OdzAaSR K2g GKAA Gl
is no re@on why component selection should be an exception. The problem, it is argued, ia that
addition to comprehensive databases and methods for database interrogdti@mne exists no
STFSOGAVS GacaidSYFGAO aSljdzSyO0S 2F GKAY(1Ay3a 2LISN
mind, as has been demonstrated through review of solutions which already. &iste this thesis
proposes new methods to approach the commgat selection taskshere also exists no guidelines for
applying the tools developed in this thesiBven sp engineers should be able to deviatem
4dZa33Sai0SR LI GKa ¢gKSNB GKS& aSS FAOLZ GKAOK Aad oKk
instructs.
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As previously discussed, there is guidance in textbooks wiech generally guide component
selection, but the detail is sparse. Additionally, no approaches have been encountered which deal with
the relationshipsbetweencomponent types. Furthermore,onapproaches have been encountered
which support implementation and decisignaking at differentstagesof the design processThe
guidelines developed in this work attempt to meet each of these challenges, whilst trying to leverage

inventive ways of reprgenting information in a structured manner not attempted previously.

The most seminal texts break down engineering design into 3 distinct stages; concept development,
embodiment design, and detail desigBietz, 2007 Ulrich & Eppinger, 19945tuart Pugh, 1990)
(French, 1984)As suchthe guidelines seek to support throughout, as applicable.

It is known that component selection is not sotii@g which is undertaken at a detailed design stage,

as main function carriers such as components should already be defined during embodiment design
(Gerhard Pahl et al.,, 2006)n the more particular context of mechatronic design, this is also
corroborated by various Yhodels and other methodologiesas per section2.1. As such, the
supporting guidance for component selection provides clear approaches to support doriogpt

level development andrebodimentlevd design stages.

3.3.1. Points of the Concejavel Guigélines

Overview of the main points of the concept guidelines are given, as follows:

Step 1 Define Basic System RequirementSpecifies the nature of information that the

engineer should seek to compile prior to selection process.

Step 2 ApproximateSystem RequirementdBased on the previous tasiproximate(at this
stage) results of the required performance of the system will be developed. This enables

tangible information on the components to be sought to be realised.

As discussed in section 2.there is clear consensus in engineering design and in analogous selection
processes that definition of requirements must take place in the first instéshby, 2005jCebon
& Ashby, 1997; Harmer et al., 1998)s such, steps 1 and 2 support definitionoekrall system
requirements before converting teequirements which are more tailored towards what taetuator

systemmust achieve.
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Figure48: Initial Concept Level Component Selection Guidelines. Steps denoted in top right

Step 3- Use Component Performance Graphdtilisethe performance graphs in order to
identify the besttypes of components. This will provide understanding of the type of
components which should be considered in greater detail later based on quantitative

performance, and will provide rough figures whizdm be leant on to further develop.

Whilst existing mechatronics methodologies make allusions to the use ofirflais OA FA O a 02 YL
RI {1 0(Zan® & &an, 201@Melville, 2014)Iris Graessler & Hentze, 2028}ep 3 specifically

prescribes the use of component selection graphs as a platform to be interrogated to enable
identification of quantitatively capable solutions. Similarly, step 4 prescribes consideration of the

qualitative information which may be influential in dictating ttleoice of component made.

Step 4- Eliminate Components Based on Qualitative Informatioblsing the qualitative
inputs, the engineer should eliminate options which are quantitatively capable, but may

struggle for other reasons; inability to deal with @é@nment, for example.
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Step 5- Conceptlevel Solution RealisedAt this stage, a concept solution for component
selection should be in place with a range of component options available to be considered in

this conceptlevel solution.

3.3.2.Points of he Embodimentevel Guidelines
At this stage of development, the process of applying embodiment guidefolesvs a similar
structure as irconceptlevel applicationThe main differentiating factor is that embodiment level is

required to be far more prese.

Step 1¢ Determine priority of criteria importance As embodiment guidelines support the
user in reaching an individual component, the first step dictates that the user should utilise
the Analytic Hierarchy Process (AHP) to determine the criteriahwdie most important in

anycomponensto be selected.

Fulland extensivgustification onthe choice ofAHPas a decisiomaking methodis providedin
appendixB.5 Rationale for significance of decistomaking in component selection is covered in

secton 2.5.3.

Step 2- Refine System Requirementdhe user must develop knowledge of the system
requirements needed to select components. In the context of the user case considered in this
thesis, suggestion Isdbeen made about the type of information likeétybe needed; however,

the user should also make their own judgement as to what criteria to include and omit from

consideration.

Step 3- Calculate Required Performanc&he user should calculate the required performance
of the actuator system, based onht previous inputsderived from the overall system
requirements Again, the user should omit and include as necessary, but suggestions have

been made to assist this process.
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Figure49: Initial Embodiment Guidelines.

71



Similarto conceptlevel counterpars, steps 2 and 3 of embodimetgvel component selectioare
based on the clear need to define the requirements that the selected components must meet in order
to enable the overall system to functi@as required. Thectuator requirements are drawn directly
from anyoverallsystem requirements, before being converted into requirements as they relate to the

component selection which must take place.

Step 4- Use Component Selection GraphS€omponent selection should be commdtfor
motor and transmission systems, as these are the primary drivers of the system. These need
to be in place for a system to function, whereas other criteria generally supplement this

functionality.
Step 5 Check for SuitabilityVerify correctnesand iterate as necessary.

Step 6- Repeat Use of Component Selection Graphstilise graphs to select remaining

components.
Step 7- Check for SuitabilityVerify correctness and iterate as necessary.

Also similar to concepevel guidancesteps 4¢ 7 endorse leaning on the tools developed in this
project as a means to interrogate relevant informatidrne interrogation at this stage is based on
more clearly required inputs from requirements definition, and also supports a more refined

application of theselection graphs such that individual instances of components can be chosen.

Step 8- Embodimentlevel Solution RealisedAt this stage, the user should have specified a

complete list of components to be utilised enabling integration into the solution.

3.4. Frameworkunctionality

With reference taable9, it has been delineatedrhat this approach seeks @ldressin order for the
wholesolutionto function, the interdependent elements must work together. Tpeeceding sections

have introducedeveral separate tools; however, the overall intention is that these separate tools (or
methods) should function in unison to achieve the desired end of assisting in the process of selection
of components. In order that these tools can be applied in a sbfashion, their interdependencies

are formalised through an ovarching framework to guide the process of component selection.
Figure50 outlines the architecture of the component selection framework proposed to support all

novel aspects ahis work operating in concert towards delivery of solutions.

The guidelines encourage the user to consider certain key parameters, to engage with the qualitative
taxonomy, and to leverage the component selection graphs as required. The sample database is not

utilised directly by users, but is key in underpinning the function of the graphs. In summary, the user
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shouldprimarily be concerned with utilising the guidelines and lean on othethodsas advised by

the guidelines, though it is acknowledged that there shdaddlexibility in alloving engineers to be
reflexivedepending on their own requirement$he framework is labelled witfsli S LJd ¢ ¢ KA OK
be taken in applying the framewarks shown in figure50. As per other works which have taken a
similar appr@ach(Francalanza et al., 201{Borg, 1999)this is known to supportlear navigation of

the frameworkin implementation otthe other methods proposed ithis work

3.4.1. Overview of Framewaofpplication

The framework provides overview of how the discrete elements of the framework relate to one
another, whilst accompanyingumbers describe the order in which elements of the framework should
be consulted. The order in which these should be consulted and the enatuthe operations is

described as followed, with each number referring to the corresponding step numberfigane 50.

Step  Component selection is an activity within an overall system design process. The overall system
should have a design specifiat which outlines the requirements of the system. Relative to
the overall 3@ AGSYQa LISNF2NXYIyOS NBIldANBYSyildax

requirements are defined such that specification of suitable components is based on the

ALISOATAO NBIdANBYSyiGa 2F GKS I+ OlGdzZ G2N®» C2NJ S|
be2 YIy2SdzNBE I m 13 t2FRT K2gS@PSNE GKS | Oddz

manoeuvre the 1 kg loa@nd the mass of all other components, linkages, etc. in the

manipulator. Therefore its requirements differ from the overall system requirements.

Step 2 Having defined the subystem requirements, users are encouraged to interrogate the
conceptlevel design guidance. This guidance supports the user in consideration of the correct
information at the right time and supports reference to relevant tostsch aid the engineer

in actuator design and component selection.

Step 3 As per the guidance offered in step 2, engineers should interrogate broad qualitative
information on component types as a means to identify qualitative traits of components which

may inhibit them from performing as needed.

Step 4 Following omission of component types based on qualitative information, candidate solutions
should next be interrogated on the basis of their ability to perform quantitatively. The solution
proposed in tlis work to aid this involves the use of component performance graphs, to
represent the performance ranges of components available from manufacturers and

suppliers. After interrogation of this information at component level, the user should have a
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shortlistof some of the most appropriate solutions likely to be capable of enabling the system

to perform.

Step 5 The user should return to reference a new set of guidelines as the design advances, referencing

embodiment guidelines, which support reaching a sfecsolution which should be

implemented in the manufactured system. Guidance at this level is targeted in more detalil,

and again defers the user to consult other tools at the appropriate point to maximise

effectiveness.

Step 6 With more clearly definedequirements of the system, the user is encouraged to consult

qualitative information in more detail, paying particular attention to qualitative information

pertinent to previously shortlisted solutions. Qualitative review at this stage should allow

more refined removal of any shortlisted components based on qualitative issues raised.

Table9: Necessary Aspects Component SelectioBolution Proposed

Aspect

Value/Utility

Hierarchical Taxonom
and Qualitative

Information Database

Categorises a range of actuation components and defines their relationships in
to understand the links between each. Acts as a platform to convey qualit
information on component types and to provide overview of available soluti

seeking to adrkss points 2, 3, (a), and (f) from page 38.

Sample Database

Provides a resource from which component selection guidelines and (to a |

extent) the qualitative model can be developed.

Component Performanci

Graphs

Represents component performanaglising graphs in a manner not encounters
previously in literature, with the aim of enabling intuitive comparison of quantita
aspects of component performance data. Tries to address issues outlined on

59, and virtually all of points-2 and (a); (f) from page 38.

Selection Guidelines

A process flow to guide selection of appropriate components for use in actuato

robotic systems.

System Requirements

Finally, external information is brought into the process to inform the elem

previousy mentioned and to maximise the effectiveness of their use.
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Figure50: Relationship between elements of component selectfieamework Red lines indicate twway passage of
information. Red boxes indicate information informitvgp other areas.

Step 7 With a clear understanding that all solutions remaining are qualitatively capable of realising a
functional solution, graphical representations should be interrogated to define a specific

component type(s) for consideration. Upon definition of specific ponent types to
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consider, the graphical interface should be interrogated further to review specific component

instancesn order that specific solutions to component selection can be selected.

Step 8 Guidelines at embodiment level have supported iteration through remaining processes. Upon

completion of embodiment guidance, the user arrives at selected components.

3.5. Findings from Compilation

Below, some of the findings from compiling the frametvare surmised.

1 Datasheets across manufacturers aoorly standardizedwhich increases difficulty in quickly
attaining the desired informatiarirhis aligns with similar findings from many years previous
(Vogwell & Culley, 1991Harmer etal., 1998) which suggests that the issue is still poorly
addressed in commercial and academic solutiofise proposedramework leveraging a
graphical representation of quantitative informati@ouldbe extremelyhelpful in navigating
this issudan anintuitive manner

1 A wealth of knowledge has been generated about the effects of indices when considering
different component typesand across different criteria; using indices for selection works
differently depending on the requirement, criteria, andgponent type. Knowing how to use
these indices does require a certain amount of prerequisésicengineering knowledge. This
is helpful in potentiallyeducingthe amount of expertise required; and,

9 Ithas been necessary to ascertain a range of knowleelggrding how to structure guidelines,
how to categorise relevant informatiomow to represent graphical information effectively
and how the elements ofhese discrete methodshould be deployedn an overarching
framework to effectively guide their esin an effective mannefThis has been an extremely

extensive undertaking from which a wealth of understanding has been developed.

3.6. Enabling Development by OtleterestedParties

In future applications, it is expected that the framework structurewgd remain unaltered, therefore

the framework should be something which can be referenced across application in many different
applications without any real need from suppliers or OEMs to adjust this aspect of the work. The
methods used in the implementain of the framework, however, may require tailored development

depending on the application, discussed as follows.

3.6.1.Component Performance Graphs
Any party interested in representing component performance information graphically should be able
to follow the guidance outlinedhroughout section 3.1. Inhe example of a supplier or OEM, a

database of components and their criteria is presumably already easily accessible, which is a useful
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prerequisite. This should allomany of the issues encountered in section 3.1.1.1. of this work to be
circumvented for OEMs and suppliers. Assuming that the same component types are to be
represented, the approach presented in section 3.1.1.2. can be relied upon, where the first iteria
plotted along the Xaxis, whilst the second criteria should be plotted on thaxi as it varies with
respect to the X value. Virtually any quantitative information should be able to be represented in this
way using the approach developed and a lotpanic scale. Utilisation of information developed in
this thesis around performance indices (section 3.1.1.3.) shalstibe transferrable with little effort

from suppliers or OEMs.

3.6.2. Qualitative Databases

Much the same as graphical conveyance obrimfation, the qualitative databases proposed in this
work should be used and compiled in the same manner as they have been in this work. In compiling
gualitative databases it has been found that this can only be achieved through extensive reading and
understanding of the relevant quantitative information before presenting this in a more intuitive and

easily reviewed format, as proposed.

Whilst this task needed by undertaken for the components covered in this thesis, any efforts to
supplement the work of tis thesis will require additional effort on the part of the OEM, supplier, or
researcher interested in making the database more comprehensive. In establishing databases for
different component types, it is considered that extensive research or the sergicasleast one

expert will be required to assist in populating additional databases.

3.6.3. Stephbased Guidelines

In utilisation of guidelines, OEMs and suppliers should be able to rely on the guidelines already
proposed as a means to support selectmfnthe component types considered in this document. In
adding more components or in applying this approach to the selection of a different group of
components, itis considered that tailored guidelines may need to be cre@kestructure proposed

by theguidelines should be a strong template to be used in any efforts of this nature, and it is advised
that key steps promoting derivation of selection requirements from the overall system requirements

and the use of AHP to provide precedence are retained.

Inguidelines supporting selection of components not considered in this work, it is expected that there
may be need to iterate and refine this process in order to ensure that nuanced elements of the
selection and design process are captured. This has beeasgary in the study conducted and has

enabled a refined set of guidelines to be produced, strengthened through extensive testing across

development of 7 actuators.
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4.0. Validation Case Studies

4.1. Case Study 4 Joint Actuator Design for a Robot Arm

Case study Will use the framework to develop a new actuation solution for the Agribot digoye

51. This will entail application of the guidelines in the developmeneacth joint and will allow

assessment regarding the efficacy of the framework. The main objectidesign of this system is

YI 34 NBRdAzOGAZ2Y® LY fAYS gAGK ,AyQad NBO2YYSYyRI (A

himself in a position as close to that of the actual project as is possible

A brief introduction to the arm developed and somietlee generic requirements of this are provided

in appendixC.1

Figure51: Joints in the Agribot Arm. Joint 3 (yellow), joint 2 (red), and joint 1 (blue). Red box highlights wherevgpnt 4
positioned in early designs.

4.11. Concept Level Component Selection

The framework is first applied to a concdptel selection process. This process will iteratively
complete component selection for each joint up to a concept level, beginning with definition of system
requirements,asP NJ (G KS F NI Y Sevel dlildglides. 02 y O S LJii

- Form and geometry of system
,.--’"'f Mass of load | Define bas n requirements.
_____.--""f Power supply type

Figure52: First step of concegevel application.
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4.11.1.1dentification of Candidate Components for Joint 4

Power required

Load inertia v

Approximate system requirements

Load torque

Required speed

Required accuracy

Figure53: Definition of actuator requiremest(approx.), as per the guidance of the guidelines.
¢t KS NBI|jdZANBYSy(da T7Tardldethediay jer te QuidelindsS, Mo praentgddrS
table 10, below:

TableloY t SNF2NXI yOS NBIljdZANBYSyia 2F 22AyaG nQa | OhGdz 2N

Criteria Value
Power 0.36 W
Inertia 0.0103 kg rf
Torque 1.034 Nm
Required Speed ~ 20° per second

Using a graphical approach, the possible mechanisms through which this can be approached can now
be considered. Since approximations have been made in the approach to calculations thus far, there
is a need to consider components with performance whiclal§® approximate to the values

calculated thus far.

4.1.2.2.Concepievel Motor Selection for Joint 4

l

Use component performance graphs to

Component performance

&

graphs

-

determine best component types.

Figure54: Guidelines prompting for the use of graphs.

Being that the torque represented on the graph is the maximum continuous torque, it is correct to say
that all motors to the right of thgjreen linein figure55should be able to provide adequate torque to
perform the task as required idirect drive. Thase to the left of the green line will struggle or fail to
provide the torque requireavithout sufficient gearingThis is an important observation, underpinning
the effective use of this approach to select actuation components. It is observed that guidance

using the graphs would enable better use, therefore this is addressapiendix D.1.
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Electric Rotational Motors

Torque vs. Cost
From origin 1:1 Ratio

DC
1000
100
Cost (£5) A
10 T
1 /
0.1 -

0001 001 0.1 1 10 100 1000
Torque (Nm)

Figure55: Approximating performance required of robot joint 4 motors.

The green line represents the required torque therefore a largetingant of the components
represented should be omittedis per red boxed regioMotors still under consideration have torque
up to slightly greater than needed performance to be considered and motors with up to 2 orders of

magnitudelessthan is required. This allows consideratiortiod most appropriate gear ratios

The use of graphs has rapidly allowed intuitive assessmé& component types available, and
definition that somemid-range DC stepper motors and brushed DC motors coulgtibsed, whilst
some lower midrange BLDC and geared DC motors atadte usedUsing existing approaches, this

general overview would have required extensive experience or reasonable research to attain.

4.1.2.3.Concepievel Transmission Selection for Joint 4
With transmission, all componenisft of the plotted line are not useful, as they lack sufficient torque

limits; there is a definite lower limit to this criteria, below which the system will fail. This necessitates
a different use of graphs employed inlaetion of transmissions. The graphical method has again

allowed the engineer to intuit and understand the ranges of components to consider.

Definition of an initial range in which components can operate facilitates iteration taking place to
determine an @propriate gear ratio for the system before shortlisting of suitable components. The
transmission must facilitate the torque and speed needs of the system. Maximum speed and torque
are criteria which are represented in graphs, so are demonstrated to beessifully interrogated

using a graphical method in order to shortlist appropriate component types.
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4.1.3. Conceptlevel Graph Interrogation: Conclusion

The preceding sections have outline@ tonceptlevel solutions that are to be put forward. Taldlg

below,summarises candidate solutions attainedavoid repetitious information being presented

Tablel1l: Summary of potential components for joidt

Component Type

Primary Candidate Component Secondary Candidate Components

Motor

BDC,BLDC, stepper, or geard DC servo
DC

Transmission

Planetary gearbox or Harmon| Worm gear or cycloid gears

Drive Gears

Bearings Roller bearings, plain bearing Not applicable
or ball bearings.

Brakes Not applicable Not applicable

4.1.3.1.Utilising Qualitative Information in Order to Assess Qualitative Performance of Candidate

Components

v

Eliminate components where neces-
sary based on qualitative inputs.

Qualitative summary

information.

F 9

Figure56: Utilisation of qualitative inputs in order to define best component types for consideration.

The framework also outlinegualitative review as a means to assess component validity, and this is

assessed in this sectiat conceptlevel. These inputs are demonstrated to ensure that awareness of

potential issues is raised at an early stage in conteyml development.

Tablel2: Qualitative issues raised with motors.

Motor type Potential Issues
BLDC Issues with brush replacement, could be issues requiring maintenance. Freq
depends on the brush material, running speed, etc.
BDC No issues raised
Stepper Potential positive of not needing sensarspen loop control may be sufficient fg

task in hand
Potential noise issues with some models

t20SyGAlrt A&dadzsSa gA0K YAaaSR aadsSl

on motor
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Geared DC Potential for inefficiencies depending on gearing used in motor

Gear type used can raise maintenance issues over ¢iragain, dependent or|

implementation and gear material, etc.

As shown in table 2, potential issues to be aware of have been broughiitk S Sy 3A Yy SSNDa |
surrounding potential motorsThe same process is able to be replicated without issue for other
component types, enabling cognizance of a range of issues from an early stage. With traditional
GKAa A& NBEAFYG 2y Iy Syarys

to bias), or requires research into specific components to raisaemess of potential problems.

methods employed in component selegfic

4.1.4. Embodiment Application

Embodiment guidelines are outlined apart of the framework, as pegection 3.3.2

4.1.4.1. AHP Process
The first step defined by the guidelines is to establish the most crucial criteria for each component.
The whole process is available to review in apper@i2.1,. however,as anexample motors are

documented, as follows

Tablel3: Priority for consideration of motors.

Criteria Weight Priority
Torque 33% 1
Speed 14% 3
Cost 8% 5
Mass 10% 4
Stall Torque 28% 2
Power 5% 6
Voltage 2% 7

4.1.4.2 Refine System Requirements and Calculate Performance Needed

As per the guidelines, key performance required from joint 3 is delineated in 1dbleelow

Tablel4: Definition of requirements needed from actuator to allow system andsugtem to perform as needed.

Criteria Value
Reach 1.0m
Load mass 0.063 kg
Equivalent load mass includirf 0.15 kg
Approximate power required by 0.661 W
Inertia of arm about joint 3 0.067 kg m
Load torque (including FoS) 1.261 Nm
Required Speed 30°/s
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4.1.4.3.Motor andTransmission Selection in Joint 3

Having determined key requirements for the joamd criteria precedencdurther application of the
framework facilitates definition of the key actions required to define solutions. In use of graphs, it is
recommended thathe top two criteria from the AHP process are initially relied upon as the criteria

used to facilitate definition of appropriate solutions.

Transmission Arrangements
Maximum Torque vs. Cost

L.ZTG_...

10,000

1,000

Cost (£s)
100

10

0.01 0.1 1 10 100 1,000 10,000
Maximum Torque (Nm)

Figure57: Initial search for a capable transmission system.

The inputs from AHP becomes very useful at this paising this informationthe gear ratio can be
adjusted, as long as the speed and the torque output of the arrangement will facilitate the movement

of the arm as required.

Consideration of viable geaatios has next taken place, culminating in definition of a gearbox with

ratio 60:1. As such, a motor will be required to provide at least 0.0188 Nm at an input speed of at least
onn wta (2 SyloftS (KS adeaiasSyQa 02 abBeéniusefuldzy Ol A 2Y
reassessing options available given these change in requirements for this component type. This further
demonstrates that the graphical tool has been useful in being adaptive to the changing nature of

engineering design tasks.

The greerboxed region in figure 58 A AKf AdKia az2fdziAzya oKAOK | NB dz
requirements at the gear ratio considered. The green box is narrower than at concept level, due to

more accurate figures and a more refined process.
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Electric Rotational Motors

Torque vs. Rated Speed
100000 Qe
BOC
10000 /
L\ ACServo Ratio 1:1
1000
e

Rated o
Speed 100
(rpm)

10 |

DC Geared
1
. X A 10
0.001 0.01 0.1 - 1(Nm) 100 1000

Figure58: Motor speed and torque requirements for joint 3 transmitted through 60:1 gearbox.

Transmission Arrangements

Maximum Torque vs. Maximum Speed
100,000 f 121 Ratio
10,000 s e 2%
[ >
1,000 1 —
Planetary Geatbox \\ e
Bevel Gearbox B
Maximum ek
Speed 100
(rpm)
10
Wgrm Gearbox
Sy}urGuﬁox
1
0.01 0.1 1 10 100 1,000 10,000
Maximum Torque (Nm)
Figure59: Maximum Torque v Speed for transmission selection.
Transmission Arrangements
Maximum Torque vs. Gear Ratio
From angin. 111 Ratio
10,000:1 N ==
Spur Gearbox
OpoidGeatbox
1,000:1
S::-; 100:1 - /
1011 <
PlanetarylGearbax / CrdoidiGearbox
Bl AN
Bevel Gearbox
0.01 0. 1 10 100 1,000 10,000
Maximum Torque (Nm)

Figure60: Transmission torque rating against gear ratio. Ideal solution located as highlighted, suggesting
spur, planetary, and worm solutions are liable to be a good fit.
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With refined considerations, it can be seen that BDC, BLDC, DC servo, and geared DC present
acceptable solutions. This shortlist is akin to our concept level shortlist already developed, but the
considered region is less divergent than in the concept sieledue to the refinement of the figures

used. A slight margin is included to allow a broader range of components to be considered. It can be
seen from figure$9 and 60 that planetary gearboxes, Harmonic Drive gearboxes, worm gearboxes,

or spur gearboxes may be of utility. The gear ratios of these gearboxes are considered in order to

ascertain whether solutions provide the approximately 60:1 ratio needed.

If a ~60:1 rdb is to be applied, bevel gears cem be considered. They do not provide a 60:1 ratio,
therefore it is not capable of performing. As per AHP, gear ratio is a lower priority parameter, so can

be adjusted more readily than key criteria.

Before choosing specific componentcomponent types are reduced as far as possible, allowing those

with the greatest potential to beconsidered closelyQuantitative and qualitative criteria are
considered in order to remove motor types which are least valid. Figuresdtawen graphs allowing
consideration of the required nominal torque across a range of criteria. This allows rapid and intuitive

dzy RSNRGEFYRAY3 2F K2g | O2YLRYSyiQa ONARGSNRI NBf
likely lie.

4.1.4.4.Qualitative Overvig

From prior quantitative review, DC servo, geared DC, and stepper solutions are noted to be most
adzA G 6f S T2NJ 2Rewewof qualiativel@ipluizie MBS Sefdlldwing assertions:

1. DC servo motors can only senteir output. They cannoticcount for inefficiencies and
backlash after running the output through gearboxesg,

2. BLDC motors are best used in high speed applications.
Information tables have been referenced to assist this proaesis, appendixB.4

An informed decision to move all motors from consideration except for geaf@@ motors in the

0.01 Nm torque range has been facilitated by the framework.

Having utilised graphical methods and qualitative overview methods to define a componentatype,
geared DC motor is to be imegated further. $ecific instances can next be compared utilising a
graphical approach. Comparison of individual components nexsfalkee, where previously defined

AHP precedence is again relied upon to guide the comparisons
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4.1.4.5.Selection of a specifiomponent instance
At the outset of selection of a specific component being selected, some interesting issues were
encountered which raised some learning opportunities surrounding possible features future iterations

of the graphs should have. This is disged further in sectiob.5.1.0f discussion, and is covered in

appendixC.3
Electric Rotational Motors
Torque vs. Rated Speed /
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9204120 52402 1 y /
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1149621
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Figure61: Comparison of motors.

Figure @ constitutesthe first useof the graphical method as a means to compare individual
components, as oppesl to componenttypes demonstrated to have been compared previously.
Further assessment utilising this approach can also be supported, again with reliance upon the order
of precedence defined by the use of AHP earlier in the sequence of operations sugbgdise

guidelines.

As perappendixC.2.1, comparison based on AHP has taken place, and has supported effective
comparison. The Micro Motors AS0-12-5 is shown to providea lightweight, coseffective, and
power-efficient solutionas per the graphsThis motor isnot the outright lightest, but is negligibly
heavier than the 99042052602 and provides a significantly better outright and functiosted

power density. Indexing for power density has also been assessed as a supplementary consideration

to support selectionenabling successful cressference on this basis.
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RESULTS

Comparison of the motors in tables demonstrate that the approach takeis capable of selecting
componens arrangementsvhich compare favourably with a prior selected comporsefithe motor
selected using aad hocapproach based on knowledge of existing guidelines has returned a motor
which performs well, but is 4x more expensive, more than twice as heavy, and consumes ~9x as much
power, while requiring a larger voltage suppliyprovides more speed and torque than the motor

selected, but is vastly ovapecified for the task.

This study is the first iteration of this work. It has provided a solution which conforms better to the
requirements of the system; however, system tegtia still necessarjit doesnot matter if itis lighter

or cheaper if it doesot work.

Tablel5: Comparison of motor selected versus the motor utilised originally.

Criteria Maxon RE 35 Micro Motors PS 150 12 5
Torque 0.101 Nn 0.05 Nm
Cost £239
Mass 0.340 kg
Voltage 24V
Power 90 W
Stall Torque 1.2 Nm 0.15 Nm
Speed 6990 rpm 650 rpm

4.1.4.6.Transmission Selection for Joint 3
As in other circumstances already witnessed, the first step is to compare required criteria utilising the
graphical approach. Doing so will allow for the selection of a specific component through comparison

across a range of criteria.

Immediately an issues encountered, though not to do with the framework. There is a very sparse

range of worm gearboxes available at the torque range desired. In compiling the graphs, information

was sampled from RS components; however, the supplier has since changed stdkagrthat very

limited worm drives are now carried. As such, many of the solutions provided in figare 8ourced

from a variety of suppliers. Theid@ | f a2 | fF NAHSNJ {KI y-dirécyog, M| £ ¢ R
highlighted in figure8Qa SE Léw2 RSR JA

As mentioned, this is not due to the framework itself, but is due to changes in supply linked to time.

These same issues would be encountered using existing methods of component selection, so is not a

ay S3alk i A ghiswoiklankerglyian ;icbnveance faced in this procedure.
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Transmission Arrangements

Maximum Torque vs. Gear Ratio
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Figure62: Initial comparison of available options for worm drives. Comparing to gear ratios. Note exploded image, where

value X draws attention to large gap across torques considered due to issuesSng appropriate worm drives at lower
torques.

After deliberation over graphical information, the HPC $R0gearbox is selected. This selection has
been affected by the sparsity of worm gearboxes encountered at the torque range of interest, as
detailed. Owing to this restricted sample, an alternate gearbox was also selected to better assess the

utility of the graphical approach when relying on a more complete sample dataset. A very positive

outcome was able to be attained, as per tab& 1

Transmission Arrangements

Maximum Torque vs. Mass :
1,000 / From
100
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Mass ;
(kg) 1
Bevel Gearbox
0.1 \ : Ha Drive Gearbox .
123 F dromec030 |
HPC P15-80
0.0% 1111 .0 00 1 00 0 20 R L 0
‘ ‘ ; : :
0.01 0.1 1 10 100 1,000 10,000

Maximum Torque (Nm)

Figure63: When comparing against mass, the lightest options are taken forward and heavier options omitted from further
consideration.
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Tablel6: Comparison of an alternative component selected and the initial composslacted.

Criteria HPCP2®&0
Maximum torque 4.1 Nm
Speed 6000 rpm
Cost £123.50
Mass 0.18 kg
Gear ratio 60:1

Further condensed detail on this selection and remaining selections for case study 1 are provided in
appendixC.41® Cdzf t RSGFAf SR OFasS addRRe m 20SNBASg Ol y

repository.

4.1.5. Systems Testing

¢ KS aeéad S Yuexcton had Beéniestéd vid $mulation and physical tests to ensure it performs
as required. By simulating and then physically testing, selections can be verified for correctness | terms
of enabling the system to perform. This facilitates evaluation aalidation of how well the
components selectedusing the frameworkmet their brief, and therefore assessment of the
FNI YSg2Nl Qa STFSOUAGSySaa Ay FARAYy3I (KAa LINROSa3
Comparison have already been made based on cost, mass, energy efficiency, etc. Hovwgeakso it
necessary to ensure that the system designed following this approach does perform as needed. Speed
and torque outputs by the systems are therefore assessed to ensure that the system requirements
have been met. Consideration of all parameters @& flystem will facilitate comparison between the
original system and the redesigned system, facilitating discussion as to which system best meets the

requirements of the design specification.

4.1.5.1.Simulation of Results
The performance of the arm was simulatedilising Virtual Robotics Experimentation Platform (V

REP), and modelled with Solidworks parametric modelling softayere 64 provides a summary of

the simulations undertaken.

With reference to figuré4, joint simulations of the functioning systemsarovided with the number
of simulation corresponding tthe joint to which it relates. The torque variance with time is given for
joints 3 and 2 as they move through 180° arcs, whilst the same information is represented for joint 1

but covering a 360° araround the Zxis.

Achieving results was made more complex by 9t Q&4 Rey Il YA Oa Sy 3IAy SN ai Ny
FNYQa TF2NN¥T K2 g S dddere afeSo/bé dehiévédavhich devnoristrate the arm

functioning as required, as per figugd.

89



} Torque_V_Time =} X

3 Time graph X/Y graph ~

1

bject name Cylinder
bject ype: Shape (simple, pure (Cylin
bject postion x-00950 y:.+0.1143 2.+
bject orientation o +170.16 b: +000.0001
00:00.03.05 (real ime: 00.00 act=0.96) (dt=25.0 ms)

0
00.00:36.00 (real $me: 00.00:36.00) (real time fact=1.00) (dt=100.0 ms)

Figure64: Overview of simulated results for the 3 joints developed using the framework proposed. Numbers denote joint
number being tested.
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4.1.5.2.Physical Testing of the System
Physical testing was conducted by adapting the arm as has been documented throughout earlier

sections with minimal changes to mechanical design as detailed previously; only components of the
system have been changed, as far as possible, with replacemenirfg developed where necessary.

This enables closer review of effects of changing components, therefore allowing closer consideration
2F GKS | FFSO0G GKS FTNIYSe2N] Qa dzas$S Kl a KIR®

Results of Testing

The testing process is documented in figure5,6 where images demonstrating the physical

performance of the system are provided.

Joint 3

Joint 3 functions as expected. It is able to move as required and can facilitate movement of the defined
load of 0.063 kg. It was tested up to >0.1 kg without failure, fatitigg the needs of the brief with
built-in contingency, as intended. The brake installed was also tested beyond its required load without
any problems. The system was able to be run in clésed control successfully with the same

accuracy as the existirgystem, as determined by the sensory hardware previously selected.

Joint 2

Joint 2 was required to manoeuvre a load of around 1.75 kg spread at various distances from the point
of rotation. In testing undertaken, the system was assessed manoeuvring ltheede and additional
loaded at the end of arm. Lack of access due to Ct¥iabstricted plans to make final measurements

of the limits of the load capacity and assess speed limits of the system. The system has demonstrated

that it can function beyond whds needed.

Joint 1

In joint 1 an issue was been encountered with performance, where the joint is not able to be rotated
to the extent required. This issue is considered to stem from the selected motor not exhibiting
sufficient torque to support movemerats needed, with a number of potential contributing factors for

this, summarised as follows:

1. One main issue in this joint is due to presence of dried out grease in the gearing, as arrowed
in figure 66. This is something that was not foreseen, so couldagotonsidered in selection.
This solidification has affected the worm drive performance, increasing friction and making it

more difficult to drive;
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2. Transmission inefficiency may have been overlooked by the researcher to the extent required,
resulting in @ underspecified motor selection.; and,

3. Poor mechanical design/manufacture in the first instance may have had an adverse effect on
the ability of the motor to operate worm drive as needed. There is axial compliance of the
shaft upon which the worm gear msounted, resulting in several millimetres of movement as
indicated by the green arrow in figus, image 1. This is further suspected to affect the

performance of the motor.

Figure65: Overview of physical tests conductétlimbers denote joint number being tested.
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Cumulatively, points 1, 2, and 3 have added up to give rise to an issue where the motor is able to

rotate through an arc from the red to the blue dashed lined in figd6gmage 2.

Figure66: Limited movement achieved in joint 1. Issues encountered as described in main body. Image 1 shows start position,
image 2 shows end position.

4.1.6. Conclusions on Case Study 1
A number of points and observations have been able to bdexfeom completion of case study 1.

These are discussed in the following sections.

4.1.6.1.Framework Assessment
The framework has shown promise and evidenced its ability to support generation of solutions to

meet a design specification. The guidelines are shawmake sense, but have been highlighted as
needing rectification in some areas. Thasstaken place prior to moving to CS2, facilitating evaluation

of refined a refined.

The graphs show merit in quick and intuitive selection of components, but wouldib&oen some

rough guidance on best practice for applying them. Obviously representing individual components has
been a labour intensive activity in this thesis as it is applied manually, but the potential utility of this
approach were it converted to a one fitting, softwarebased platform is plainly evident. The use of
graphs has enormous potential as a means to reliability plot data of component perforraadoéer

an alternative valid approach to tHemited methods already utilised.

Testing of thecomponents selected has shown not only that the framework works, but that it is at

least as capable of selecting useful components as existing approaches utilised by experienced (5+
years industrial/academic experience) and wWeltizt £ A TA SR 0 ¢gieelévd)engineeris. SN a R
arguable exception to this has been in the development of joint 1. Requirements have failed to be met
due to a combination of factors already outlineghich are not specific to the frameworkpplication

of this framework hasdcilitated mass, cost, and power requirement reduction of the system. From

simulated and physical testing, it is@a known that the system operates as would be expected (with
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an exception outlined)see table . The framework has supported a selectioremise where mass
savings 00.584 kg(19% saving), power savingsif4.6 Watts(80.9%) and cost savingsf93.17
(39.3%) have been attained.

Tablel7: Overall system comparison with old components versus new components selesitepframework.

Criteria Previous Total New Total
Mass 3.067 kg

Power 252.8 W

Cost £1,255.18

A range of learning outcomes have been gained into the ways and means by which the framework is
effective, as well as specific learning about the validity of utilising performance AHP/indices to ratify
and support selection choices, etc. A more approprémponent suite for thé\gribot armhas been
produced, showing that the framework is valid enough to produce functional solytidnish is a key

interest of this work

4.1.6.2.Issues
Various small issues have been encountered, mainly surrounding teething m®ldé using the

framework in its current state. Changing supplier catalogue has led to localised discrepancies too due
to not yet having a process in place to automatically update a software platform to keep track of new
components, fluctuations in pricetc. With respect to figuré2, a dynamic software package would

have mitigate this issue entirely.

Issues of this ilk have shone light on other ways that the approach could be useful. Lack of standardised
datasheets has been found to cause issue througlwmmpilation and selection during this thesis so
FENY LG Aa Ffaz2 Iy 2FGSy SyO2dzyiSNBR AaadsS Ay
platform which represents information woulgteatlymitigate this issue and would speed up seleatio

and confidence in components selectedhis supports the suggestion of the need for

comprehensiveness intimated in other wordebon & Ashby, 1997)

4.1.6.3.Remedial Actions Needed
In light of knowledge gained from case study 1, a number of changes will be made to the selection

guidelines.

Another key outcome had so far been that the use of the graphs has been assumed to be intuitive
enough that they require no guidelines. It has beengidered that this has been an oversight. The
use of the graphs should not be heavily constrained, as they should be utilised as qesetheel high

level suggestions of how to best apply them would, however, be useful. In Disgiseitan 5.1.3.

the final version of changed guidelines are presented and discussed.
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4.1.6.4.Comparisons with Initial Process Taken
During interview on the process adopted, some key points were noted which are of significance to the

work conducted in this thesis. Answers gathered tbe approach taken to select components

confirmed a notable absence of reference to frameworks or methodologies to aid this process. This

was enquired about; however, the responses alluded to lack of knowledge of frameworks and
processes available. Instead was mentioned that experience from engineering design more
generally was relied upon. It was also noted from interview that RS Components was heavily relied
dzZLl2y s O2NNRO6 2N} GAYy3 SIENIASNI FaadzyLliazya YFERS (f

sekection processes (or platforms) can adversely affect solution quality.

dazald 2F GKS aghlidx gy amduntoStinm@&Vhat torque was needed
was calculated YR G KSYy 6Syid 2y w{ /2YLRySyida |yR 02dz

An argument of this thesiis that selection should be facilitated by examining the options available,
rather than necessitating engineers to interrogate (potentially) many tens of manufacturers or
& dzLJLJX A S NE @ontleriis| like2th® dtdedalso-idr NI O2 y F A NI ssedsieBtdl) | dzi K

around biases in selection processes.

The inclusion and use of AHP to define criteria precedence is a key novelty of the framework proposed.
A question has been specifically introduced and asked to establish the extent to which criteria
prececence was considered. The answer confirmed that the precedence of criteria was arrived at
without specific consideration, and the criteria were defined throaghhocdefinition. A point was

also made surrounding a perceived error: the interviewee mentiottemt the reduction ratio
employed in the initial design was considered to go too far, reducing the speed of the joint by a greater

extent than intended:
G¢CKAE 22Ayil aK2dzZ R LISNF2NY | o6AG FLradSNE L 0l
g yiSR® L R2y Qi (GKAYy]l (GKAa aeaidSy ¢2dfd R 0S5 |

The same interviewee later outlined how the guidelines proposed in the framearatkthe method
of interrogation presented via a graphical method would have been helpful to the process, and in

avoiding issues such as this.

aLaQa 322R A0FNIOAY3a LRAYG F2N SyaaySSNaAO®
specification document andre quickly move to the design stage. So, this would help to

facilitate the requirements document [being completed more robustly].

In addition to answers provided on how the framework presented would have helped this specific

task, the interviewee also pwvided inputs which supported the argument that the framework
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proposed could be helpful to students of engineering, as it allows communication of information
(using the graphs and the qualitative databanks) but via the guidelines usersarguadied thragh

the process.

4.2. Case Study Novel Actuator Development

Case study 2 has applied the framework to the design of a novel actuator, and seeks to build on the
work of case study 1, as is detailed in sectiof.ZL. In the interests of focusing purely on the
application of the framework and its associated methods, details around the use case are provided in
greater detail in appendi.5, whilst the following sections detail key points of application of the

framework.

Additional key points considered in this study are exploring the use of 3D graphs and their efficacy,
whilst understanding is also sought to be developed abdutrethe framework is best applied in the
context of an overall engineering design mettmhy; the example chosen for this is Engineering
Design by Pahl and Beitz, as it is a very reputable andreliell upon methodology. This allows a
large crosssection of engineers to understand where the framework is best applied in the context of
a well-known design methodologylhe steps advocated by Pahl and Beitz are provided in appendix

C.5, for reader reference, as required.

4.2.1. Conceptual Level Design

The exact overlap of the framework with the engineering design methodology proposed by Pahl and

Betz is detailed at the end of this chapter; howevdngtinitial steps outlinedn Pahl and Bei2 a
methodologyhave limited applicability as far as interaction with the proposed framework. Since the
methods employed by the framewotlkst potential solutiors, they have been found to be a useful
NBaz2dzNOS a FIFENI A &aSFENODKAYy3I F2NJ g2NJAy3 LINRYC
methodology. With a more comprehensive conveyance of information through the framework, the
effectiveness of increasing 8MA Yy SSNE Q O023yAT I yOS 2F LRGSYyGAlf 3

increase.

The framework has shown promise in raising awareness of potential s@dutiohhas otherwise not

been found to interact closely with other aspects of the earlier stagesof PRNlanSA G 1 Q&4 YSG K2R
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4.2.1.1 . Application of Framework for Selection

Concept level selection is carried out in a similar manner as discussed previously in case study 1.

Guidelines have proven effective in prescribing the operations required to define sorhe best

prospective components available. The components considered to be most promising for use in this

instance are highlighted in tabld8 and 19, below.

Tablel8: Actuator 2 solution variants.

Component Components considered
Motor DC Servo, Stepper, or BDC
Transmission Planetary or Harmonic Drive
Bearings Ball or Roller

Brake Not required

Tablel9: Actuator 1 solution variants.

Component Components considered
Motor Stepper or DC Servo
Transmission Not to be used to save space
Bearings Ball or Roller

Brake Not required

4.2.2. Embodiment Application

Earlier points covered in the framework have been found to be useful in that they corroborate the

guidance that the framework seeks to conveghPand Beitz outline the need to define requirements,

ascertain the importance of various criteria, etc. The first points of the embodihe®nt guidelines

overlap with many of the themes outlined as important by Pahl and Beitz. This is significasshst#

Ay O2NNRBO62NI GAy3

idKS

TN YSH2N] Q&

O2yaARSNI GA2Y

key points raised by Pahl and Beitz have been found to have been overlooked by the guidance offered

by the framework, which is something remedietdkis cased (i dzRrd, faadilitating further testing in

case study 3. An example of this is consideration of environmental factors and spatial constraints

which affect component choice.

Early steps in this process allowed definition of thg &eteria hroughuse ofAHP. Key requirements

of the systemare provided in table20, whilst more specific definition of requirements for individual

actuators is refined and provided in tablg$ and 22, also below. These steps are again in line with

those definedhrough the framework, and have supported a clear and robust apraa definition

of components.
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Table20: Key requirements of embodiment level solution for actuator 2.

Criteria Requirements

Arm shape Single rigid link of basic geometry wi
Length of arm Single link of 0.5 m.

Mass of arm 0.15 kg

Materials used

Not applicable; arm weight defined a®&b

Load at end of arm

0.1 kg

Table21: Actuator 2 requirements.

Criteria Requirements

Required torque 0.863 Nm

Required power 10W

Required speed 20°/second = 0.35 radfs
Inertia of arm and load 0.0056 kg

Table22: Actuator Irequirements.

Criteria Requirements
Required torque 0.86 Nm
Required power 10w
Required speed 20°/second
Inertia 0.00115 kg rh

4.2.2.1.Section of Actuator 2 Components

As per the requirements outlined in tabRy, it is known that a minimum torque of 0.868m is
required to facilitate actuator 2 manoeuvring the load. Inclusive of an additional 50% factor of safety,
the required output of the motor and transmission system must be a minimum of 1.3 Nm at a speed
of 3.33 rpm.

A novel element of case study 2 has been the use of 3D graphs as a means to interrogate information.
This is as opposed to the 2D graphs already discussed in the previous chapter, and as applied in case
study 1. Key torque and speed requirements were fitetted on the graphs, to facilitate assessment

of this information, as per figuré7.

Interrogation of the graphical representation of component performance has quickly shown that
limited options are available for the solution of interest, assuming ectlidrive solution were to be
attempted. As per figuré7, different 3D graphs are utilised to assess volume, which in turn enabled
definition of the likely torque range which would be of use accounting for gearing. This process aided

definition of what ma be the best gear ratio to employ in the system. Graphs were again utilised to
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assess transmission options to establish the valid solutions available through graphical conveyance of

key quantitative information, as pdigure 69.

-

o.

o

‘L

Figure67: 3D graph highlighting direct drive motors which would be suitable in this application.

Breadth (mm)

Torque (Nm)

Figure68: Red lines draw attention to the smallest lengths and breadths at the required torque range, with respect to
prospective gear ratio.
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Transmission Arrangements
Maximum Torque vs. Gear Ratio
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Figure69: Best fit solutions for transmission of motor torque requiring approx. 90:1 amplification.

Interrogation of 3D graphs enabled understanding of the likely gear ratios required. Graphs conveying
YF2NXYI GAZ2Y 2y ( MNiaw dtehlioa t thergfi@rimodD INSlytcSoheBent a solution

to meet torqueand gear ratio requirement®f this componentThis process allowed definition af
Harmonic Drive gearbox, a planetary gearbox, or a smartppx as those best for further
consideration As before, the approach has facilitated rapid and systematic refinement of components
considered, enabling an understanding of the rough geometry needed to fulfil performance

requirements.

Motor Selection

Fdlowing refined shortlisting of components using the graphical method, generalised qualitative
information about component types is interrogated. For motors and transmissions still under
consideration, qualitative information provided feedback on concavhih the engineer should be
mindful of, but did not raise any concerns which merit omission of a candidate component; concerns
were mainly surrounding backlash in transmission systems and encoding position of various motor
types. Consideration of both sebf information allowed the engineer to arrive at the conclusion to

employ a DC servo motor with a Harmonic Drive gearbox.

Accaunting for a transmission ratiof 60:1, a DC Servo motor producing at least 0.013 Nm and 330
rpm is required to meet the syste needs. 3D graphs have been used to select aifsp&C motor
Speed and torque performance amguired from motors, as dictated by their high priority from AHP.

AHP also cites the need to consider length, breadth, and height to reduce component vBigore.
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70 provides one such instance where initial comparison has taken platse 3 provides a legend

for the colour coding of component instances as they appedhemgraphs.

Figure70: Torque versus Speed versus Power.

Table23: Colour coding of candidate components.

Manufacturer Model Colour
McLennan Servo Supplies | 9904 120 18105
Pittman Ametek TIP 9234S006R1
RS Pro 2635995
Maxon 142750 BLACK

An interesting issue was identified in this study, where the information provided by RS Components

2y GKS aO[Syyly { SN2 RédtaFfThiSiNsie wadNadld'to BekhGed th@awRa | Oi
looking at the component plot on the graphs and noticingttthe component was markedly different

to other candidate solutions. This allowed the utility of the graphs to be demonstrated in a means not
expected, but in a way which evidences the strength of interrogating information through this visual
manner; paterns can also be noted and positive and negative aspects which appear are able to be
conveyed noticed in this wayt KS @A &adzf AYGSNIINBGEFGAZ2Y |ff264
information did not make sense. Thisnst the use for which it is intendedyut demonstrates the

range of ways representing information in this way can help quick assessment, and also draw attention

to issues which may otherwise have been left unnoticed.
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Figure71: Torque Vs Breadth Vs Length.

Figure7lcompares across geometric information of considered components. It shows that the Maxon
142750 isan acceptable size motor, which better meets the power requirements than the Pittman
Amatek model (green)rheMcLennan motor (red) would have been ideali bar the issue outlined
regarding incorrect information from RS Components. Figéend 73 allow assessment on other,
desirable, criteria, where the Maxon 142750 also performs favouralgwing robust decision

making to be facilitated intuitively.

Fgure 2 aaSaasSa O02YLRySyiaQ Ylaa FyR 02ali AyTF2NXNIQ
masseffective COTS solutions. The Maxon 142750 represents the lightest and most expensive
solution of the 3 under consideration in this example. From AHRsitbeen established that cost is a

low priority, but it is desired that the weight is reduced. As such, the Maxon motor represents a good
solution in this instance. 3D graphs have been effective in allowing rapid comparison between criteria,

in some waysnore than 2D graphs provide, a process which has yieldedvidoeon 142750as a

suitable solution.

Of the 3D graphs, the information presented on th& Ylane has proven to be an extremely useful
YSIya 2F NILARE&@ | &aSaaAa yodforiwo Sthed Gitaria. TheTuszyoi BDA 2y O
graphs has seemed positive in this instance, but in more complicated instances it is considered that

3D graphs may become difficult to read and interpret. Without some additional step to mitigate this

issue, the us of 3D graphs may add more complexity than the upside they yield. That being so, it may

be worthwhile continuing to develop 3D graphs in future work to further explore their merits.
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Figure73: Torque Vs Rated Voltage Vs Cost

Transmission Selection

Figure74 provides an overview of the main components considered in selection of a transmission for
actuator 2. It should be noted that all solutions considered are Harnionie Gearboxeshe only
requirementsof the transmission are that it operate at the required speed and torque ranges, ideally
in the smallest space possible. Due to the quality of the component type being considered, there is no

issue with speed or torque for the components under considematiThe selected component is

detailed as follows.
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Figure74: Torque Vs Speed

TheHarmonic Drive PM@A-M with a 72:1 ratio has performed well throughout consideration. An
informed choice about the selection of this gearbox hgain been possible reliant on the conveyance

of information from the graphs, supported by the guidance of the framework holistically.

4.2.2.2.Selection of Actuator 1 Components
Again, AHP has been leveraged to define the precedence of key criteria, whilstregpsidedve also
supported a process which facilitates the definition of key parameters relevant to the actuator being

developed. The key requirements are documented belovpeagable24.

Table24: Key criteria of actuator 1.

Criteria Requirements

Required torque 0.315 Nm

Required power 9w

Required speed 20°/ second = 0.35 rad/sec

Total inertia of disk and mounte{ 0.002 kg M

components

Selection of a Specific Motor

The same process as before can be reapplied in order to select a motor for actuator 1 in this case
study. Figur&5 provides an overview of the components considered, expanding to demonstrate their
similarity in torquev breadth consideration. Remaining@igation can be viewed in section D.6. of

appendices. A Sanyo Denki 103H5%2d0 stepper motor has been eventually selected.

Since a key degrof this system is reduction of mass and volume transmission is used and the

motor is instead run in dirédrive.
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