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Abstract 

The successful function of complex engineering systems, particularly those which provide a dynamic 

performance capability to a system, is usually largely dependent on the correct specification 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 capability, etc.) it is entirely likely that components selected to 

achieve this - such as motors, bearings, etc. - will be instrumental in defining the extent to which 

performance goals are met for that system. 

Unlike material selection and part design tasks, there are noted to be markedly fewer strategies and 

methods to support engineers through successful and effective completion of this task. Despite 

acknowledgement of the absolute significance of this task and the outputs it yields in many design 

methodologies, academic literature which explores this topic is found to be limited. Commercial 

solutions to the problem are also found to have various issues, as is explored in this project. The 

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 of this task are argued to 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 step-by-step guidance is offered through concept 

and embodiment design stages. 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 completing discrete tasks within the overall selection procedure. In this thesis, 

particular focus is given to the use of a novel graphical method of conveying component performance 

criteria in a way which supports informative and intuitive interrogation of the information they 

present. 

Application of the framework is completed in the context of mechatronic actuators utilised 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 the adaptability 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 gathered upon which assertions can be 

made. Discussion is presented surrounding the overall performance, and conclusions are delivered to 

ǇǊƻǾƛŘŜ ŀ ǾŜǊŘƛŎǘ ƻƴ ǘƘŜ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴǎ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴΩǎ ŜŦŦŜŎǘƛǾŜƴŜǎǎ.  
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1.0 Introducing the Subject Area 

1.1 Overview 

There are a number of crucial systems, features, and principles without which mechatronic and 

robotics systems will not function to any degree of usefulness. These instances range across the 

intangibles of the underlying control theory, to the readily observable actuation packages used to 

drive actuators in rigid link robotic systems, for example. Any mechatronic system which elicits a 

physical movement, irrespective of purpose, material composition, age, etc. requires some form of 

actuation to achieve this. 

Solutions for actuation components are massively diverse, and this enormous range of candidate 

solutions to often presents a complex and overwhelming task in engineering design (Harmer et al., 

1998). Presently, it is perceived that many component selection strategies rely on individual selection 

processes being adopted for different component types;  motors are selected using motor selection 

approaches (Hughes, 2013b), and the same is true of bearings , transmission systems (Ewert, 1997), 

etc. It is considered that these selection processes also often lack specific guidance. Additional 

ŎƻƳƳŜƴǘ Ƙŀǎ ōŜŜƴ ƳŀŘŜ ƻƴ ǘƘŜ ǇŀǊŀŘƛƎƳŀǘƛŎ όάǿŜ have done it this way before, so we will continue 

to do ƛǘ ǘƘŀǘ ǿŀȅέύ ƴŀǘǳǊŜ ƻŦ ŘŜŎƛǎƛƻƴ-making in engineering design tasks (Huber et al., 1997a) (Ashby, 

1992), where component selection has specifically been noted to have succumb to this issue too 

(Cuttino et al., 2010). Issues surrounding awareness of solutions are also commonly voiced (Hicks et 

al., 2002). As will be explored in more detail in section 2.5, seminal publication in this field has drawn 

attention to a range of issues which are evidenced to affect component selection tasks (Harmer et al., 

1998) (Vogwell & Culley, 1991), with a range of more modern examples demonstrating the present 

day impacts. Whilst existing tools and processes have delivery of functioning solutions, there are still 

demonstrably issues evident in modern application. 

The effects of changes in engineering projects are well-documented in terms of their causes and in 

terms of the effects (Siddiqi 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 purchase additional 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 products (Harmer et al., 1998), are noted to be adversely 

affected by producers not being well-enabled with component selection aids.  

 



2 
 

The work presented in this thesis has sought to establish a solution to support component selection 

during the design of mechatronic actuators, particularly as it pertains to those used in actuation of 

robotic systems. In doing so, it is sought to replace what is currently identified to often be an ad hoc 

process with a rigorous process, which is more formalised and is supported in a logical, step-wise 

manner.  

At the highest levels of granularity related to this selection problems, engineering design literature 

advocates the completion of engineering design processes supported by new tools and methods to 

achieve improved outputs: 

ά{ƻƭǳǘƛƻƴ ǇǊƛƴŎƛǇƭŜǎ ƻǊ ŘŜǎƛƎƴǎ ōŀǎŜŘ ƻƴ ǘǊŀŘƛǘƛƻƴŀƭ ƳŜǘƘƻŘǎ ŀǊŜ ǳƴƭƛƪŜƭȅ ǘƻ ǇǊƻǾƛŘŜ ƻǇǘƛƳǳƳ 

answers when new technologies, procedures, materials, and also new scientific discoveries, 

ǇƻǎǎƛōƭŜ ƛƴ ƴŜǿ ŎƻƳōƛƴŀǘƛƻƴǎΣ ƘƻƭŘ ǘƘŜ ƪŜȅ ǘƻ ōŜǘǘŜǊ ǎƻƭǳǘƛƻƴǎΦέ ς (page 161, Bietz, 2007).  

It has previously been observed how engineering design tasks are often blighted by several key issues, 

generally: 

¶ άǘƘŜ ǊƛƎƘǘ ƛŘŜŀ ǊŀǊŜƭȅ ŎƻƳŜǎ ŀǘ ǘƘŜ ǊƛƎƘǘ ƳƻƳŜƴǘΣ since it cannot be elicited and elaborated 

at will; 

¶ The result depends on individual talent and experience; 

¶ ¢ƘŜǊŜ ƛǎ ŀ ŘŀƴƎŜǊ ǘƘŀǘ ǎƻƭǳǘƛƻƴǎ ǿƛƭƭ ōŜ ŎƛǊŎǳƳǎŎǊƛōŜŘ ōȅ ǇǊŜŎƻƴŎŜƛǾŜŘ ƛŘŜŀǎ ōŀǎŜŘ ƻƴ ƻƴŜΩǎ 

ǎǇŜŎƛŀƭ ǘǊŀƛƴƛƴƎ ŀƴŘ ŜȄǇŜǊƛŜƴŎŜέ (page 54, Pahl & Beitz, 2007). 

Each of the aforementioned points are considered to corroborate some of the high-level issues 

identified in component selection tasks. Systematic processes are discussed to address such issues (S. 

Pugh, 1990) (Gerhard Pahl et al., 2006) by providing greater repeatability and quality to the results 

produced in engineering design. The issue of bias affecting results is something also echoed by other 

authors, most notably in selection of materials (Ashby, 2005), but specific mention in the context of 

selecting engineering components is also made (Vogwell, 1990).  

In more specific literature, component selection is known to be a crucial task in any engineering design 

process. Reputable and seminal mechatronic design methodologies (Zante & Yan, 2010) (Zheng et al., 

2017) (P. Hehenberger et al., 2010), guidelines (Gausemeier & Moehringer, 2002a), models (I. 

Graessler et al., 2018) (Iris Graessler & Hentze, 2020), and frameworks (Kernschmidt et al., 2018) are 

shown to specifically cite component selection as a key task, evidencing acknowledgement of its 

importance within the design activity. Component selection is mentioned at the same granularity as 

other crucial tasks, such as concept generation; concept evaluation; materials selection; etc. 

Noticeably, these tasks are known to have a wealth of tools, methods, and approaches to support 

their completion; for example, morphological charts, concept scoring matrices, Granta selector, 
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respectively. It is therefore surprising that a greater range of established solutions do not exist in 

academic literature as a means to support component selection activities in engineering design 

activities, given there is an acknowledgement of its significance.  

Several instances have been encountered where high-level guidance particular to the selection of 

varying components is offered in core mechatronic and mechanical engineering texts (Bolton, 2015) 

(Siciliano & Khatib, 2016). Similarly, component specific high-level guidance is noted in handbooks and 

manuals specific to particular component types: motors (Hughes, 2005) or transmissions (Ewert, 

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 encountered in component selection tasks and 

clearly does not account for design requirements of actuators within specific contexts. 

Solutions are also encountered which propose strategies on how component selection should be 

approached with more detail and without specific allusion to a particular component type (Carlson, 

1996) (Vogwell & Culley, 1991), but despite better granularity there is still an absence of guidance on 

specifics information which should be presented. There is also an obvious omission of methods which 

can support such a task. As some of these strategies are now dated, many opportunities now present 

themselves where technological developments may 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 proposed (Madden & Filipozzi, 2005). 

Specific methods and propositions for representing information are sporadically encountered, 

including more detailed step-wise selection approaches (Cuttino et al., 2010) (Hicks et al., 2002). The 

use of taxonomy (Zupan et al., 2002) and categorisation (Poole & Booker, 2011) of component 

information to aid 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, which section 2.5.2. examines with in detail.  

Despite good developments and exploration of novel methods and tools to assist component 

selection, it is considered that there is a great deal of room 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 methods and tools for effectively 

communicating quantitative and qualitative information about candidate components, despite its 

importance being acknowledged in mechatronic design tasks (Habchi & Barthod, 2016). This being so, 

it is clear that an opportunity exists not only to propose a new rigorous and methodical solution to 

support component selection processes, but also to develop new methods and tools to assist users in 

completing selection procedures more effectively. 
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Component selection is acknowledged to be an important task in the overall engineering design 

activity, whilst specific literature on component selection coupled with various commercial solutions 

also demonstrates the demand and need for support being provided to engineers in this task. Despite 

the presence of academic and commercial solutions, there are also observed issues which are noted 

to be ratified in other publication. These themes are explored in greater detail in chapter 2 of this 

thesis, and their significance further analysed.  

1.2. Hypotheses 

This work proposes that a more systematic approach to component selection can be introduced to 

support reaching a solution to meet pre-defined requirements of a system. This proposition 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 pre-defined 

requirements 

An additional hypothesis has been added based on review of literature, which postulates exploring a 

particular new method of interrogating information to support this systematic process. This is 

documented further throughout chapter 2, but in the interests of providing both hypotheses together, 

this additional hypothesis is presented 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 elements of what 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 leveraged by any methodical 

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

1.3. Project Purpose 

Motivation to explore this subject area had initially been developed from experience, where it had 

been noticed that existing solutions were often accompanied by a range of issues. Review of pertinent 

literature and existing solutions, as detailed in the previous section and expanded upon in chapter 2, 

helped to corroborate many of these observations.  

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

should be in order to provide a proposed solution to the issues identified. Succinctly, has been defined 
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ŀǎ ŀ ǇǊƻƧŜŎǘ ŀƛƳΣ ǘƘƻǳƎƘ ǘŜǊƳǎ ǎǳŎƘ ŀǎ άƳƛǎǎƛƻƴέ ƻǊ άǾƛǎƛƻƴέ (Duffy & Donnell, 1998) are also noted to 

be used as analogous descriptions. 

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 component selection 

tasks when designing mechatronic actuators for use in robot sub-systems.  

Understanding of existing approaches to component selection will be developed and knowledge of 

how they can be improved will be explored. Approaches taken in other works and in other engineering 

disciplines will also be reviewed as a means to inspire.  

This work should not be considered an optimiser for component selection at this stage in 

development. It is the first step in understanding a new solution proposed to enable completion of 

component selection in mechatronic systems, and how it may help to remove some obstacles 

currently met. It may eventually be a better approach after further development. 

1.4. Research Question 

Section 1.1. has drawn attention to themes in literature supporting the notion that there is utility and 

an interest in the development of a solution to support methodical approaches to component 

selection tasks. This discourse has included mention 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 1.3. has detailed that the project should aim to develop a solution to support component 

selection. As a means to assess the effectiveness of the solution, the question this research will seek 

to answer is: 

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

facilitate selection of components to meet functional system requirements? 

 

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

is effective (and ineffective) in enabling mechatronic actuator design, and a number of insights about 

ǘƘƛǎ ŀǇǇǊƻŀŎƘΩǎ ƛŘƛƻǎȅƴŎǊŀǎƛŜǎ ǿƛƭƭ ŎƻƴǎŜǉǳŜƴǘƭȅ ōŜ ǳƴŘŜǊǎǘƻƻŘΦ Consequently, other information of 

ƛƴǘŜǊŜǎǘ ǿƛƭƭ ŀƭǎƻ ŘŜǾŜƭƻǇŜŘ ǊŜƎŀǊŘƛƴƎ ǘƘƛǎ ŎƻƴǘǊƛōǳǘƛƻƴΩǎ ǇƭŀŎŜ ƛƴ ƭƛǘŜǊŀǘǳǊŜ ŀƴŘ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴŎŜ ƻŦ ǘƘŜ 

work to other interested parties. Fundamentally, attempting to answer this question will allow clarity 
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to be gained 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 an overall 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 component selection 

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 situations such that the effectiveness of the solution can begin to be understood; and, 

- Objective 5: Analyse development 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. Specifically, those which are utilised 

in robotic sub-systems; joint actuators, actuators in end of arm tooling, etc. Components and guidance 

presented is particular to application in this domain, at present maturity of the solution proposed in 

this thesis. It is important to understand what is meant by some of these terms in the context of the 

boundaries of this project. The 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 mechatronic design. 

1.5.1. Mechatronics and Robotics 

A succinct and clear definition of the term mechatronics is offered by Bradley et al.: 

άaŜŎƘŀǘǊƻƴƛŎǎ ƛǎ ŎƻƴŎŜǊƴŜŘ ǿƛǘƘ ǘƘŜ ōǊƛƴƎƛƴƎ ǘƻƎŜǘƘŜǊ ŀƴŘ ƛƴǘŜƎǊŀǘƛƻƴ ƻŦ ŎŜǊǘŀƛƴ ƪŜȅ ŀǊŜŀǎ ƻŦ 

technology, particularly: 
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¶ Sensors and instrumentations systems; 

¶ Embedded microprocessor systems; 

¶ Drives and actuators; and, 

¶ 9ƴƎƛƴŜŜǊƛƴƎ ŘŜǎƛƎƴΦέ (D. A. Bradley et al., 1993) 

This definition is corroborated closely by numerous other key authors in this field (Billingsley, 2006) 

(Bolton, 2015) (Alciatore & Histand, 2012) (Jablonski, 2011) (D. Bradley & Russell, 2010). 

A robotic system conforms to the intelligent machine definition from mechatronics. Within the larger 

field ƻŦ ƳŜŎƘŀǘǊƻƴƛŎǎΣ ǊƻōƻǘƛŎ ǎȅǎǘŜƳǎ ŀǊŜ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ άƴŀǊǊƻǿ ǎǳōǎŜǘέ ƻŦ ƳŜŎƘŀǘǊƻƴƛŎǎ (Page 6, 

Billingsley, 2006)Φ .ƛƭƭƛƴƎǎƭŜȅ ŀƴŘ .ƻƭǘƻƴΩǎ have produced seminal publication on mechatronics, 

enabling clarification that it is reasonable to describe a robot as a type mechatronic system. To ensure 

consistency, the robot actuators are described as mechatronic actuators herein. 

1.5.2. Mechatronic Actuators 

Key literature in the field has described mechatronic systems as outlined in figure 1 (Page 449, Gerhard 

Pahl et al., 2006), describing how actuators can be considered as a sub-element within a mechatronic 

systemΩǎ ƻǾŜǊŀƭƭ ŀǊŎƘƛǘŜŎǘǳǊŜΦ ¢ƘŜ ŦƻŎǳǎ ƛƴ ǘƘƛǎ ǎǘǳŘȅ ǿƛƭƭ ōŜ ƻƴ ǎŜƭŜŎǘƛƻƴ ŦƻǊ ǘƘŜ ŀŎǘǳŀǘƻǊǎ ǳǎŜŘ ƛƴ ŀ 

mechatronic system; i.e. the physical engineering components used to drive the system. The image 

provided in figure 1 highlights the types of components of interest in the specific context of robot 

actuators (the type of mechatronic actuator of particular interest in this work); bearings, motors, 

transmissions, and brakes. Sensors, motor drivers, microcontrollers, etc. are not considered relevant 

at this stage. The highlighted region in figure 2 clarifies the components of interest within the 

actuation arrangement. 

 

Figure 1: Key parts of a mechatronic system (Page 449, Gerhard Pahl et al., 2006). Red highlight added by Scott Brady 
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Figure 2: 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 selection solution to achieve functional 

outcomes and how it relates to existing engineering design strategies. Capture of qualitative and 

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

It is considered that this work follows a pragmatist research philosophy, whereby action is required to 

produce solutions to assist in resolution (Elkjaer & Simpson, 2011) as a means to provide credible, 

well-founded knowledge to improve circumstances (Kelemen & Rumens, 2008). Qualitative and 

quantitative data types are expected to be evident in this type of study, and should provide the 

objective and subjective inputs needed for assessments to be made in answering the research 

question, and in validating or refuting the hypotheses. Whether the performance of the selected 

components meets specified requirements can be verified with quantitative measurement by 

assessing the performance achieved by solutionsΣ ǿƘƛƭǎǘ άǿƘȅέ ŀƴŘ άƘƻǿέ ǘȅǇŜ ƛƴŦƻǊƳŀǘƛƻƴ Ŏŀƴ ōŜ 

generated by the qualitative data collection developed during application of the solution during test 

studies. This enables evaluation of the solution proposed, facilitating better understanding of how 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 establishing a solution and developing an initial understanding 

of the effectiveness solution proposed in producing solutions to meet system requirements. 

Evaluative studies are used to assess the successfulness or utility of something (SAGE, 2019) (Payne & 

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

¶ ά¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ŜǾŀƭǳŀǘƛǾŜ ǊŜǎŜŀǊŎƘ ƛǎ ǘƻ ŦƛƴŘ ƻǳǘ Ƙƻǿ ǿŜƭƭ ǎƻƳŜǘƘƛƴƎ ǿƻǊƪǎέ 



9 
 

¶ ώ9ǾŀƭǳŀǘƛǾŜ ǎǘǳŘƛŜǎ ŀǎǎŜǎǎϐ άΧƴƻǘ ƻƴƭȅ ΨƘƻǿ ŜŦŦŜŎǘƛǾŜΩ ǎƻƳŜǘƘƛƴƎ ƛǎΣ ōǳǘ ŀƭǎƻ ΨǿƘȅΩΣ 

and then comparing this explanation to existing ǘƘŜƻǊȅέ 

Both from (Page 176, Saunders et al., 2015).  

Conversely, descriptive and explanative studies are discussed to work in tandem to provide analysis 

of exact events which have taken place (Saunders et al., 2019) and the significance of these. It has 

been outlined how combined studies are prevalent in research (Saunders et al., 2019), therefore it is 

reasonable to suggest that descriptive and explanative aspects are also evident in this study. It is 

acknowledged that a description (Lucienne T M Blessing & Chakrabarti, 1995) of existing 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 subject (Chris Hart, 2009). 

1.6.2. Case Study Approach Justification  

Pragmatism typically produces in-situ outputs of real world value (Elkjaer & Simpson, 2011), so the 

researcher being a part of the work is necessaryΦ !ǎ ǇǊŀƎƳŀǘƛǎƳ ǎŜŜƪǎ ǘƻ ŀƴǎǿŜǊ άƘƻǿέ ƻǊ άǿƘȅέ 

questions with exploratory themes, a case study approach is considered to facilitate this (Robert K. 

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

bear similarities (Kumar, 2014) to what is sought to be assessed in this work. 

!Ŏǘƛƻƴ ǊŜǎŜŀǊŎƘ Ƙŀǎ ōŜŜƴ ŘƛǎŎǳǎǎŜŘ ǘƻ Ŧƻƭƭƻǿ άŀŘǾŀƴŎŜƳŜƴǘ ƻŦ ǇǊŀŎǘƛŎŜέ (Page 127, Kumar, 2014) (Carr 

& 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 research is discussed to seek 

άƛƴǾƻƭǾŜƳŜƴǘ ƻŦ ŎƻƳƳǳƴƛǘȅ ƳŜƳōŜǊǎέ (Page 127, Kumar, 2014) ǳǎƛƴƎ ŀ άŎƻƭƭŀōƻǊŀǘƛǾŜ ŀǇǇǊƻŀŎƘέ 

(Page 202, Saunders et al., 2019), which is not sought from this work. It has been discussed how 

άǇŜƻǇƭŜ ƘŀǾŜ ǘƘŜ ǊƛƎƘǘ ǘƻ ŎƻƴǘǊƛōǳǘŜ ǘƻ ŘŜŎƛǎƛƻƴǎ ǿƘƛŎƘ ŀŦŦŜŎǘ ǘƘŜƳέ (Page 189, Reason, 2006); 

however, this is of greater concern when implementing into organisations, whereas this work seeks 

to learn about the process at a level prior to that step. It is sought to ensure that the contribution 

proposed in this thesis is technically capable of delivering solutions before exploring the inputs from 

the community and the usability; it is, however, acknowledged that this is an important next step. This 

suggests action research may be of utility in future studies. Action research is noted to be strongly 

espoused (L. T. M. Blessing et al., 1998) (Lucienne T M Blessing & Chakrabarti, 1995) in design research; 

however, with user inputs advocated here. As intimated, this study seeks to assess whether the 

proposed solution is capable of delivering solutions at all before applying comparative action research 

(L. T. M. Blessing et al., 1998) to determine the exact nature of effects. If 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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hǳǘŎƻƳŜǎ ƛƴ ŀŎǘƛƻƴ ǊŜǎŜŀǊŎƘ ǿƘƛŎƘ ǎǳǊǊƻǳƴŘ άŀŘŘǊŜǎǎƛƴƎ ǿƻǊǘƘǿƘƛƭŜ ǇǊŀŎǘƛŎŀƭ ǇǳǊǇƻǎŜǎέ όtŀƎŜ мууΣ 

Reason 2006) are 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 element are missing the research cannot be considered to be action research (Greenwood & 

Levin, 2007). Seminal works on design research methodologies clearly outline use of case studies as a 

means to evaluate developed methods: Duffy (1998) specified case study as a valid means of 

ŜǾŀƭǳŀǘƛƻƴΣ ǿƘƛƭǎǘ άŘƛŀǊȅ ƪŜŜǇƛƴƎέ (L. T. M. Blessing et al., 1998) has also been outlined as a valid means 

of data capture. Blessing (1998) has also drawn attention to instances where non-comparative 

observation has been used for data capture. 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 research is the expert in using this solution and has 

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

Case studies allow the effectiveness of the work to be tested empirically by the researcher in a real 

setting (Robert K. Yin, 2014) (Lucienne T M Blessing & Chakrabarti, 2009). As such, the work can be 

ŀǇǇǊƻŀŎƘŜŘ ǎǳŎƘ ǘƘŀǘ άǘƘƻǊƻǳƎƘΣ ƘƻƭƛǎǘƛŎΣ ŀƴŘ ƛƴ-ŘŜǇǘƘ ŜȄǇƭƻǊŀǘƛƻƴέ (Page 123, Kumar, 2014) and 

understanding can be realised in a real-life setting (Robert K. Yin, 2014). This work seeks to evaluate 

steps taken and outcomes produced by applying the solution developed, something other authors 

have noted as a strength of case study research: 

ά¢ƘŜ ŜǎǎŜƴŎŜ ƻŦ ŀ ŎŀǎŜ ǎǘǳŘȅΣ ǘƘŜ ŎŜƴǘǊŀƭ ǘŜƴŘŜƴŎȅ ŀƳƻƴƎ ŀƭƭ ǘȅǇŜǎ ƻŦ ŎŀǎŜ ǎǘǳŘȅΣ ƛǎ ǘƘŀǘ ƛǘ 

tries to illuminate a decision or set of decisions: why they were taken, how they were 

ƛƳǇƭŜƳŜƴǘŜŘΣ ŀƴŘ ǿƛǘƘ ǿƘŀǘ ǊŜǎǳƭǘΦέ (Schramm, 1971) 

This synopsis ς along with others alluded to already - of case study research closely aligns with the 

requirements of this work. Lǘ ƛǎ ǎƻǳƎƘǘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ŜŦŦŜŎǘƛǾŜƴŜǎǎ όάǿƛǘƘ ǿƘŀǘ ǊŜǎǳƭǘέύΣ ŀƴŘ Ƙƻǿ 

and why it is or is not effective. It is described how case studies can be applied to typical cases (Kumar, 

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

within that application case (Robert K. Yin, 2014). This is what is sought: to apply the solution in typical 

ƛƴǎǘŀƴŎŜǎ ƛƴ ƻǊŘŜǊ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ŀƴŘ άŜȄǘŜƴǎƛǾŜƭȅ ŜȄǇƭƻǊŜέ (Page 123, Kumar, 2014) its idiosyncrasies 

(Burns, 2000) in relation to its probable use cases (Saunders et al., 2019). 

It is well-documented how a case study is likely to require various methods to capture information of 

interest (Saunders et al., 2019) (Robert K. Yin, 2014). Each case study attempts to progress in difficulty 

and consider new aspects during application of the developed solution. A multiple case study 

approach is taken in order to assess whether literal replication (Robert K. Yin, 2014) can be achieved 

in terms of effective solutions being developed, though it is considered that the cases covered in this 
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ǘƘŜǎƛǎ ƘŀǾŜ ōŜŜƴ ǎǇŜŎƛŦƛŎŀƭƭȅ ǎŜƭŜŎǘŜŘ ǎǳŎƘ ǘƘŀǘ ŀƴŀƭȅǎƛǎ ƻŦ άŀ ǇƘŜƴƻƳŜƴƻƴ ŦŜǿ ƘŀǾŜ ŜƴŎƻǳƴǘŜǊŜŘ 

ōŜŦƻǊŜέ (Page 198, Saunders et al., 2019) Ŏŀƴ ŀƭǎƻ ǘŀƪŜ ǇƭŀŎŜ ǘƻ ŘŜǾŜƭƻǇ ŀƴ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ άΧǘƘŜ 

case in ƛǘǎ ǘƻǘŀƭƛǘȅέ (Page 123, Kumar, 2014).  

The use of multiple cases is considered to facilitate answering the general question of whether the 

solution is capable of producing functional solutions, whilst specific application in each case study is 

designed to provide the depth of detail required to understand how it works and how effective it is 

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

Table 1: Overview of the assessment undertaken throughout thesis. 

Assessment Assessment 

Criteria 

Description 

Case Study 1 Qualitative and 

Quantitative 

¶ Assessment of applying the solution to component selection for the 

redesign of actuation solutions in an existing robot arm;  

¶ Simulation of the actuation package developed by this approach to 

component selection; 

¶ Installation and physical testing of the actuation package developed 

by this approach to component selection; 

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

¶ Comparison of performance, cost, mass, etc. of the old design versus 

the new design, and breakdown of effects of the component selection 

approach selected. 

Case Study 2 Qualitative and 

Quantitative 

¶ Using the solution to develop a new actuator; 

¶ Utilising the solution alongside an overarching engineering design 

methodology; and, 

¶ Simulation of the new actuator to gain simulated results of its 

performance. 

Case Study 3 Qualitative and 

Quantitative 

¶ Use of the solution in delivering a solution for industry; and, 

¶ Simulated and physical testing of the design, ensuring that the 

solutions yielded by the solution are viable and effective.  

 

In the studies mentioned in table 1, thorough evaluation will take place by means of applying the 

solution developed across the studies. Capturing data from a variety of sources in these processes will 
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allow evaluation of the in-situ application of the solution. Validation of the outputs of this process will 

take place primarily via simulated and physical testing of the results produced by applying the solution, 

though cross-reference 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 number of studies and ensuring that each corroborates the 

other and by means of conducting several studies in order to ensure that the results corroborate one 

another.  

The initial tasks of the research process are illustrated in figure 3, breaking down how the tasks are 

considered to relate to one another. Solution and Evaluation are highlighted in blue, as they are dealt 

with specifically elsewhere. Chapter 3 covers the solution developed, whilst table 1 has already broken 

down the elements which feed into the case study-based 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 can be considered to be corroborated by these approaches. Description 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 distillation of information from this phase 

ŜƴŀōƭŜǎ άǇǊŜǎŎǊƛǇǘƛƻƴέ of a solution. Evaluation is then enabled by prescription of a developed 

ǎƻƭǳǘƛƻƴΣ ǿƘƛŎƘ ǘƘǊƻǳƎƘ ŜǾŀƭǳŀǘƛƻƴ ŦŀŎƛƭƛǘŀǘŜǎ άŘŜǎŎǊƛǇǘƛƻƴ LLέΦ !ǇǇƭƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ǎƻƭǳǘƛƻƴ ƛƴ ŀ ŘŜǎƛƎƴ 

practice-informed evaluation process (Duffy & Donnell, 1998) then enables documentation of the 

outcomes, where 2a and 2b of (Lucienne T M Blessing & Chakrabarti, 1995) explore the effects of 

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

extensively throughout chapters 5 and 6. 
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Figure 3: Model of processes, highlighting the "front end" of research; i.e. definition of task, etc. These tasks are supported 
by the methodology outlined in this chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Research methodology overview as per Blessing (1995), left. Research methodology as per Duffy (1998), right. 
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2.0. Literature Review of Component Selection Tools and Methods in 

Mechatronic Design 

In the context of component selection in mechatronic engineering, it is important that mechatronics 

design is first understood, and, in particular, how the component selection task is already supported 

within existing mechatronics methodologies. It has already been discussed in the previous chapter 

how a robot can bŜ ŎƻƴǎƛŘŜǊŜŘ ŀ άƴŀǊǊƻǿ ǎǳōǎŜǘέ of mechatronics devices, therefore its actuators can 

be considered as an even narrower subset of mechatronics.  

2.1. Mechatronic Systems Design Methodologies; 

Seminal texts outline heavily utilised approaches and outline the complexity of mechatronic design 

(Gausemeier & Moehringer, 2002b). In 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 the most prominent instances encountered are discussed herein. 

2.1.1. The V-Model 

The V-model is one of the most core models used to assist in aiding mechatronics design challenges. 

Despite originally being published for software applications (Brohl, 1995), ƛǘ ƛǎ ƴƻǘŜŘ ǘƻ ōŜ άƻƴŜ ƻŦ ǘƘŜ 

mƻǎǘ ƛƳǇƻǊǘŀƴǘ ƳƻŘŜƭǎ ŦƻǊ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘŜŎƘƴƛŎŀƭ ǎȅǎǘŜƳǎέ (I. Graessler et al., 2018). 

Resultantly, the VDI 2206 guideline (Gausemeier & Moehringer, 2002b) established a comprehensive 

model for completing mechatronic systems engineering projects (figure 5) and subsequently, various 

interpretations of this V-model have been applied in the subsequent years, with their differences 

delineated in recent publication (I. Graessler et al., 2018), as illustrated in figure 6. New and updated 

V-models have also been proposed to include technical and social developments (Iris Graessler & 

Hentze, 2020) since the publication of the initial guideline; see figure 7. 

 

Figure 5: V-Model from VDI 2206:2004. "Design methodology for mechatronic systems". 
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Figure 6: Comparison of various V-models ς (I. Graessler et al., 2018) 

 

 

 

Figure 7: The New V-Model. 
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Figures 5 and 7 are considered to demonstrate evolution of the V-model, whilst figure 6 helps to draw 

attention to some of the nuanced differences between iterations of these distinct model variants. Of 

particular interest, row 8 of figure 6 draws attention to the difficulty in following these processes due 

to issues with clarity. Coupled with the vague reference to component selection, this cumulatively 

suggests merit in exploration of whether clearer and more specified guidance can be offered to 

support component selection from other methodologies. 

Further instances of the V-model have been interrogated for specific applications (see appendix A.1.), 

such as: 5Ω!ǎǎŀǳƭǘ {ȅǎǘŜƳǎ wC[t-augmented V-model (Mlambo et al., 2018) and frameworks where 

the V-model is used as a means increase interdisciplinary design (Kernschmidt et al., 2018). Others are 

also encountered. Crucially in the context of this work, many refer to the component selection task in 

some form, whilst extremely limited discourse on implementing this task is offered. This is something 

noted across engineering design methodologies, not only those targeted towards mechatronic design 

(Gerhard Pahl et al., 2006) (S. Pugh, 1990). Acknowledgement 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 this process despite its acknowledgement. Throughout mechatronic design literature, 

component selection is noted as a key activity, but no support in this activity is enabled through use 

of the V-Model in any of its incarnations. 

2.1.2. Other Mechatronics Methodologies 

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 thorough methodologies encountered in literature. Broadly, it follows many of the overall 

high-level steps that the V-model does, but there are particular elements of the methodology which 

are of significance to the component selection task. 

With reference to figure 8, step 8 is noted to be of particular relevance, ƴŀƳŜǎ άŎƻƳǇƻƴŜƴǘǎ Řŀǘŀ 

ƎŀǘƘŜǊƛƴƎ ŀƴŘ ǇǊƻŎŜǎǎƛƴƎέΣ ǘƘƛǎ is loosely construed as component selection: 

ά¢ƘŜ ƻōƧŜŎǘƛǾŜ ƻŦ ǘƘƛǎ ǎǘŜǇ ƻŦ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ƛǎ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴǎ ƻŦ ǊŜƭƛŀōƛƭƛǘȅ 

(lifetime distributions) associated with the components and then gather, and process the data 

ƛƴ ƻǊŘŜǊ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜƛǊ ǇŀǊŀƳŜǘŜǊǎ ǾŀƭǳŜǎέ (Page 243, Habchi & Barthod, 2016). 

The emphasis of this methodology is on the context of reliability; however, this statement is inferred 

to require that suitable components are first interrogated before their reliability and other parameters 

can be assessed, which requires a selection process. The argument can be made that without an 

effective support to assist this selection activity, the subsequent assessment of reliability can be 
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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 adopt an ad hoc approach to the task, as is often 

the case.  

 

Figure 8: Habchi's 10-ǎǘŜǇ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ άŀƴŀƭȅǎƛǎ ŀƴŘ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǊŜƭƛŀōƛƭƛǘȅ ŘǳǊƛƴƎ ǘƘŜ ŘŜǎƛƎƴ ǇƘŀǎŜ ƻŦ ŀ 
ƳŜŎƘŀǘǊƻƴƛŎ ǎȅǎǘŜƳέ (Habchi & Barthod, 2016). 



18 
 

The inclusion of the qualitative and quantitative spectrum at the base of the methodology is also 

considered to be a critical insight, especially when considered in the context of existing approaches. 

From experience, it is noted that many selection strategies mention and support review of 

quantitative 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 information as well as 

quantitative parameters, as per figure 8. 

2.1.2.2. The Mechatronic Design Process Model 

Shown in figure 9 is the Mechatronic Design Process Model, as suggested by (Zante & Yan, 2010). It is 

noted to support a development ōŀǎŜŘ ƻƴ CǊŜƴŎƘΩǎ ƳƻŘŜƭΣ ǿƛǘƘ ŜƴƘŀƴŎŜƳŜƴǘǎ ƛƴŎƭǳŘŜŘ ǿƘƛŎƘ ǊŜƭȅ 

upon concurrent engineering and mechatronic life-cycle principles 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 completed, 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.   

 

Figure 9: Zante's Mechatronics Design Process Model. 
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As noted during discussion of the V-Model, 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 process to consider 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 figure 9Ωǎ ƭŜƎŜƴŘΣ ƛǘ Ŏŀƴ ōŜ ǎŜŜƴ ǘƘŀǘ ǘƘŜ άŎƻƳǇƻƴŜƴǘ ƳŀǘŎƘƛƴƎκǎƛȊƛƴƎέ ŀŎǘƛǾƛǘȅ ƛǎ 

ǎǳōƧŜŎǘ ǘƻ άŀŎǘƛǾƛǘȅ ŘŜŎƻƳǇǊŜǎǎƛƻƴέΣ ŀǎ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ŀǳǘƘƻǊǎ ƻŦ ǘƘƛǎ ŀǊǘƛŎƭŜΦ In the article, this idea is 

not found to have been expanded upon beyond its mention in this ŦƛƎǳǊŜΩǎ legend, requiring some 

inference from the reader. The task is inferred to involve moving this task to another stage in the 

design process. Presumably, this is considered to enable the user to focus more clearly on other tasks 

in the embodiment design activity. 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. Furthermore, without a clear understanding 

of component performance available it is conceivable that by addressing this selection activity late in 

the design phase, issues may be encountered in even realising the solution as a result of absence of 

suitable components.  

[ŀŎƪ ƻŦ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ŀǎǇŜŎǘǎ Ƴŀȅ ƻǾŜǊƭƻƻƪ ƛǎǎǳŜǎ ǇŜǊǘŀƛƴƛƴƎ ǘƻ ŎƻƳǇƻƴŜƴǘ ǎŜƭŜŎǘƛƻƴΩǎ 

relationship with other elements of the design task or with other components to be selected. Such an 

issue may introduce need to consider the effects of changes in design at latter stages and the issues 

involved in this (Siddiqi et al., 2011).  

2.1.2.3. TiV Model 

A similar approach is noted to have been recommended in the TiV Model (Melville, 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.  

It is discǳǎǎŜŘ Ƙƻǿ ŎƻƳǇƻƴŜƴǘ ŘŜǎƛƎƴ ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ǘƘŜ άŜǾŀƭǳŀǘƛǾŜέ ǎǘŀƎŜ ƻŦ ǘƘŜ 

ƳŜŎƘŀǘǊƻƴƛŎ ŘŜǎƛƎƴ ǇǊƻŎŜǎǎΣ ǿƘƛƭǎǘ ǘƘŜ άǇǊƻŘǳŎǘƛǾŜέ ǎǘŀƎŜ ƛǎ ǎƘƻǿƴ ǘƻ ōŜ ǿƘŜǊŜ ŎƻƳǇƻƴŜƴǘ 

databases are interrogated. As in previously discussed works, the necessity to consider component 

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 per figure 10, that the component database interrogation task is only 

considered at the production level. Something similar is proposed by Zante (2010). As argued in 

ǊŜǎǇƻƴǎŜ ǘƻ ½ŀƴǘŜΩǎ ƳƻŘŜƭΣ ƛǘ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ŀǘ ǘƘƛǎ ǎǘŀƎŜ ƴŜƎƭŜŎǘǎ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ 
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to be responsive and amend the design with respect to findings from the component selection tasks 

alongside the overall design task; if the right component is not available late in the design process, 

compromises will have to be made. Doing so later in the task introduces risk and will necessitate a 

greater array of changes being made, which may become more difficult to amend at this point in the 

task as it is well-documented how changes later in the design phase can be costly (Siddiqi et al., 2011).  

¦ƴƭƛƪŜ Ƴŀƴȅ ƻŦ ǘƘŜ ƻǘƘŜǊ ƳŜǘƘƻŘƻƭƻƎƛŜǎ ŎƻǾŜǊŜŘ ǘƘǳǎ ŦŀǊΣ aŜƭǾƛƭƭŜΩǎ ǎǘŀƴŎŜ ǘƻ ŎƻƴǎƛŘŜǊ /h¢{ 

ŎƻƳǇƻƴŜƴǘǎ ŀǘ ǘƘŜ άǉǳŀƴǘƛǘŀǘƛǾŜέ ǎǘŀƎŜ ƛǎ ǇƻǎƛǘƛǾŜΦ IƛƎƘƭƛƎƘǘ ƻŦ ǘƘƛǎ ǎǇŜŎƛŦƛŎŀƭƭȅ Ǌŀises consideration 

earlier in the design phase, allowing it to be ensured that consideration of available components are 

considered earlier than the production stage. This is not communicated in the overall TiV model in 

figure 10, but in a separate definitions illustration, as referenced in figure 11.  

 

Figure 10: TiV Model (Melville, 2014). 
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Figure 11: Definitions from TiV model phases. Highlight added. 

2.1.2.4. Hierarchical Model 

A hierarchical methodology for undertaking mechatronics design tasks is also noted to be proposed in 

literature, as illustrated in figure 12, below.  

 

Figure 12: Hehenberger - hierarchical approach. 

As with other discussed works, credence is again given to the need for selection of standard 

components in this paper: 

ά¢ƘŜ ǇǊƻŎŜǎǎ ƻŦ ŘŜŬƴƛƴƎ ƘƛŜǊŀǊŎƘƛŎŀƭ ƭŜǾŜƭǎ Ƴǳǎǘ ōŜ ǊŜǇŜŀǘŜŘ ǳƴǘƛƭ ŜƭŜƳŜƴǘŀǊȅ Cwǎ [functional 

requirements] (e.g. proven solutions, standard components) with their associated, well known 

DPs [design parameters] ŀǊŜ ŀŎƘƛŜǾŜŘΦέ Italics added for clarification. (P. Hehenberger et al., 

2010) 
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Specific guidance on approaching interrogation of qualitative and quantitative information 

surrounding component performance is again not supplied, and guidance on decision-making to aid 

completion of this process is also notabley absent.   

2.1.2.5. Others 

As with many other instances discussed in this section, other methodologies for completing 

mechatronics design tasks have been encountered which acknowledge the importance of the task of 

selecting components without providing specific instruction as to how best to approach such tasks. 

Other instances include proposed systematic guideline steps (Salem, 2014), step-wise guidance which 

augments the V-model ό±ŀǎƛŏ ϧ [ŀȊŀǊŜǾƛŏΣ нллуύ, and multidisciplinary interface models (Zheng et al., 

2017), figure 13, which are seen to refer to component selection in guiding the overall mechatronic 

design process, but without specific allusion to how particular aspects of such a task should be 

undertaken.  

 

Figure 13: Hierarchical and V-model hybrid methodology (Zheng et al., 2017). 

Some niche design strategies have been encountered for design of very particular systems (Cianchetti 

et al., 2009), with evidence of their application (Laschi et al., 2009). As in other instances covered in 

this section, specific guidance on selection of components is not supplied, but the significance of the 

process is noted. Others robotic and machine design methodologies have been encountered, including 

user-centred approaches specific to design for human-machine interaction (Coelho et al., 2008), found 

to be lacking in technical definition for approaching tasks. Other methods encountered also tended to 

focus on collaboration (Mcharek et al., 2019), simulation-based mechatronic design (Dohr & 

Vielhaber, 2014), or process optimisation (Marconnet et al., 2017) augmenting the V-model.  
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2.1.3. Summary of Models, 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: they are virtually all found to mention 

specifically the need to complete the component selection task and highlight that databases should 

be interrogated in doing so; however, no specific guidance to support selection, the type of 

information to be sought, or methods leveraged to 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 than the solution proposed would seek to achieve. Mechatronics 

design methodologies 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 system. The solution proposed would facilitate 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 not support the activity well. It is therefore required that existence and applicability 

of approaches specific to component selection are also reviewed, to develop clear understanding of 

existing approaches.  

2.2. Selection and Decision-making in Engineering Design 

Clear understanding of the activities undertaken in selection should be considered as part of 

development of a selection solution. A significant body of seminal work in this areas has previously 

been published, which has allowed clear understanding to be developed.   

Engineering design tasks are undertaken by engineering designers (Gerhard Pahl et al., 2006). The 

design task can be undertaken by various types of engineers; a mechanical engineer designing a 

mechanical system is still an engineer conducting a design activity. In these applications, engineering 

designers (regardless of their discipline) ŀǊŜ ƴƻǘŜŘ ǘƻ ōŜ ƛƴǘŜǊŜǎǘŜŘ ƛƴ άǿƘŀǘ ƛǘ ŘƻŜǎέ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ 

components, with little regard for how the component functions (Harmer et al., 1998). 

There is consensus surrounding some of the critical steps to take in a selection activity. There are 

several works citing reliance on a design specification as a critical starting point (Hughes, 2013b) 

(Egbuna & Basson, 2009), enabling translation of this information into functions required of the 

system being developed and attributes required of solutions (Harmer et al., 1998). Others support a 

similar approach, though in a more case specific manner (Weaver & Ashby, 1996), though the intent 

to define objectives and parameters to be met is still clearly evident. This starting point is supported 
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in well-established selection processes from other fields, including materials selection (Ashby, 2005) 

and selection of manufacturing processes (Shercli & Lovatt, 2001).  

!ŦǘŜǊ ǘƘƛǎ ƛƴƛǘƛŀƭ ŘŜŦƛƴƛǘƛƻƴ ƻŦ ǊŜǉǳƛǊŜƳŜƴǘǎΣ ƛǘ ƛǎ ŀǊƎǳŜŘ ǘƘŀǘ άǎǳŎŎŜǎǎŦǳƭ ǎŜƭŜŎǘƛƻƴ ƻŦ ŜƴƎƛƴŜŜǊƛƴƎ 

ŜƴǘƛǘƛŜǎ ƛƴǾƻƭǾŜǎ ǘǿƻ Ƴŀƛƴ ǎǘŜǇǎΥ ǎŎǊŜŜƴƛƴƎ ŀƴŘ ǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴέ (Cebon & Ashby, 1997); this 

is illustrated in figure 14. Within these two main steps, there exists a sequential operation of 

interrogating information, making comparisons, and a selection decision being made. Fundamentally, 

as described by Cebon, the screening process facilitates reduction of the range of items under 

ŎƻƴǎƛŘŜǊŀǘƛƻƴΣ ǿƘƛƭǎǘ ǘƘŜ άǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴέ ǎǘŜǇ ǎǳǇǇƻǊǘǎ ŦǳǊǘƘŜǊ ƛƴǘŜǊǊƻƎŀǘƛƻƴ ƻŦ specific 

information such than an individual instance can be selected; i.e. a specific material grade or a specific 

ƳƻǘƻǊ ƳƻŘŜƭΦ CǳǊǘƘŜǊΣ ƛǘ ƛǎ ŀǎǎŜǊǘŜŘ ǘƘŀǘ άǘƘŜ ǎŎǊŜŜƴƛƴƎ ŀƴŘ ǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴ ǎǘŜǇǎ ŀǊŜ 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƻŦ ŀƭƭ ŜƴƎƛƴŜŜǊƛƴƎ ǎŜƭŜŎǘƛƻƴ ŀŎǘƛǾƛǘƛŜǎέ (Cebon & Ashby, 1997). The subsequent success 

of future work (Ashby, 2005) and 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 depending on the specific nature of the task (Cebon & Ashby, 1997), something which 

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

acknowledge the significance of άǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴέ όǎǳŎƘ ŀǎ άmanufacturersΩ databasesέ (Zante 

& Yan, 2010) (Melville, 2014)), but their relevance to the screening process and supporting through 

this process is not acknowledged. As argued in section 2.1.3., this suggests that the significance of the 

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

 

Figure 14: Two main steps of a selection activity (Cebon & Ashby, 1997). 

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

deals with exact challenges at this stage in a selection process have not been able to be located during 



25 
 

review. During the screening process, databases are remarked to require interrogation, but for the 

task to be effective these databases must be comprehensive, complete, and universal; succinctly, 

ά{ŎǊŜŜƴƛƴƎ ƛǎ ǇŜrformed by linking the technical and economic requirements of the design with the 

ŀǘǘǊƛōǳǘŜ ǇǊƻŦƛƭŜǎ ǎǘƻǊŜŘ ƛƴ ǘƘŜ ǎŎǊŜŜƴƛƴƎ ŘŀǘŀōŀǎŜόǎύέ (Cebon & Ashby, 1997). Completion of the 

screening phase, should provide engineers with an output of shortlist of candidate solutions, which is 

ǊƛǇŜ ŦƻǊ ƛƴǘŜǊǊƻƎŀǘƛƻƴ ƻŦ άǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴέ ƴŜŎŜǎǎŀǊȅ ǘƻ ƳŀƪŜ ŀƴ ƛƴŦƻǊƳŜŘ ŘŜŎƛǎƛƻƴ ŀǎ ǘƻ ŀ 

specific instance which should be utilised. /Ŝōƻƴ ŀƴŘ !ǎƘōȅΩǎ ǇŀǇŜǊ ŎǳƭƳƛƴŀǘŜǎ ǿƛǘƘ ŀ ŎƭŜŀǊ ŀǎǎŜǊǘƛƻƴ 

of what is required of databases interrogated for the purpose of enabling any selection activity. This 

is illustrated in figure 15. This gives overview of the information required to interrogate 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 literature.  

 

Figure 15: 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 between 

decision-making 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, 

ŦƻƭƭƻǿŜŘ ōȅ άǎŎǊŜŜƴƛƴƎέ ŀƴŘ άǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴέ phases (Cebon & Ashby, 1997). It is considered 

that these phases constitute what is involved in selection. Decision-making is observed to be an action 

which takes place ς often many, many times ς during selection, with selection comprised of two 
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άǇƘŀǎŜǎέ. From review, it is understood that decision-making in selection tasks is widely accomplished 

by providing the engineer with all the relevant information, and then by allowing them to use their 

expertise and training to make the decision.  

Selection activities in engineering design are evident throughout any project, from definition of a 

methodology to guide the activity through to selection of concept-generation techniques, selection of 

a best solution, selection of materials, etc. In component selection, and with reference to the V-model, 

provided below in figure 16 (Kernschmidt et al., 2018), it can be seen that standardised component 

selection is considered to be undertaken around the nadir of the overall mechatronic design process, 

where the input requirements from standardised components are specifically highlighted. This task 

being undertaken at this stage is corroborated across various iterations of the V-model, and at similar 

stages across other mechatronics design methodologies, as discussed earlier in section 2.1. 

 

Figure 16: V-model from Kernschmidt (2018). 

The particular significance of component selection tasks with respect to where in the design task they 

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

in concept and embodiment-level tasks there are specific steps of which selection activities (such as 

component selection) can be considered critical elements. An observation made by this researcher is 

ǘƘŀǘΣ ƛƴ ƭƛƴŜ ǿƛǘƘ tŀƘƭ ŀƴŘ .ŜƛǘȊΩǎ ǾƛŜǿΣ ǎŜƭŜŎǘƛƻƴ ǘŀǎƪǎ ƻŦ ǘƘƛǎ ƴŀǘǳǊŜ ŀǊŜ ƴƻǘ the milestones they are 

represented as in many instances from section 2.1Φ {ŜƭŜŎǘƛƻƴ ǘŀǎƪǎ ŜǾƻƭǾŜ ǿƛǘƘ ǘƘŜ ǎȅǎǘŜƳΩǎ ŘŜǎƛƎƴ 

changes, and most selection tasks, be it for materials, a manufacturing process, or components, should 

be considered concurrently with other design tasks undertaken throughout the process.   
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Selection and decision-making are commonly encountered in any engineering design activity or 

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 impacts on performance, monetarily (Siddiqi et al., 2011) 

and in project delivery times. 

2.3. Review Focus 

This primary interest of this thesis is component selection in the development of mechatronic 

actuators to be used in robot arms. So far, review has been taking place to ascertain the significance 

of component selection in mechatronic design and to establish a 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 particular information 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 conducted in sections 2.1. and 2.2. Almost all literature endorse 

a step-wise 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 the specific relevant literature, such that clear needs and opportunities are able to 

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

On the subject of taxonomy, 2 publications within the engineering design context endorse the need 

for clarification of categorisations as a means to understand technical systems (Gerhard Pahl et al., 

2006) (Hubka, 1988), whilst an important paper on the topic of selection cites taxonomy as being 

crucial to the selection activity (Cebon & Ashby, 1997). It is therefore critical than some exploration of 

this topic takes place in more detail. The need to interrogate or utilise quantitative information is 

specifically noted (Habchi & Barthod, 2016), whilst review of qualitative information in selection is 

note noted to be reviewed. There is, therefore, value in further exploration of both these topics.  

In review of some mechatronics design methodologies (Melville et al., 2015) (Zante & Yan, 2010), an 

issue was highlighted about potentially anachronistically approaching the selection task. This raised 

questions about the component selection activity as it relates to the overall system design, and as to 

how one component being selected affects 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 assessed before, 

particularly in the context of how selection of a component 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 decision-making, such 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 actuators 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 of where the remainder of the review efforts should be targeted. This has been 

based on themes identified from initial exploratory literature review, as covered in sections 2.1. and 

2.2., whilst the recommendations from figure 15 have also clarified the need to provide a strong 

database and means to interrogating this information. The remainder of review will focus on the 

following key areas: 

¶ Existing formal processes (methodologies, frameworks, strategies, process flows, etc.) used 

to guide the process of completing a component selection task; 

¶ Review of existing formal processes (methodologies, frameworks, strategies, process flows, 

etc.) used to guide the process of actuator design; 

¶ Taxonomy and categorisation of component and actuator information, particularly that 

which is pertinent to the scope of this research; 

¶ Review of how quantitative and qualitative information is currently interrogated by 

engineers; 

¶ /ƻƳǇƻƴŜƴǘ ǎŜƭŜŎǘƛƻƴΩǎ ŜŦŦŜŎǘ ƻƴ ǎȅǎǘŜƳ ŘŜǎƛƎƴ ŀƴŘ ƻƴ ǘƘŜ ǎŜƭŜŎǘƛƻƴ ƻŦ ƻǘƘŜǊ ŎƻƳǇƻƴŜƴǘǎΤ 

and, 

¶ Review of whether formalised decision-making processes are leveraged in the process of 

component selection to assist engineers in making decisions. 

Figure 17 illustrates how these focus points have been arrived at by cross-referencing their overlap 

with key literature covered in section 2.1. and 2.2. This figure illustrates the themes which have 

emerged as 6 column headings, and clarifies how key texts overlap with these themes. Strong 

relationships is where literature directly suggests the need to consider the column heading in the 

context of component selection or selection in a more general sense, moderate relationships suggest 

utility or have applied content from the relevant heading in another field/application, whilst weak 

relationships mention content relevant to the column heading with little/no further exploration.  
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2.4. Categorisation and Taxonomy in Component Selection 

Hubka has previously raised concerns about the lack of systematic knowledge in engineering in 

general: 

άLǘ ƛǎ ǎƻƳŜǿƘŀǘ ǎǳǊǇǊƛǎƛƴƎ Ƙƻǿ ƭƛǘǘƭŜ ǎȅǎǘŜƳŀǘƛŎ ƪƴƻǿƭŜŘƎŜ ŜȄƛǎǘǎ ŀōƻǳǘ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘŜŎƘƴƛŎŀƭ 

ƻōƧŜŎǘǎ ǎǳŎƘ ŀǎ ǘƻƻƭǎΣ ŀǇǇƭƛŀƴŎŜǎΣ ƳŀŎƘƛƴŜǎΣ ŜǘŎΦέ (Hubka, 1988) 

It has also been highlighted how in selection tasks hierarchical taxonomy (see figure 15) is an 

important consideration (Cebon & Ashby, 1997). This 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 

greater confidence in solutions produced (Hubka, 1988). These foundations support the need to 

review in 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 categories which were both logical and in 

keeping with formal consensus would be a great asset to that prospective solution. It had been 

Figure 17: Significance of literature on selection of engineering entities to selection of components. Legend denotes strength of relevance 
to component selection solution. 
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envisaged that a hierarchical taxonomy would be a sensible way to achieve this, something found to 

be corroborated in seminal literature (Cebon & Ashby, 1997). Review of existing categorisations 

directly relevant to component selection further supported this (Poole & Booker, 2011). Other 

research also made similar allusions (Zupan et al., 2002) (Siang Kok Sim & Yiu Wing Chan, 1991) (Cheng 

& Rowe, 1995), though without the detail provided by Poole et al. (2011).  

Categorisation review has been conducted across a range of subject matter, from robotics taxonomies 

through to actuation and component taxonomies. Review of this content enabled clarification of the 

existing categorisation which previously existed relative to component types available, though little 

was added in terms of published developments pertinent to this work aside from that found in core 

mechanical design tests (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 actuator being 

developed or failure to keep taxonomies up to date with latest technologies available. In light of 

ƭƛǘŜǊŀǘǳǊŜΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴ ƻŦ ƘƛŜǊŀǊŎƘƛŎŀƭ ǘŀȄƻƴƻƳƛŜǎΣ ǘƘƛǎ Ƙŀǎ ŦƻǳƴŘ ǘƻ ōŜ ǎƻƳŜǘƘƛƴƎ ǿƘƛŎƘ ƛǎ 

absent from literature in a meaningful way that would support component selection and definitely 

not represented in a comprehensive (Cebon & Ashby, 1997) fashion. Ontologies have also been 

reviewed in the interests of rigour, as they can be considered rule-based taxonomies (Nilsson et al., 

2009) (Chandrasekaran et al., 1999); however, limited benefit has been gained from 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, 2013b) (Bhatia, 2014) (Zeraoulia et al., 2010) (Esen et al., 2016); however, it is noted 

that none support selection with respect to other sub-systems of components. These operations are 

generally useful in outlining key considerations in terms of the need to account for speed, torque, 

intermittent torque, power requirements, inertia-matching, 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 elements of selection (Meoni & Carricato, 2018). 

2.5.1. Component Selection Frameworks and Methodologies; 

There are a limited range of component selection guidelines found in literature, including very high-

level processes ŘŜǊƛǾŜŘ ŦǊƻƳ !ǎƘōȅΩǎ ŀǇǇǊƻŀŎƘ ǘƻ ƳŀǘŜǊƛŀƭǎ ǎŜƭŜŎǘƛƻƴ (Harmer et al., 1998) with 

greater focus on novel elements of a graphical representation tool developed. Carlson (1996) has also 

created a high-level guideline set, where specific guidance is considered to be absent. High-level 

approaches have been developed by government publications for parameter optimisation (McCoy, 

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

component selection (Culley & Webber, 1992a)., with one instance proposing both a high-level 
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solution and showing how that can be extended to greater degrees of granularity (Vogwell & Culley, 

1991). Others have went to greater detail, but lack specifics in terms of tools to use and operations to 

employ (Agarwal et al., 2007) or focus on optimisation of specific parameters (Akhtaruzzaman et al., 

2011). Several of these instances are provided in appendix A.2. 

Perhaps the most detailed guidance is provided is a method based on historical data used to make 

estimates (Cuttino et al., 2010), which make it somewhat idiosyncratic in terms of more ubiquitous 

component selection; figure 18 ǇǊƻǾƛŘŜǎ ŀƴ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ άŀŎǘǳŀǘƻǊ ǎŜƭŜŎǘƛƻƴ ƳŜǘƘƻŘέ ŘŜǾŜƭƻǇŜŘ 

in this work. Notably, this approach leans of similar themes identified as being of interest, in section 

2.3. The significance of requirements at the outset, ǘƘŜ ƴŜŜŘ ŦƻǊ άǊŜǉǳƛǊŜƳŜƴǘǎ ǿŜƛƎƘǘƛƴƎέΣ ǘƘŜ 

significance of governing equations and actuator data for manufacturers, etc. are all accounted for.  

Absence of structured processes in technical system design are commented as an issue generally 

(Hubka, 1988) (Gerhard Pahl et al., 2006), and it is considered that there is also an absence of 

supporting processes in component selection. 

 

 

Figure 18Υ ά!ŎǘǳŀǘƻǊ ǎŜƭŜŎǘƛƻƴ ƳŜǘƘƻŘέ (Cuttino et al., 2010). 

Similar problems with component selection are noted in other industries, particularly for software 

component selection (Ernst et al., 2019) (Lin & Zhang, 2006) (Fahmi & Choi, 2009) (Calvert et al., 2011) 

(Baker et al., 2006) (Silvander, 2018) (Hamza-Lup et al., 2008), with frameworks and strategies 
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proposed to assist in these instances (Konys, 2015). Review have been extended to these instances as 

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

2.5.1.1. Selection Strategies Employed for other Engineering Entities; 

The main approach encountered in materials selection employs graphs to represent material 

performance across a range of criteria (Ashby, 1992)Φ !ǎƘōȅΩǎ ŀǇǇǊƻŀŎƘ ǘƻ ƳŀǘŜǊƛŀƭǎ ǎŜƭŜŎǘƛƻƴ ƛǎ 

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

Selector; CES). The method works by representing material performance criteria on an X-Y plot, 

facilitating intuitive comparison.  

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

insofar as the idea is utilised as a successful piece of software to this day. Additionally, many core 

ƳŜŎƘŀƴƛŎŀƭ ŘŜǎƛƎƴ ǘŜȄǘōƻƻƪΩǎ ŘŜŦŜǊ to or heavily reference !ǎƘōȅΩǎ ǿƻǊƪ (Shigley, 2017) (Collins et al., 

2010) (Childs, 2003). The most critical part of this approach is arguably the selection charts leveraged. 

These are discussed in specific detail in section 2.5.2.  

2.5.2. Component Selection Tools and Methods  

From section 2.1.2.1., both qualitative and quantitative information on component selection should 

be of significance a component selection solution. This has been reflected in the research focus 

detailed in section 2.3. 

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 with commercially well-established 

solutions. Discussion of novel, less well-developed solutions will be 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 

manufacturers provide their own platforms for selection of motors, one of the most comprehensive 

of which is that of Oriental Motors, see figure 19. This platform allows user to configure the system, 

specifying loads, materials, and geometries, etc. and facilitates auto-calculation of the motor 

ǇŀǊŀƳŜǘŜǊǎ ƴŜŜŘŜŘΦ ¢Ƙƛǎ ŜȄǘŜƴŘǎ ƻƴƭȅ ǘƻ haΩǎ ƳƻǘƻǊǎ ŀƴŘ ŘƻŜǎƴΩǘ ŎƻƴǎƛŘŜǊ ƻǘƘŜǊ ŎƻƳǇƻƴŜƴǘ ǘȅǇŜǎΣ 

which clearly excludes a large range of solutions. Other similar systems are available (Hampshire, 

2020)Σ ŀƎŀƛƴ ǎǇŜŎƛŦƛŎ ǘƻ h9aΩǎ ƘŀǊŘǿŀǊŜΣ ƴƻǘ ŜȄǘŜƴŘƛƴƎ ǘƻ ŀƭƭ ŎƻƳǇƻƴŜƴǘ ǘȅǇŜǎΦ ¢ƘŜ ǳǘƛƭity of these 

systems is not disputed, but they are limited in their extension which is an issue well-documented in 

literature (Vogwell & Culley, 1991) (Vogwell, 1990). 
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Other solutions are provided, which 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 

ƻŦǘŜƴ ŎǳƳōŜǊǎƻƳŜ ŀƴŘ ǎƛƴŎŜ ǘƘŜ ǊŀƴƎŜ ƻŦ ƻǇǘƛƻƴǎ ƛƴ aŀȄƻƴΩǎ ŘǊƻǇ Řƻǿƴ ƳŜƴǳ ƛǎ ƭƛƳƛǘŜŘ ŀǘ ǇǊŜ-

determined intervals, the utility is also hampered; see figures 20 and 21. This also only considers 

Maxon Motors products, an issue outlined as a problem several times already. RS Components 

ƻǇŜǊŀǘŜǎ ŀǎ ŀ ŦŀƛǊƭȅ ǘȅǇƛŎŀƭ ŜȄŀƳǇƭŜ ƻŦ ŀ ǎǳǇǇƭƛŜǊΩǎ ǿŜōǎƛǘŜΣ ǿƛǘh drop-down menus utilised for 

selection of components, see figure 22. Due 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 conversion of 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 noted as a problem in current 

tools, an issue documented extensively previously (Harmer et al., 1998) (Vogwell & Culley, 1991) and 

raised as a particular issue to be avoided in selection tasks (Cebon & Ashby, 1997). 

 

Figure 19: Overview of use of Oriental Motors software, which allows input of qualitative information on performance 
required from motor. 

!ŎǊƻǎǎ ŀƭƭ ǇƭŀǘŦƻǊƳǎΣ ǎŜŀǊŎƘ ǊŜǎǳƭǘǎ ŀǊŜ ŀƭǿŀȅǎ ǇǊƻǾƛŘŜŘ ƛƴ ŀ άŎŀǘŀƭƻƎǳŜŘέ ŦƻǊƳŀǘΣ ŀǎ in figures 21 and 

22. This is something which has previously been remarked previously (Vogwell & Culley, 1989) as a 

potential impedance to effectively relaying information. For example, figure 21 is a refined list of 

ƻǇǘƛƻƴǎ ŦƻǊ ŀ ƎƛǾŜƴ ǘŀǎƪΣ ōǳǘ ǘƘŜǊŜΩǎ ǎǘƛƭƭ ƎǊŜŀǘ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǇƻǘŜƴǘƛŀƭ ǎƻƭǳǘƛƻƴǎ ς and this is for only one 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻŘǳŎǘǎΦ ¢Ƙƛǎ ƛǎǎǳŜ ƛǎ ŦǳǊǘƘŜǊ ŜƳǇƘŀǎƛǎŜŘ ǿƘŜƴ ŘŜŀƭƛƴƎ ǿƛǘƘ ǳƴƛǘ ŎƻƴǾŜǊǎƛƻƴ 

requirements and user interfaces which 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 have been encountered which are somewhat 



34 
 

helpful (Power_Jacks, 2020). Bearing selection is also littered with similar problems. For example, SKF 

provide a calculator, as shown in figure 23. This is helpful in setting up the situation it will be used in 

(similar principle to the Oriental Motors selector, figure 19); however, as all solutions are SKF products 

ƛǘ ŀƎŀƛƴ ŘƻŜǎƴΩǘ ǇǊŜǎŜƴǘ ŀƭƭ ƻǇǘƛƻƴǎ ŀǾŀƛƭŀōƭŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜǊŜ ƛǎ ŀ ǊŜŀǎƻƴŀōƭŜ ŀƳƻǳƴǘ ƻŦ ŀǎǎǳƳŜŘ 

knowledge: one of the first steps is to define the type of bearing required, and without expertise in 

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

odd place to begin. Even experienced engineers are unsure of best use of self-aligning versus angular 

contact bearings, so less-experience engineers may struggle greatly without better guidance. A main 

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

 

Figure 20: Maxon Motors component selection interface. 
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Figure 21: Typical output of search. Broad range of solutions, not easy to cross-compare against other criteria. 

Across all of the component selection interfaces considered, almost all of the same problems 

documented in literature from ~30 years ago (Vogwell & Culley, 1991) are 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 available components. This raises a major issue with the 

comprehensiveness (Cebon & Ashby, 1997) of databases being interrogated, which can be argued to 

invalidate or be hugely detrimental to ǘƘŜ ǎǳōǎŜǉǳŜƴǘ άǎŎǊŜŜƴƛƴƎέ ŀƴŘ άǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴέ ǎǘŜǇǎ 

known to be taken in selection activities. Considering a large volume of components will make 

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

graphical representation.  
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Figure 22: Overview of RS Components interface for component selection. Note missing information (red highlight) and lack 
of consistency in units utilised (blue highlight).  

 

Figure 23: Bearing selection calculator by SKF. 

CǊƻƳ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊΩǎ ŜȄǇŜǊƛŜƴŎŜΣ ǎǳǇǇƭƛŜǊǎ ǘŜƴŘ ǘƻ ƘŀǾŜ ǘƘŜ many issues with interfaces subject to 

the following issues frequently encountered: 

¶ Varied units for one criteria in search results; i.e. Ncm, Oz-in, and Nm. 

¶ ¦ƴƛǘǎ ǳǎŜŘ ŀǊŜ ƴƻǘ ǊŜƭŜǾŀƴǘ ǘƻ ǊŜƎƛƻƴΤ ƛΦŜΦ ǘƻǊǉǳŜ ŀǎ Ψlb-ƛƴΩ ǊŀǘƘŜǊ ǘƘŀƴ ΨbƳΩ. 

¶ {ǳǇǇƭƛŜǊǎ ŘƻƴΩt carry certain component types. 

¶ Suppliers still have a largely incomplete database of the products available on the market; 

they only carry the items they stock. 

¶ Unintuitive and confused interface for selection. 

¶ Changing interfaces from supplier to supplier. 

¶ Absence of datasheets with some components. 

¶ !Ŏǘǳŀƭ ŎƻƳǇƻƴŜƴǘ ǇŜǊŦƻǊƳŀƴŎŜ ŦǊƻƳ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ŘŀǘŀǎƘŜŜǘ Ƙŀǎ ōŜŜƴ ƛƴŎƻǊǊŜŎǘƭȅ 

ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ǎǳǇǇƭƛŜǊΩǎ ŘŀǘŀōŀǎŜΦ Lƴ ǘƘŜǎŜ ƛƴǎǘŀƴŎŜǎΣ ŀƴ ŀƭǊŜŀŘȅ ǎǳō-optimal process for 

component search is destroyed by invalid results, wasting time. 

¶ Other more minor issues. 

The above has been compiled from review of existing approaches and experience. Comparison with 

other, previously published academic literature shows substantial overlap: 

(1) άSystems are manufacturer-specific.  

(2) Systems are product-ǎǇŜŎƛŦƛŎΣ ŜΦƎΦ άōŀǘǘŜǊƛŜǎέ ǊŀǘƘŜǊ ǘƘŀƴ άŜƭŜŎǘǊƛŎŀƭ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎέΦ  

(3) Paper-based methods are tedious and time consuming.  

(4) Computer-ōŀǎŜŘ ƳŜǘƘƻŘǎ Ŏŀƴ ƎƛǾŜ άŀƭƭ ƻǊ ƴƻǘƘƛƴƎέ ǎŜŀǊŎƘ ǊŜǎǳƭǘǎΦ  

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

1998) 

An extremely similar set of points are made by Vogwell (1991), showing evidence of a trend among 

methods used over the last several decades which have been ratified by current observations. On this 

basis, there is a clear requirement for databases which are comprehensive, intuitive to use, and display 

consistent units, etc. Figure 15 previously outlined many of these requirements, whilst the points 

made above supplement these assertions with component selection specific criteria.  

Academic Solutions 

/ƻƳƳŜǊŎƛŀƭ ǎƻƭǳǘƛƻƴǎ ŀǊŜ ŦƻǳƴŘ ǘƻ ǊŜƭȅ ƘŜŀǾƛƭȅ ƻƴ άǘƛŎƪ ōƻȄέ ŀƴŘ άŘǊƻǇ Řƻǿƴέ ǎŜƭŜŎǘƛƻƴ options. 

Within academic literature, there 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 the extremely 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 batteries (Harmer et al., 1998) and linear mechanical actuators 

(Huber et al., 1997a) were trialled using a graphical approach. Figure 24 illustrates examples of these 

instances, where graphs representing battery performance are shown to represent the ranges of 

component performance (only approximately, which introduces inaccuracy) (Harmer et al., 1998), 

whilst Huber has taken the approach of providing only the limits. Absence 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 selection process relies on two different selection methods, 

complicating things.   
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Figure 24: 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 actuators, and to a lesser extent as a means to support interrogation of these graphs for 

selection. This is illustrated in figure 25. This work focuses on criteria 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. 

 

Figure 25: Cuttino's use of graphs for curve fitting to derive relationships. 
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Figure 26: Poole (2011) line representation to performance of linear actuators. 

Another example of graphical approaches being utilised to demonstrate performance capabilities of 

linear actuators is provided by Poole (2011), figure 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 well-represented. Thematically, the 

instances covered so far from literature also seem to overlook going beyond the highest level of 

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 

ǇƘŀǎŜ ƻŦ ŀ ǎŜƭŜŎǘƛƻƴ ǇǊƻŎŜǎǎΤ ƘƻǿŜǾŜǊΣ ǳǇƻƴ ǘƘŜ ƴŜŜŘ ǘƻ ǊŜǾƛŜǿ άǎǳǇǇƻǊǘƛƴƎ ƛƴŦƻǊƳŀǘƛƻƴέ ǘƘŜ ǘƻƻƭ ǘƻ 

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 instances of actuators, across a range of 

several different types of actuator; there are 20 types covered in figure 27, meaning each component 

type only has, on average, 10 instances sampled. Whilst the novelty and idea from Zupan are 

interesting, this also lacks the comprehensiveness earlier outlined (Cebon & Ashby, 1997) as being a 

necessary component of a selection database, and perhaps even to gain a clear understanding of the 

effectiveness of the approachΦ ½ǳǇŀƴΩǎ ǿƻǊƪ ŀƭǎƻ ƛǎ ƻōǎŜǊǾŜŘ ǘƻ ƻǇŜǊŀǘŜ ŀǘ ŀ ǎƛƳƛƭŀǊ ƭŜǾŜƭ ƻŦ ƎǊŀƴǳƭŀǊƛǘȅ 
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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 representing information in a way similar to Zupan 

has demonstrated is an interesting and useful one which shows great promise if developed further 

with a larger sample size, and applied to a larger range of component types.  

 

Figure 27: Zupan (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 real-world design challenges. The study explored 

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

covered previously. An example is provided in figure 28. 

Instances have also been encountered which are less directly relevant to the interrogation of 

component information for selection, but support representation of other processes conducted during 

selection (Hicks et al., 2002). Hicks 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 an early stage. 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 in figure 29. 
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Figure 28: Madden (2005). 

 

Figure 29: Hicks representing cost-prediction information through graphical communication methods. 

It is observed from the most relevant literature in academic publication that part ƻŦ ǘƘŜ άǎŎǊŜŜƴƛƴƎέ 

process in selection is facilitated by proposed approaches, but refinement down to a shortlist or 

selection of a specific instance is not facilitated. It is observed that a steady trend of new work in this 

area across a significant period of time is evident in literature, indicating that many researchers have 

observed this as an opportunity, though it seems it may be one which has never been developed to 

fruition as a solution. Previous publication by this work also demonstrates an openness from the 

research community to accept new work on this idea (Brady & Yan, 2018) (Brady & 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 

ǎŜƭŜŎǘƛƻƴΣ ŀƴŘ ƛǘ ƛǎ ƪƴƻǿƴ ŦǊƻƳ ǘƘŜ ŀǳǘƘƻǊΩǎ ŜȄǇŜǊƛŜƴŎŜ ǘƻ ƘŀǾŜ ōŜŜƴ ŜȄǇƭƻƛǘŜŘ ǘƻ ƎƻƻŘ ŜŦŦŜŎǘ ŀŎǊƻǎǎ 
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engineering. To develop clear knowledge on formal publication, 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 existing literature. 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 have been defined as outlined in table 2, below. 

Table 2: Definition of hierarchy of groupings in materials selection charts with examples. 

Type Description Example 

Family The overall type of entity being assessed Materials 

Class A particular case within the type Metals 

Sub-class A more specific group within the class Aluminium 

Member An individual specific instance Aluminium grade 3310 

 

In addition to the description and examples provided in table 2, figure 30 supplements this description 

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

Figure 30 ŘǊŀǿǎ ǎǇŜŎƛŦƛŎ ŀǘǘŜƴǘƛƻƴ ǘƻ ǘƘŜ άŎƘŜŎƪƛƴƎ ƭƛƳƛǘǎέ ǿƘƛŎƘ Ŏŀƴ ōŜ ƛƴǘŜǊǊƻƎŀǘŜŘ ŦƻǊ ŜŀŎƘ ŦŀƳƛƭȅΣ 

class, sub-class, 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 the X-axis and Y-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.  

 

Figure 30: Established terminology for groupings when representing engineering entities graphically (Page 5, Cebon & Ashby, 
1997) 
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Figure 31: Ashby plot example. 

With reference to figure 31, it can easily be seen how an exhaustive population of available materials 

ƛǎ ŀ ǇƻǿŜǊŦǳƭ ǘƻƻƭ ƛƴ ōǊƛƴƎƛƴƎ ŀƴ ŜƴƎƛƴŜŜǊΩǎ ŀǘǘŜƴǘƛƻƴ ǘƻ ŀ ƭŀǊƎŜ ǊŀƴƎŜ ƻŦ ǇƻǎǎƛōƭŜ ǎƻƭǳǘƛƻƴǎΣ ōǳǘ ŀƭǎƻ ŀǎ 

a means to simultaneously 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 information (Goodman, 1899); however, new uses for this method of conveyance are still 

found in recent publication. 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 information graphically, the information presented in the graphs has 

also created opportunity to display relationships graphically too. Gerber lines present parabolic lines 

based on experimental data, whilst Goodman lines approximate the same relationship in a straight 

line. This is illustrated in figure 32, below.  
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Figure 32: 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. Force-torque graphs present information which shows 

the variation between torque and speed provided by motors, therefore allowing 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 33, where an example is given as provided in a typical commercially available brushless DC 

motor: 

 

Figure 33: 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 

ǳǎŜ ƻŦ ƎǊŀǇƘǎΦ Lǘ ƛǎ ŀƭǎƻ ŀƴŀƭƻƎƻǳǎ ǘƻ !ǎƘōȅΩǎ ŀǇǇǊƻŀŎƘΣ ŀǎ ǘƘŜ ƭƛƳƛǘǎ ƻŦ ǘƘŜ ŜƴǘƛǘȅΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŀǊŜ 

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 thŜǎŜ ŦƻǊ Ƴŀƴȅ ƻŦ ǘƘŜƛǊ ƳƻǘƻǊǎΣ ōǳǘ w{ /ƻƳǇƻƴŜƴǘǎ ǘȅǇƛŎŀƭƭȅ ŘƻƴΩǘ ǇǊƻǾƛŘŜ ǘƘƛǎ 

information for their motors.  

Further exploration of this idea has covered greater depth of graph use in science and engineering. 

This is covered in appendix A.3., where examples and supplementary discussion is provided for 

additional review.  

2.5.3. Formal Decision-making Methods in Component Selection 

Various uses of formal decision-making methods have been reviewed, initially relying on key literature 

reviews (Mela et al., 2012) (Jahan et al., 2011) of existing methods and their applications. TOPSIS is 

understood to allow attainment of best alternative (Lai et al., 1994) (Hwang et al., 1993) to ascertain 

best alternatives using Euclidean from the best/worst solution (Krohling & Pacheco, 2015). Weighted 

least square (Chu et al., 1979) methods were reviewed as a means to enable selection, whilst Analytic 

Hierarchy Process is known to deliver an ordered hierarchy (Saaty, 1990) (Saaty, 2013) and is known 

to have been previously relied upon in materials selection applications (Jahan et al., 2011) and 

machine acquisition (Page 710, Nof, 2009). Modified direct logic has also been applied to materials 

selection (Fayazbakhsh et al., 2009) and may be useful avenue to explore further in any solution to be 

developed based on existing uses (Jahan et al., 2011).  

Review of the methodologies and strategies covered in sections 2.1. ς 2.4. has also taken place relative 

to this point, and it is noted that decision-ƳŀƪƛƴƎ ƛƴ ǎŜƭŜŎǘƛƻƴ ǘŜƴŘǎ ǘƻ ōŜ Ƴƻǎǘƭȅ ƭŜŦǘ ŀǘ ǘƘŜ ŜƴƎƛƴŜŜǊΩǎ 

discretion. It has been discussed in 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 & Ashby, 1997); however, it has not been seen that formalised decision-making 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 processes. This demonstrates 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 instances where component selection approaches are holistic have already been commented 

to lack specificity (Vogwell & Culley, 1991) (Carlson, 1996), as noted in images provided in appendix 

A.2. For instances examining selection of a single component type the process is complicated by the 

need to review varying databases (Harmer 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 different 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 

ǘƻƻΦ Lǘ Ƙŀǎ ōŜŜƴ ǇǊŜǾƛƻǳǎƭȅ ŎƻƳƳŜƴǘŜŘ Ƙƻǿ ŀ άŎƻƳƳƻƴ ǎŜƭŜŎǘƛƻƴ ǇǊƻŎŜŘǳǊŜέ (Vogwell, 1990) is 

desirable, yet this issue appears to still be unaddressed in commercial and academic solutions 

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 selection solutions 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 batteries (Harmer et al., 1998), linear actuators (Zupan et al., 2002) (Poole & Booker, 

2011), or bearings (Siang Kok Sim & Yiu Wing Chan, 1991). Whilst each propose some interesting ideas, 

it is noted that they are often particular to a specific component type, which raises issues 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 respect to 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 which άŦŀŎƛƭƛǘŀǘŜέ ǎŜƭŜŎǘƛƻƴ ŀƭǎƻ Řƻ ƴƻǘ promote selection with 

respect to other components, but merely could be leveraged this way if the engineer so chose. It is 

considered that some solution which supports selection of varying component types, with specific 

reference to other components, and with strong detailed guidance is an opportunity. No comparable 

works have been found in literature, which presents an opportunity illustrated by figure 34. 

 

Figure 34: Descriptions of existing approaches to component selection, in yellow and blue. Opportunity for hybrid solution, 
as highlighted in green. 

2.6. Need for New Component Selection Solutions 

Across this chapter, the significance of component selection as a central activity in mechatronic design 

has been established. Key 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 established at an overall engineering design level, at 

a mechatronic methodology level, and in-detail with review of specific methods, tools, and 

approaches.  

CǊƻƳ ǊŜǾƛŜǿ ƛǘ ƛǎ ŎƭŜŀǊ ǘƘŀǘ ƴƻ άŎƻƳǇǊŜƘŜƴǎƛǾŜέ (Cebon & Ashby, 1997) database exists for component 

selection, whilst tools and support has also been shown to have issues where new solutions are likely 

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

a. Paradigmatic selection ς άǿŜΩǾŜ ŀƭǿŀȅǎ ŘƻƴŜ ƛǘ ǘƘƛǎ ǿŀȅΣ ǎƻ ǿŜΩƭƭ ƪŜŜǇ ŘƻƛƴƎ ƛǘ ǘƘŀǘ ǿŀȅέΤ 

b. .ƛŀǎŜǎ ŦƻǊ ŜƴǘƛǘƛŜǎ ŜƴƎƛƴŜŜǊǎ ŀǊŜ ƳƻǊŜ ŎƻƴŦƛŘŜƴǘ ǳǘƛƭƛǎƛƴƎΣ ǿƘƛŎƘ ŀǊŜƴΩǘ ƴŜŎŜǎǎŀǊƛƭȅ ǘƘŜ ōŜǎǘ 

solution; 

c. Time-consuming process; 

d. Lack of awareness of solutions available due to non-exhaustive databases;  

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

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

These issues are reminiscent of many issues encƻǳƴǘŜǊŜŘ ǘƘǊƻǳƎƘƻǳǘ ŜƴƎƛƴŜŜǊƛƴƎ ŘŜǎƛƎƴΩǎ ƘƛƎƘŜǊ-

level methodologies and frameworks as well (Gerhard Pahl et al., 2006) (S. Pugh, 1990) (French, 1984) 

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

are echoed, along with issues with paradigmatic process adoption, etc. rather than decision-making 

being led by a robust process informed by a rigorous, systematic process. 

These issues have been arrived at following a targeted review, based on review criteria established in 

section 2.3.1. Others have argued extremely 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., 1998) (Culley & Webber, 1992a), something ratified in engineering design 

literature more generally (Gerhard Pahl et al., 2006). Reduction of time lost on processes is clear 

throughout engineering literature (Peter Hehenberger, 2015). 

Component search platforms are noted to be manufacturer-specific (Harmer et al., 1998) (Culley & 

Webber, 1992a). In modern era, suppliers are not exhaustive in their overview of components 

available, only what they stock. Platforms are often product-specific, rather than system specific 

(Harmer et al., 1998), something which resonates in modern systems (Oriental_Motors, 2020) 

(Maxon_Motors, 2020). It has been commented how useful models exist in producing information 

about component requirements (Delbecq et al., 2017), with graphical providence of  applicability 

delineated graphically (Peter Hehenberger, 2012). The absence of a single, standardised format for 

presentation is remarked upon frequently (Harmer et al., 1998) (Culley & Webber, 1992a) and, with 

reference to figures 22 and 23, is evidenced to still be an issue.  
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2.6.1. Specific Gaps in Knowledge 

In line with the arguments made throughout this chapter and summarised in section 2.6. so far, the 

table presented in figure 35 outlines the gaps in knowledge that have been identified. The leftmost 

column lists the first authors of papers considered most 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 significance of each piece of literature to corresponding columns is 

highlighted in each cell by the key outlined in figure 35, which allows clear conveyance of which works 

are most relevant to each column. 

The colouration of each column, meanwhile, draws attention to the broader picture across all 

literature: this is described in table 3. 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 

solutions 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 tasks. Findings from review of various criteria has demonstrated 

that there is also value in developing aids to assist the overall process, as highlighted in figure 35. As 

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

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

Table 3: Key of colour coding and symbols relative to figure 35. 

Extent to which literature is relevant Colour/ 

Symbol 

Strongly 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 maturity   

Instance of literature strongly addresses column heading in actuator 

context 

X 

Instance of literature partially addresses column heading  O 
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Figure 35: Colourised definition of gaps in knowledge. Enlarged example in appendix A.4. for better 

readability. 

2.6.2. Design Specification as an Outcome of Literature Review 

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 to identify issues which exist, both through those 

explicitly outlined by other research and also through implicit understanding developed from issues 

or absent solutions noted in review of existing literature as a whole.  

A specification of key requirements considered crucial to the success of any solution assisting the 

process of component selection in actuator design has been developed, as shown in table 4. The 

requirements developed have been able to be specified through review of current state of the art in 

terms of existing technologies, methods, and strategies applied in the research area of interest, and 

also through overlap with literature outlined in figure 35. 

A substantial body of literature has been found in this area of research, in addition to a range of 

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 too high-level, as per sections 2.1. 

and 2.5.1., in particular. In addition to 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 ideas have been 

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 operate discretely from other tools.  

Table 4: Requirements of Required Solution for Component Selection. 

Scott Brady 

Ph.D. Thesis 

Requirements list for a component 

selection solution in engineering 

design activities 

09/08/2020 

D/W Requirements Responsible 

D 

D 

W 

D 

D 

1. Support conveyance of qualitative information to users: 

- Compile database of relevant information on the component considered; 
- Capture information from high-level to moderate level. Individual component 

datasheets can provide specific component-by-component qualitative information; 
- Provide a mechanism to support interrogation of this qualitative information; and, 
- Provide a format for display/conveyance of relevant information on component 

types to the user; 

SB 

D 

D 

D 

W 

D 

2. Support conveyance of quantitative component information to users: 

- Compile database of quantitative information on component types of interest to 
this study; 

- Establish a method to support interrogation of this information; 
- Establish a method to support intuitive review and comparison between 

prospective solutions in component selection activity; and, 
- Support process through to selection of individual specific component, based on 

quantitative performance parameters.  

SB 

D 

D 

W 

3. Provide a baseline categorisation for components considered 

- Define the categorisation of components to enable representation of qualitative 
and quantitative information; and, 

- Build on previous work to develop up to date and logical taxonomies of components 
relevant to the selection procedure being developed. 

SB 

D 

W 

W 

4. Support decision-making: 

- Provide users with spectrum of information available such that decision-making is 
supported by allowing review of all relevant information; and, 

- Where definition of most important parameters is required, provide robust and 
formalised means of determining criteria precedence 

SB 

W 

W 

5. Support selection with respect to other components: 

- Selection of components impacts the selection of other components. This 
interaction should be accounted for and supported in any guidance provided 

SB 

D 

W 

D 

D 

6. Overall guidance through component selection task completion: 

- A solution should build upon previous process flow diagrams and step-wise 
guidance; 

- ¢ƘŜ ǳǎŜǊΩǎ ŀǘǘŜƴǘƛƻƴ ǎƘƻǳƭŘ ōŜ ŘǊŀǿƴ ŘƛǊŜŎǘƭȅ ǘƻ ǘƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ƛƴŦƻǊƳŀǘƛƻƴ 
required in selection tasks; and, 

- This design specification has already prescribed the need to explore novel solutions 
to communicate information. An overall strategy to clearly specify the interactions 
and steps to take is necessary. 

SB 

 

review has provided clarification of gaps in literature, as well as the necessary knowledge basis to 

compile a requirements list for a solution. Succinctly, this work seeks to establish a new component 

selection solution, which brings greater rigour and robustness to the process It is expected that this 

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

specification, therefore an over-arching framework is proposed to structure to the overall solution. 
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3.0. A Framework for Component Selection 

As alluded to at the end of section 2.6.2., a framework structure is proposed to support component 

selection, alongside novel methods which are to be leveraged in selection of components to meet 

requirements. Sections 3.1. ς 3.3. introduce the main methods utilised, whilst section 3.4. illustrates 

ǘƘŜ ŦǊŀƳŜǿƻǊƪΩǎ ƛƴǘŜƴŘŜŘ ƻǾŜǊŀƭƭ ŦǳƴŎǘƛƻƴΦ  

3.1. Component Performance Graphs 

As per the requirements list detailed in table 4, relaying quantitative information on component 

performance to enable effective interrogation of this information is crucial to enable effective 

selection. This has been discussed at length throughout section 2.5.2. in chapter 2, justifying its 

inclusion as a key requirement in the design requirement list put forward in section 2.6.2..  

From review across section 2.5.2., it is noted that graphical methods of representing information have 

shown excellent effectiveness in communicating engineering information to meet various 

requirements, whilst the idea has been explored with positive effect for component selection (Zupan 

et al., 2002) (Poole & Booker, 2011) (Harmer et al., 1998)Harmer. The diverse range of existing 

solutions used by commercial enterprises tend to rely very heavily on drop-down menus, and 

interfaces of that ilk, which have been commented to have issues for many years (Harmer et al., 1998). 

Despite the use of graphs to effectively communicate a range of other engineering information (Ashby, 

2005) (Huber et al., 1997a), graphical methods are noted to have been largely neglected in component 

selection with the exception of a handful of exploratory papers in academic publication, as illustrated 

by figure 35.  

The promising results found from initial work in academic literature and extensive success of graphs 

across engineering and science for tasks analogous to component selection serve as reasonable 

rationale to support exploration of graphs as a means to convey component performance information. 

Coupled with the saturated use of drop-down and catalogue approaches used by commercial 

suppliers/OEMs, the potential value of a novel manner of displaying information for interrogation is 

enhanced.  

Across commercial solutions and solutions found in academic literature, an array of issues are noted 

to be evident when attempting to undertake interrogation of quantitative information during 

component selection tasks. Expansion of the specifics surrounding point 1 of the requirements list, 

table 4, are provided: 

 



52 
 

1. Lack of relative comparisonΥ ƻŦǘŜƴ ǇƘǊŀǎŜǎ ƭƛƪŜ άŀǇǇƭƛŎŀǘƛƻƴǎ ǊŜǉǳƛǊƛƴƎ Ŏƻƴǎǘŀƴǘ ǎǇŜŜŘ ǿƻǳƭŘ 

ǳǎŜ ǘƘŜ ǎƘǳƴǘ ŎƻƴƴŜŎǘŜŘ ƳƻǘƻǊέ (Page 75, Hughes, 2013a) ƻǊ άΧƛƴŘǳŎǘƛƻƴ ƳƻǘƻǊ ƛǎ ǳǎǳŀƭƭȅ 

ŎƘŜŀǇŜǊέ (page 142, Hughes & Drury, 2013) can 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 

performance relative to other options available. With reference to figure 37, one can ascertain 

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

ƛǎ ŦŀǊ ƳƻǊŜ ǳǎŜŦǳƭ ǘƘŀƴ ǎǘŀǘŜƳŜƴǘǎ ƭƛƪŜ ά5/ ǎŜǊǾƻ ƳƻǘƻǊǎ ŀǊŜ ŜȄǇŜƴǎƛǾŜέΤ 

2. Absence of a central, comprehensive source of information: Culley (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. Academic solutions lack 

comprehensiveness as they stop short of delving into the necessary levels of granularity to 

support selection of an individual solution and they also often use small samples for their 

databases. OEM solutions tend to be parochial, only offering a platform to interrogate that 

which the individual supplier/OEM stock sells;  

3. Lack of standardisation of data sheets: variation in units and presentation formats 

complicates and slows the process of reviewing quantitative information. Through the 

proposed solution, it is posed that the use of graphs to convey information can remove this 

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 

becomes difficult to keep track of what components are better on which criteria points. This 

ƛǎ ŜǎǇŜŎƛŀƭƭȅ ǘǊǳŜ ǿƘŜƴ ŎƻƳǇƻƴŜƴǘǎ ŀǊŜ ǎŎŀǘǘŜǊŜŘ ŀŎǊƻǎǎ ŀ ǊŀƴƎŜ ƻŦ ǎǳǇǇƭƛŜǊκh9aǎΩ ǿŜōǇŀƎŜǎ 

and catalogues. It is considered that the representation method suggested may help mitigate 

this issue by providing a comprehensive and centralised platform for interrogation.  

Issues have been identified in commercial solutions regarding the ineffectiveness of solutions 

available there, whilst similar issues have been identified in the granularity and methods used to 

communicate component performance information in academic publication. As a proposed means of 

addressing these issues, graphs have been developed to support selection of actuation components 

in engineering design activities. The development of this approach is explored in the pages which 

follow.  

3.1.1. Development of Graphs to Represent Quantitative Component Performance 

Information 

All graphs developed in this work Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ǘƘƛǎ ŎƘŀǇǘŜǊΩǎ appendices, whilst select graphs will 

be discussed at length in this section for the purpose of ŜȄǇƭŀƛƴƛƴƎ ǘƘŜ ŘŜǾŜƭƻǇŜŘ ǎƻƭǳǘƛƻƴΩǎ ƻǇŜǊŀǘƛƻƴΣ 

the steps involved in creating the graphs, and the issues encountered and overcome. 

3.1.1.1. Sample Database 

Prior to development of graphs to represent the information of interest, it has 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 components 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 addressed individually, 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 contribution 

of this thesis. As such, point 1 has been addressed in section 1.5 and appendix B.1.1, point 2 is 

addressed throughout appendix B.1.2., and point 3 is also addressed in appendix B.1.2.. 

3.1.1.2. Presenting Graphs 

Various issues in presenting the graphs 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 practicable way to proceed owing to the large variability in criteria magnitudes, 

this is demonstrated in figure 38. Detail at the extremes (particularly the smaller extremes) is lost, and 

it becomes very difficult to fit all elements on the scale in a manner which does not bias towards 

favouring certain component types over others for representation.  

 

Figure 36: 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 figure 37, where it is demonstrated that this scale provides far 

clearer conveyance of component performance across many orders of magnitude, also removing bias 

towards some components over others.  

 

Figure 37: Example of motor criteria as plotted on a logarithmic scale.  

Constructing the Graphs 

As mentioned, a database has been developed to provide a sample from which the graphical 

representations could then be built. The database provided a generalised overview of the extremities 

of the criteria to be represented at varying points. The focus of graphs currently keeps a single criteria 

on the X-axis and varies the Y-component of the graphs for each component. This being the case, the 

graphs are constructed by taking the high and low extremities of the X component and plotting these 

on the graphs. Next, the extremities of Y values at periodic X values are sampled. Figure 38 

demonstrates this process using geared DC motors (the green bounded region) for torque against 

mass as an example.  

From figure 38, 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 reflects actual performance boundaries 
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of components available to engineers. This differs greatly from any existing works encountered (Zupan 

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 actual solutions available to an engineer.  

 

Figure 38: Discussion of how graph boundaries are constructed. Extremities of X elements highlighted in black dot, and y-
ŎƻƳǇƻƴŜƴǘǎΩ highlighted in red. 

This process described for plotting the graphs is next required to be repeated several times for each 

criteria which must be represented. For example, when plotting torque versus cost for motors, the X 

values of torque will remain the same as in figure 38; however, the criteria, numbering system, and 

range provided for Y-components will completely change. This is demonstrated in figure 39. This 

covers changing Y-components within a single component type for a single family of components; in 

the example provided, this is geared DC motors. This process must then be replicated for each 

component family represented in the motor graphs; i.e. the process is repeated for BLDC, BDC, AC 

servos, etc.  

This is an extensive process, undertaken for each criteria of each component for each graph. It 

becomes even 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 transmissions. A great many 

bespoke graphs have been developed in this work, with each graph covering 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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Issues Encountered in Presenting Graphs 

A variety of issues were encountered in compiling the graphs, summarised as follows: 

a. Sensor graphs were attempted to explore this phenomenon further, but were not 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 

encoders, there was too small a dataset to merit transfer into a graphical format. 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. 

b. Certain quantitative criteria are deemed unfit to represent 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. 

c. Representing information on the graphs in an easily viewable manner. Overcome using a 

logarithmic scale. 

d. How to bound the areas of the graphs initially posed problems, but has been overcome as 

outlined in section 4.2.3.2.1.  

e. Availability of component criteria dictates how effectively certain criteria and certain 

components can be represented graphically. With more available data, the graph 

representations can be more comprehensive.  

Figure 39: Alternate instance of bounding of geared DC motors. Note change of criteria, change of Y-axis numbering 
system, and change in Y bounding components for the family shown. 
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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 

index lines function as markers to show how two criteria relate to one another proportionally. The 

ƭƛƴŜǎ ŀǊŜ ŎƻƭƻǳǊƛǎŜŘΥ ƎǊŜŜƴ ƭƛƴŜǎ ŀǊŜ ǘŀƪŜƴ άCǊƻƳ hǊƛƎƛƴέ ŀƴŘ ǎƻ ǎƘƻǿ ŀ άƴƻƳƛƴŀƭέ ǇǊƻǇƻǊǘƛƻƴŀƭƛǘȅΣ 

whereas the red line equates the units of two given criteria at ŀ άмΥм wŀǘƛƻέ όǿƘŜǊŜ ǇƻǎǎƛōƭŜύ ǘƻ ƎƛǾŜ 

an overview of proportionality of one to the other.  

Example 

In figure 40, two dots are marked on the graphs; red and black. These dots represent two generic 

motors, compared against two criteria: cost and torque. They have 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 output per unit cost in GBP incurred, they 

would be encoǳǊŀƎŜŘ ǘƻ ǊŜŦŜǊ Ƴŀƛƴƭȅ ǘƻ ǘƘŜ ƴƻƳƛƴŀƭ άCǊƻƳ hǊƛƎƛƴέ ƭƛƴŜΦ ¢ƘŜ мΥм ƭƛƴŜ ŜȄƛǎǘǎ ǘƻ ƎƛǾŜ ŀ 

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 considered. In this example, 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 are equated to give a relative sense of magnitude.  

 

Figure 40: Example of use motor plots. 
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Figure 41: Example of utility of index lines, part 2. 

In figure 41, 2 new lines have been added. A red line and a black line. Additionally, a red and blue circle 

have been added at the torque extremities of geared DC motors. These circles denote the points on 

this graph at which some of the best (red circle) and worst (blue circle) function-costed solutions exist, 

assuming the desired 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 dot (£50 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 <0.0005 Nm of torque 

(>100,000:1). Even though these stepper motors are cheaper outright, they are several orders of 

magnitude more expensive from a function-costed POV. There are reasons for this added cost in some 

instances, which is what qualitative summaries discussed in section 3.2. attempt to account for. Utility 

of index lines depends very much on the application.  

In the context of index lines, the user should work from 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 figure 41, working with the From Origin line, it is likely that the user ideally 

wants a solution which is below the line and the greatest distance orthogonally from the line; a low 

cost to higher torque solution. Where this is not feasible, solutions above the line should be 
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considered and these should be the shortest distance from the line orthogonally, again attempting to 

achieve best torque to cost ratio.  

Broadly speaking, it can therefore be understood that when seeking good function-costing for the Y-

axis criteria, the user should seek something below the line and the greatest orthogonal distance 

from the line. That is, the largest distance A, or the smallest distance B, in figure 42. If the X-Axis criteria 

is being optimised for function costing, the opposite should be applied, as shown in figure 42, below; 

large C value or small D value. 

 

Figure 42: When trying to reduce criteria on Y axis, make distance A as large as possible. If not possible, reduce B as far as 
possible. The opposite should be followed for the X-Axis. 

Algorithm to Determine Best Function-costed Component 

There are instances where visual inspection will be sufficient to observe which components align best 

with index lines for function-costing. As a means to account for instances where this is not possible, 

to check solutions, and to facilitate later conversion to a software format, algorithms 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 function-costed 

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, which impinges 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 considering 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 acknowledged that the scales change from graph 

ǘƻ ƎǊŀǇƘΦ !ǎ ǎǳŎƘΣ ǘƘŜǊŜΩǎ ŀ ƴŜŜŘ ǘƻ ŀǎǎǳŀƎŜ ǘƘƛǎ ƛǎǎǳŜ ǘƻ ŀǎŎŜǊǘŀƛƴ ǘƘŜ ǇǊƻǇƻǊǘƛƻƴŀƭƛǘȅ ƻŦ ƻƴŜ ŀȄƛǎ ǘƻ 

the other. This is done by sampling the first increment of the Y-Axis and the first increment of the X-

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

in relation to figure 43:  

ὲ  
ὊὭὶίὸ ὭὲὧὶὩάὩὲὸ έὪ ὣ ὃὼὭί

ὊὭὶίὸ ὭὲὧὶὩάὩὲὸ έὪ ὢ ὃὼὭί
 
πȢρ

πȢππρ
ρππ 

On the basis of this, the n value must be applied to X values in 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 is essentially the Euclidian distance between an individual 

point and the ratio line being used, explaining the need to institute this n constant in order to produce 

a useful index value.  

 

Figure 43: Reference for explaining algorithm. 

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 have to be an inherent issue within the graph. In software, 

each components index could be displayed as a criteria of that component. Depending on a 

ŎƻƳǇƻƴŜƴǘΩǎ ƭƻŎŀǘƛƻƴΣ ƛǘ Ƴǳǎǘ ōŜ ŦƻǳƴŘ ƛƴ ƻƴŜ ƻŦ ǘǿƻ ǿŀȅǎΦ  
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Derivation of Selection Index for a Component above the From Origin Line 

If B is the index of interest for a point above the line, then B must be found. The algorithm developed 

to support this is next presented, whilst figure 44 delineates the elements of the equation being 

derived.  

 

Figure 44: Components utilised in developing a quantitative value for the function-costing index above the index line. X and 
Y axes denotes, red line indicates From Origin index line. 

B is given as: 

ὄ ὒ ὲ  ὖ  ὸὥὲ— ίὭὲ— 

Since: 

ὄ Ὓ  ίὭὲ— 

Where, 

Ὓ ὒ Ὑ 

Where, 

Ὑ  ὲ  ὖ  ὸὥὲ— 

The information presented above is new content developed in support of this research work. A slight 

variation is required to provide index calculation for below the line; however, this is summarised in 

appendix B.2.5. in the interests of avoiding repetitious discussion. 
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Potential Uses and Applications of Performance Indexes 

The use of function-costing serves as a useful tool to early estimation of a system cost (French & 

Widden, 1993); however, function-costing 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 mass, etc. There 

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 performance indices and used this information as an axis (Ashby, 2005) 

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 the information they represent 

The potential expanse of relevant knowledge and information for graphical communication through 

the proposed method is vast. Application in this instance is reserved to consideration of motors, 

transmission systems, bearings, and brakes. This provides an ample platform on which to demonstrate 

the applicability and viability of the graphs developed. This will allow the approach to be applied and 

outcomes generated and analysed thereafter. This research will also consider only the criteria 

specified in appendix B.1.1. 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 data. Many 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 platforms. This has hindered conveyance of this information graphically; 

however, it is also clear that this information is not available to those using these platforms now 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 or through simple drop 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 high-level interrogation 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 specifically asserted that hierarchical categorisation 

of information in selection activities is crucial (Cebon & Ashby, 1997), and that this is corroborated in 

component selection specific research works (Zupan et al., 2002) (Poole & Booker, 2011). This 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. This facilitates interrogation of where a component type sits in the overall 

taxonomy, and also facilitates provision of the qualitative information necessary to inform decision-

making.  

Inspiration can be taken from other fields (biology) to assist in enabling the taxonomy and qualitative 

information to operate in tandem. Examples of instances from biology are given in figure 45 (Sources: 

https://www.onezoom.org/ and https://learn.genetics.utah.edu/content/evolution/tree/). In these examples, the 

ǳǎŜǊ Ŏŀƴ ŜȄǇƭƻǊŜ άƭŜŀǾŜǎέ ƻŦ ǘƘŜ άtreeέ diagrams and review qualitative information presented. This 

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

 

Figure 45: Example of hierarchical of structures used in biology to present relationships and to convey qualitative 
information.  

Qualitative databases have been developed which promote consideration of solutions with which 

engineers may be unfamiliar, whilst also providing general relevant information for each component 

https://www.onezoom.org/
https://learn.genetics.utah.edu/content/evolution/tree/
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type. It is intended that this will assist in helping mitigate engineers using paradigmatic design 

tendencies or their own biases to justify design decisions. This is an issue which is encountered 

ubiquitously across a range of engineering disciplines (Ashby, 2005).   

3.2.1. Taxonomy of Actuation Components 

The first step in development of a structured model of actuation components was creation of a 

άōǊƻŀŘέ ƻverview of methods for actuating within the use case of interest: rigid link robotic systems. 

This broad overview of components used in robotic systems is provided in figure 46 with an associated 

colour coding provided in table 5.  

Table 5: Legend for Overview of generalised mechanisms for actuating robotic systems ς corresponds to figure 46. 

Technology Type Colour 

Pneumatically actuated  

Hydraulically actuated  

Motor actuated  

SMPs/SMAs  

Jamming Methods  

 

 

As per figure 46, the high-level taxonomy categorises and defines relationships by άŦŀƳƛƭȅέ ŀƴŘ άŎƭŀǎǎέΣ 

as per table 2 (for better readability an enlarged version is found in appendix section B.3.). Omissions 

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

to be excessive in detail without contributing to understanding at this 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 exercise will not extend to hydraulics, pneumatics, etc. at this time, as inclusion 

would make an already vast task even more difficult to approach. An additional potential upside for 

formatting the taxonomy in the manner demonstrated is in support of categorisation of information 

Figure 46: Overview of generalised mechanisms for actuating robotic systems 
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into a future unified modelling language (UML) as discussed by other works (Nilsson et al., 2009) 

(Malec et al., 2007) (Prestes et al., 2013) (Schlenoff et al., 2012).  

As a next step, relationships 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 section 1.5. An example of the type of breakdown developed is given in figure 47, 

whilst the remaining hierarchical taxonomies are presented in appendix B.3. 

3.2.2. Qualitative Databases 

Examples of the qualititative overview across varying levels are presented, with the full breakdown 

available to review in appendix B.4. These overviews have been developed to represent proof of 

purpose for conveyance of qualitative information. Notice 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 tables, 6, 7, and 8.  

Table 6: Offset axis motion transfer 

Issue Details 

Maintenance ¶ Depends on material utilised 

Performance ¶ Typically used in lower gear ratio set-ups 

¶ Good for transfer of motion, less commonly useful in high reduction/increase 
ratios 

Typical Uses ¶ Instances where transfer is required between two shafts not in alignment 

¶ Often between two shafts not in axial alignment, but still parallel with X, Y, 
and/or Z offset 

 

Table 7: Parallel shafts 

Issue Details 

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

Performance ¶ Vast performance range able to be attained ς depends greatly on the specific 
component type utilised. 

Typical Uses ¶ Useful in applications where co-axial transfer of motion is needed; 

¶ Useful for facilitating high accuracy, low noise, high efficiency, very large gear 
ratio range, and cost effective solutions also available 

Notes In literature, this type of motion transfer is known as parallel shaft motion transfer. It is 

suggested that co-axial motion transfer is a better term. As discussed in table 6, shafts 

can be parallel with an offset and be transferred to. Gear types falling under this 

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

coaxially.  
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Figure 47: Taxonomy of transmissions used in mechatronic systems design. Items highlighted in red 

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

Issue Details 

Maintenance ¶ Worm shaft bearings can be subjected to large loads, potentially requiring 
replacement 

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

¶ Wear can increase backlash, potentially requiring other component 
replacement 

Performance ¶ Non-backdrivable/self-locking in one direction, which can make for a good 
safety feature 

¶ Minimum backlash options available from some manufacturers 

¶ Typically low transmission efficiency 

¶ High friction losses due to constant sliding contact 

¶ Double enveloping solutions available, which support higher loads 

Typical Uses ¶ Tend to be used in large speed reduction ratios 

 

3.3. Guidelines to Support Component Selection Using Qualitative Information and 

Graphs 

To clearly guide through the process, guidelines are created as a distillation of key tenets of other 

ǿƻǊƪǎ ŎƻǳǇƭŜŘ ǿƛǘƘ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊΩǎ ƻǿƴ ŜȄǇŜǊƛŜƴŎŜΦ ¢ǿƻ ǎƛƳƛƭŀǊΣ ōǳǘ ǎeparate sets of guidelines have 

been developed which guide through different phases of an engineering design endeavour. The 

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

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

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

άLǘ ŀǇǇŜŀǊǎ ǘƘŀǘ ǇǊƻōƭŜƳ ǎƻƭǾŜǊǎ ƻŦǘŜƴ ǎǘŀǊǘ ǿƛǘƘƻǳǘ ŀ ŦƛȄŜŘ Ǉƭŀƴ ƛƴ ƘƻǇŜ ƻŦ ƛƳƳŜŘƛŀǘŜƭȅ ŦƛƴŘƛƴƎ 

a solution from their 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 

of ǘƘƛƴƪƛƴƎ ƻǇŜǊŀǘƛƻƴǎέ (Page 48, Pahl & Beitz, 2007).  

!ǎƘōȅ ŀƴŘ Iǳōƪŀ ƘŀǾŜ ŀƭǎƻ ŘƛǎŎǳǎǎŜŘ Ƙƻǿ ǘƘƛǎ άǘǊȅ ŀƴŘ ǎŜŜέ ŀǇǇǊƻŀŎƘ ƻŦǘŜƴ ŜƴŘǎ ǿƛǘƘ ƛǎǎǳŜǎΤ ǘƘŜǊŜ 

is no reason why component selection should be an exception. The problem, it is argued, is that in 

addition to comprehensive databases and methods for database interrogation, there exists no 

ŜŦŦŜŎǘƛǾŜ άǎȅǎǘŜƳŀǘƛŎ ǎŜǉǳŜƴŎŜ ƻŦ ǘƘƛƴƪƛƴƎ ƻǇŜǊŀǘƛƻƴǎέ ŦƻǊ ŎƻƳǇƻƴŜƴǘ ǎŜƭŜŎǘƛƻƴ ŦƻǊ ǘƘŜ ǳǎŜ ŎŀǎŜ ƛƴ 

mind, as has been demonstrated through review of solutions which already exist. Since this thesis 

proposes new methods to approach the component selection tasks, there also exists no guidelines for 

applying the tools developed in this thesis. Even so, engineers should be able to deviate from 

ǎǳƎƎŜǎǘŜŘ ǇŀǘƘǎ ǿƘŜǊŜ ǘƘŜȅ ǎŜŜ ŦƛǘΣ ǿƘƛŎƘ ƛǎ ǿƘȅ ǘƘŜ ǇǊƻǇƻǎŜŘ ǎȅǎǘŜƳ ƻƴƭȅ άƎǳƛŘŜǎέ ǊŀǘƘŜǊ ǘƘŀƴ 

instructs. 
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As previously discussed, there is guidance in textbooks which very generally guide component 

selection, but the detail is sparse. Additionally, no approaches have been encountered which deal with 

the relationships between component types. Furthermore, no approaches have been encountered 

which support implementation and decision-making at different stages of the design process. The 

guidelines developed in this work attempt to meet each of these challenges, whilst trying to leverage 

inventive ways of representing 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 design (Bietz, 2007) (Ulrich & Eppinger, 1994) (Stuart Pugh, 1990) 

(French, 1984). As such, the guidelines seek to support throughout, as applicable.  

It is known that component selection is not something 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). In the more particular context of mechatronic design, this is also 

corroborated by various V-models and other methodologies, as per section 2.1. As such, the 

supporting guidance for component selection provides clear approaches to support during concept-

level development and embodiment-level design stages.  

3.3.1. Points of the Concept-level Guidelines 

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

Step 1- Define Basic System Requirements: Specifies the nature of information that the 

engineer should seek to compile prior to selection process. 

Step 2 - Approximate System Requirements: Based on the previous task, approximate (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 2.2., there is clear consensus in engineering design and in analogous selection 

processes that definition of requirements must take place in the first instance (Ashby, 2005) (Cebon 

& Ashby, 1997; Harmer et al., 1998). As such, steps 1 and 2 support definition of overall system 

requirements before converting to requirements which are more tailored towards what the actuator 

system must achieve. 
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Figure 48: Initial Concept Level Component Selection Guidelines. Steps denoted in top right  

Step 3 - Use Component Performance Graphs: Utilise the performance graphs in order to 

identify the best types 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 which can be leant on to further develop. 

Whilst existing mechatronics methodologies make allusions to the use of non-ǎǇŜŎƛŦƛŎ άŎƻƳǇƻƴŜƴǘ 

ŘŀǘŀōŀǎŜǎέ (Zante & Yan, 2010) (Melville, 2014) (Iris Graessler & Hentze, 2020), step 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 the choice of component made.  

Step 4 - Eliminate Components Based on Qualitative Information: Using the qualitative 

inputs, the engineer should eliminate options which are quantitatively capable, but may 

struggle for other reasons; inability to deal with environment, for example.  
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Step 5 - Concept-level Solution Realised: At this stage, a concept solution for component 

selection should be in place with a range of component options available to be considered in 

this concept-level solution.   

3.3.2. Points of the Embodiment-level Guidelines 

At this stage of development, the process of applying embodiment guidelines follows a similar 

structure as in concept-level application. The main differentiating factor is that embodiment level is 

required to be far more precise.  

Step 1 ς 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 criteria which are most important in 

any components to be selected.  

Full and extensive justification on the choice of AHP as a decision-making method is provided in 

appendix B.5. Rationale for significance of decision-making in component selection is covered in 

section 2.5.3. 

Step 2 - Refine System Requirements: The user must develop knowledge of the system 

requirements needed to select components. In the context of the user case considered in this 

thesis, suggestion has been made about the type of information likely to be needed; however, 

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

consideration.  

Step 3 - Calculate Required Performance: The user should calculate the required performance 

of the actuator system, based on the previous inputs derived 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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Figure 49: Initial Embodiment Guidelines. 
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Similar to concept-level counterparts, steps 2 and 3 of embodiment-level component selection are 

based on the clear need to define the requirements that the selected components must meet in order 

to enable the overall system to function as required. The actuator requirements are drawn directly 

from any overall system requirements, before being converted into requirements as they relate to the 

component selection which must take place.   

Step 4 - Use Component Selection Graphs: Component selection should be completed for 

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 Suitability: Verify correctness and iterate as necessary. 

Step 6 - Repeat Use of Component Selection Graphs: Utilise graphs to select remaining 

components. 

  Step 7 - Check for Suitability: Verify correctness and iterate as necessary. 

Also similar to concept-level guidance, steps 4 ς 7 endorse leaning on the tools developed in this 

project as a means to interrogate relevant information. The interrogation at this stage is based on 

more clearly required inputs from requirements definition, and also supports a more refined 

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

Step 8 - Embodiment-level Solution Realised: At this stage, the user should have specified a 

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

3.4. Framework Functionality 

With reference to table 9, it has been delineated what this approach seeks to address. In order for the 

whole solution to function, the interdependent elements must work together. The preceding sections 

have introduced several 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 robust fashion, their interdependencies 

are formalised through an over-arching framework to guide the process of component selection. 

Figure 50 outlines the architecture of the component selection framework proposed to support all 

novel aspects of this 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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should primarily be concerned with utilising the guidelines and lean on other methods as advised by 

the guidelines, though it is acknowledged that there should be flexibility in allowing engineers to be 

reflexive depending on their own requirements. The framework is labelled with άsǘŜǇǎέ ǿƘƛŎƘ ŀǊŜ ǘƻ 

be taken in applying the framework, as shown in in figure 50. As per other works which have taken a 

similar approach (Francalanza et al., 2017) (Borg, 1999), this is known to support clear navigation of 

the framework in implementation of the other methods proposed in this work.  

3.4.1. Overview of Framework Application 

The framework provides overview of how the discrete elements of the framework relate to one 

another, whilst accompanying numbers describe the order in which elements of the framework should 

be consulted. The order in which these should be consulted and the nature of the operations is 

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

Step 1: Component selection is an activity within an overall system design process. The overall system 

should have a design specification which outlines the requirements of the system. Relative to 

the overall ǎȅǎǘŜƳΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ǊŜǉǳƛǊŜƳŜƴǘǎΣ ǎǘŜǇ м ǊŜǉǳƛǊŜǎ ǘƘŀǘ ǘƘŜ ŀŎǘǳŀǘƻǊΩǎ 

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

ǎǇŜŎƛŦƛŎ ǊŜǉǳƛǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ŀŎǘǳŀǘƻǊΦ CƻǊ ŜȄŀƳǇƭŜΣ ŀ ƳŀƴƛǇǳƭŀǘƻǊΩǎ ƻǾŜǊŀƭƭ ǊŜǉǳƛǊŜƳŜƴǘ Ƴŀȅ 

be tƻ ƳŀƴƻŜǳǾǊŜ ŀ м ƪƎ ƭƻŀŘΤ ƘƻǿŜǾŜǊΣ ǘƘŜ ŀŎǘǳŀǘƻǊΩǎ ŀǘ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ ƳŀƴƛǇǳƭŀǘƻǊ Ƴǳǎǘ 

manoeuvre the 1 kg load and 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 sub-system requirements, users are encouraged to interrogate the 

concept-level design guidance. This guidance supports the user in consideration of the correct 

information at the right time and supports reference to relevant tools which 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 this 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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shortlist of 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 specific solution which should be 

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

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

effectiveness. 

Step 6: With more clearly defined requirements 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. 

Table 9: Necessary Aspects of Component Selection Solution Proposed. 

Aspect Value/Utility 

Hierarchical Taxonomy 

and Qualitative 

Information Database 

Categorises a range of actuation components and defines their relationships in order 

to understand the links between each. Acts as a platform to convey qualitative 

information on component types and to provide overview of available solutions, 

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

Sample Database Provides a resource from which component selection guidelines and (to a lesser 

extent) the qualitative model can be developed. 

Component Performance 

Graphs 

Represents component performance utilising graphs in a manner not encountered 

previously in literature, with the aim of enabling intuitive comparison of quantitative 

aspects of component performance data. Tries to address issues outlined on page 

59, and virtually all of points 1-3 and (a) ς (f) from page 38. 

Selection Guidelines A process flow to guide selection of appropriate components for use in actuators for 

robotic systems. 

System Requirements Finally, external information is brought into the process to inform the elements 

previously mentioned and to maximise the effectiveness of their use.  
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Figure 50: Relationship between elements of component selection framework. Red lines indicate two-way passage of 
information. Red boxes indicate information informing two 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 component types to 
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consider, the graphical interface should be interrogated further to review specific component 

instances in 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 framework are surmised. 

¶ Datasheets across manufacturers are poorly standardized, which increases difficulty in quickly 

attaining the desired information. This aligns with similar findings from many years previous 

(Vogwell & Culley, 1991) (Harmer et al., 1998), which suggests that the issue is still poorly 

addressed in commercial and academic solutions. The proposed framework leveraging a 

graphical representation of quantitative information could be extremely helpful in navigating 

this issue in an intuitive manner;  

¶ A wealth of knowledge has been generated about the effects of indices when considering 

different component types and across different criteria; using indices for selection works 

differently depending on the requirement, criteria, and component type. Knowing how to use 

these indices does require a certain amount of prerequisite basic engineering knowledge. This 

is helpful in potentially reducing the amount of expertise required; and, 

¶ It has been necessary to ascertain a range of knowledge regarding how to structure guidelines, 

how to categorise relevant information, how to represent graphical information effectively, 

and how the elements of these discrete methods should be deployed in an over-arching 

framework to effectively guide their use in an effective manner. This has been an extremely 

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

3.6. Enabling Development by Other Interested Parties 

In future applications, it is expected that the framework structure should 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 implementation 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 outlined throughout section 3.1. In the 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 allow many 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 criteria is 

plotted along the X-axis, whilst the second criteria should be plotted on the Y-axis 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 logarithmic scale. Utilisation of information developed in 

this thesis around performance indices (section 3.1.1.3.) should also be transferrable with little effort 

from suppliers or OEMs. 

3.6.2. Qualitative Databases 

Much the same as graphical conveyance of information, 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 

qualitative 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 this 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 services of at least one 

expert will be required to assist in populating additional databases.  

3.6.3. Step-based Guidelines 

In utilisation of guidelines, OEMs and suppliers should be able to rely on the guidelines already 

proposed as a means to support selection of the component types considered in this document. In 

adding more components or in applying this approach to the selection of a different group of 

components, it is considered that tailored guidelines may need to be created. The structure proposed 

by the guidelines 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.  

In guidelines 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 been necessary 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 1 ς Joint Actuator Design for a Robot Arm 

Case study 1 will use the framework to develop a new actuation solution for the Agribot arm, figure 

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

assessment regarding the efficacy of the framework. The main objective in design of this system is 

Ƴŀǎǎ ǊŜŘǳŎǘƛƻƴΦ Lƴ ƭƛƴŜ ǿƛǘƘ ¸ƛƴΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴǎ ƻƴ ŎŀǎŜ ǎǘǳŘȅ ǊŜǎŜŀǊŎƘΣ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊ ǿƛƭƭ Ǉǳǘ 

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

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

in appendix C.1.  

 

Figure 51: Joints in the Agribot Arm. Joint 3 (yellow), joint 2 (red), and joint 1 (blue). Red box highlights where joint 4 was 
positioned in early designs. 

4.1.1. Concept Level Component Selection 

The framework is first applied to a concept-level selection process. This process will iteratively 

complete component selection for each joint up to a concept level, beginning with definition of system 

requirements, as pŜǊ ǘƘŜ ŦǊŀƳŜǿƻǊƪΩǎ ŎƻƴŎŜǇǘ-level guidelines. 

 

Figure 52: First step of concept-level application. 
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4.1.1.1. Identification of Candidate Components for Joint 4 

 

Figure 53: Definition of actuator requirements (approx.), as per the guidance of the guidelines. 

¢ƘŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ŦƻǊ Ƨƻƛƴǘ пΩǎ ǇŜǊŦƻǊƳŀƴŎŜ are defined as per the guidelines, and are presented in 

table 10, below: 

Table 10Υ tŜǊŦƻǊƳŀƴŎŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ƻŦ Ƨƻƛƴǘ пΩǎ ŀŎǘǳŀǘƻǊΦ 

 

 

 

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 which is also approximate to the values 

calculated thus far.  

4.1.2.2. Concept-level Motor Selection for Joint 4 

 

Figure 54: 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 the green line in figure 55 should be able to provide adequate torque to 

perform the task as required in direct drive. Those to the left of the green line will struggle or fail to 

provide the torque required without sufficient gearing. This is an important observation, underpinning 

the effective use of this approach to select actuation components. It is observed that guidance on 

using the graphs would enable better use, therefore this is addressed in appendix D.1. 

Criteria Value 

Power 0.36 W 

Inertia 0.0103 kg m2 

Torque 1.034 Nm 

Required Speed ~ 20° per second 
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Figure 55: Approximating performance required of robot joint 4 motors. 

The green line represents the required torque therefore a large contingent of the components 

represented should be omitted, as per red boxed region. Motors still under consideration have torque 

up to slightly greater than needed performance to be considered and motors with up to 2 orders of 

magnitude less than is required. This allows consideration of the most appropriate gear ratios.  

The use of graphs has rapidly allowed intuitive assessment of component types available, and 

definition that some mid-range DC stepper motors and brushed DC motors could be utilised, whilst 

some lower midrange BLDC and geared DC motors could also be used. Using existing approaches, this 

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

4.1.2.3. Concept-level Transmission Selection for Joint 4 

With transmission, all components left 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 in selection 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 appropriate 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 be successfully interrogated 

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

The preceding sections have outlined the concept-level solutions that are to be put forward. Table 11, 

below, summarises candidate solutions attained to avoid repetitious information being presented. 

Table 11: Summary of potential components for joint 4. 

Component Type Primary Candidate Components Secondary Candidate Components 

Motor BDC, BLDC, stepper, or geared 

DC 

DC servo 

Transmission Planetary gearbox or Harmonic 

Drive Gears 

Worm gear or cycloid gears 

Bearings Roller bearings, plain bearings, 

or ball bearings. 

Not applicable 

Brakes Not applicable Not applicable 

 

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

Components 

 

Figure 56: Utilisation of qualitative inputs in order to define best component types for consideration. 

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

assessed in this section at concept-level. These inputs are demonstrated to ensure that awareness of 

potential issues is raised at an early stage in concept-level development. 

Table 12: Qualitative issues raised with motors. 

Motor type Potential Issues 

BLDC Issues with brush replacement, could be issues requiring maintenance. Frequency 

depends on the brush material, running speed, etc.  

BDC No issues raised 

Stepper Potential positive of not needing sensors ς open loop control may be sufficient for 

task in hand 

Potential noise issues with some models 

tƻǘŜƴǘƛŀƭ ƛǎǎǳŜǎ ǿƛǘƘ ƳƛǎǎŜŘ άǎǘŜǇǎέ όƛΦŜΦ ŀŎŎǳǊŀŎȅ ŜǊǊƻǊǎύ ƛŦ ƭƻŀŘ ǘƻǊǉǳŜ ƛǎ ǘƻƻ ƘƛƎƘ 

on motor 



82 
 

Geared DC Potential for inefficiencies depending on gearing used in motor 

Gear type used can raise maintenance issues over time ς again, dependent on 

implementation and gear material, etc.  

 

As shown in table 12, potential issues to be aware of have been brought to ǘƘŜ ŜƴƎƛƴŜŜǊΩǎ ŀǘǘŜƴǘƛƻƴ 

surrounding potential motors. The 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 

methods employed in component selectioƴΣ ǘƘƛǎ ƛǎ ǊŜƭƛŀƴǘ ƻƴ ŀƴ ŜƴƎƛƴŜŜǊΩǎ ŜȄǇŜǊǘƛǎŜ όǿƘƛŎƘ ƛǎ ǎǳōƧŜŎǘ 

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

4.1.4. Embodiment Application 

Embodiment guidelines are outlined as a part of the framework, as per section 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 appendix C.2.1.; however, as an example, motors are 

documented, as follows: 

Table 13: 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 table 14, below: 

Table 14: Definition of requirements needed from actuator to allow system and sub-system to perform as needed. 

 

 

 

 

 

Criteria Value 

Reach  1.0 m 

Load mass 0.063 kg 

Equivalent load mass including 

factor of safety of ~ 2 

0.15 kg 

Approximate power required by 

joint 3 

0.661 W 

Inertia of arm about joint 3 0.067 kg m2 

Load torque (including FoS) 1.261 Nm 

Required Speed 30°/s 
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4.1.4.3. Motor and Transmission Selection in Joint 3 

Having determined key requirements for the joint and criteria precedence, further application of the 

framework facilitates definition of the key actions required to define solutions. In use of graphs, it is 

recommended that the top two criteria from the AHP process are initially relied upon as the criteria 

used to facilitate definition of appropriate solutions.  

The inputs from AHP becomes very useful at this point. Using this information, the 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 gear ratios 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 

олл wta ǘƻ ŜƴŀōƭŜ ǘƘŜ ǎȅǎǘŜƳΩǎ ŎƻǊǊŜŎǘ ŦǳƴŎǘƛƻƴΦ DǊŀǇƘǎ ŀǊŜ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƻ Ƙave been useful in 

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 green boxed region in figure 58 ƘƛƎƘƭƛƎƘǘǎ ǎƻƭǳǘƛƻƴǎ ǿƘƛŎƘ ŀǊŜ ǳǎŜŦǳƭ ƛƴ ƳŜŜǘƛƴƎ Ƨƻƛƴǘ оΩǎ ƳƻǘƻǊ 

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.  

 

 

Figure 57: Initial search for a capable transmission system. 
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Figure 58: Motor speed and torque requirements for joint 3 transmitted through 60:1 gearbox. 

Figure 59: Maximum Torque v Speed for transmission selection.  

 

 

 

Figure 60: Transmission torque rating against gear ratio. Ideal solution located as highlighted, suggesting HD, 
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 selection due 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 figures 59 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 ratio is to be applied, bevel gears cannot 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 a specific component, component types are reduced as far as possible, allowing those 

with the greatest potential to be considered closely. Quantitative and qualitative criteria are 

considered in order to remove motor types which are least valid. Figures have shown graphs allowing 

consideration of the required nominal torque across a range of criteria. This allows rapid and intuitive 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ Ƙƻǿ ŀ ŎƻƳǇƻƴŜƴǘΩǎ ŎǊƛǘŜǊƛŀ ǊŜƭŀǘŜ ǘƻ ƻƴŜ ŀƴƻǘƘŜǊΣ ŀƴŘ ǿƘŜǊŜ ǘƘŜ ōŜǎǘ ǎƻƭǳǘƛƻƴǎ 

likely lie.  

4.1.4.4. Qualitative Overview 

From prior quantitative review, DC servo, geared DC, and stepper solutions are noted to be most 

ǎǳƛǘŀōƭŜ ŦƻǊ Ƨƻƛƴǘ оΩǎ ǊŜǉǳƛǊŜƳŜƴǘǎ. Review of qualitative database yields the following assertions:  

1. DC servo motors can only sense their output. They cannot account for inefficiencies and 

backlash after running the output through gearboxes.; and, 

2. BLDC motors are best used in high speed applications. 

Information tables have been referenced to assist this process, as in appendix B.4.  

An informed decision to remove all motors from consideration except for geared DC 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 component type, a 

geared DC motor is to be interrogated further. Specific instances can next be compared utilising a 

graphical approach. Comparison of individual components next takes place, where previously defined 

AHP precedence is again relied upon to guide the comparisons  
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4.1.4.5. Selection of a specific component 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 discussed further in section 5.5.1. of discussion, and is covered in 

appendix C.3. 

 

Figure 61: Comparison of motors. 

Figure 61 constitutes the first use of the graphical method as a means to compare individual 

components, as opposed to component types 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 suggested by the 

guidelines.  

As per appendix C.2.1., comparison based on AHP has taken place, and has supported effective 

comparison. The Micro Motors PS-150-12-5 is shown to provide a lightweight, cost-effective, and 

power-efficient solution as per the graphs. This motor is not the outright lightest, but is negligibly 

heavier than the 9904-120-52602 and provides a significantly better outright and function-costed 

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

to support selection, enabling successful cross-reference on this basis. 
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RESULTS 

Comparison of the motors in table 15 demonstrate that the approach taken is capable of selecting 

components arrangements which compare favourably with a prior selected components. The motor 

selected using an ad hoc approach 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 supply. It provides more speed and torque than the motor 

selected, but is vastly over-specified 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 testing is still necessary - it does not matter if it is lighter 

or cheaper if it does not work.   

Table 15: Comparison of motor selected versus the motor utilised originally. 

Criteria Maxon RE 35  Micro Motors PS 150 12 5 

Torque 0.101 Nm 0.05 Nm 

Cost £239 £60 

Mass 0.340 kg 0.15 kg 

Voltage 24 V 12 V 

Power 90 W 11 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 issue is 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 stock meaning that very 

limited worm drives are now carried. As such, many of the solutions provided in figure 62 are sourced 

from a variety of suppliers. There iǎ ŀƭǎƻ ŀ ƭŀǊƎŜǊ ǘƘŀƴ άƴƻǊƳŀƭέ ŘƛǎǇŀǊƛǘȅ ƛƴ ǘƘŜ ·-direction, as 

highlighted in figure 62Ωǎ ŜȄǇƭƻŘŜŘ Ǿƛew.  

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 

άƴŜƎŀǘƛǾŜέ Ǉƻƛƴǘ ƻŦ this work, merely an inconvenience faced in this procedure. 
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Figure 62: 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 issues sourcing appropriate worm drives at lower 
torques. 

After deliberation over graphical information, the HPC P20-60 gearbox 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 table 16. 

 

Figure 63: When comparing against mass, the lightest options are taken forward and heavier options omitted from further 
consideration. 
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Table 16: Comparison of an alternative component selected and the initial component selected. 

Criteria HPCP20-60 Maxon 110339 

Maximum torque 4.1 Nm 1.4 Nm 

Speed 6000 rpm 6000 rpm 

Cost £123.50 £123.91 

Mass 0.18 kg 0.068 kg 

Gear ratio 60:1 84:1 

 

Further condensed detail on this selection and remaining selections for case study 1 are provided in 

appendix C.4.1Φ Cǳƭƭ ŘŜǘŀƛƭŜŘ ŎŀǎŜ ǎǘǳŘȅ м ƻǾŜǊǾƛŜǿ Ŏŀƴ ōŜ ŦƻǳƴŘ ƻƴ {ǘǊŀǘƘŎƭȅŘŜ ¦ƴƛǾŜǊǎƛǘȅΩǎ t¦w9 Řŀǘŀ 

repository. 

4.1.5. Systems Testing 

¢ƘŜ ǎȅǎǘŜƳΩǎ ŀōƛƭƛǘȅ ǘƻ function has been tested via simulation and physical tests to ensure it performs 

as required. By simulating and then physically testing, selections can be verified for correctness I terms 

of enabling the system to perform. This facilitates evaluation and validation of how well the 

components selected using the framework met their brief, and therefore assessment of the 

ŦǊŀƳŜǿƻǊƪΩǎ ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƛƴ ŀƛŘƛƴƎ ǘƘƛǎ ǇǊƻŎŜǎǎΦ  

Comparison have already been made based on cost, mass, energy efficiency, etc. However, it is also 

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 of the system 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 simulated utilising Virtual Robotics Experimentation Platform (V-

REP), and modelled with Solidworks parametric modelling software. Figure 64 provides a summary of 

the simulations undertaken. 

With reference to figure 64, joint simulations of the functioning systems are provided with the number 

of simulation corresponding to the 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° arc around the Z-axis.  

Achieving results was made more complex by V-w9tΩǎ ŘȅƴŀƳƛŎǎ ŜƴƎƛƴŜǊ ǎǘǊǳƎƎƭƛƴƎ ǿƛǘƘ ǘƘŜ ōŜǎǇƻƪŜ 

ŀǊƳΩǎ ŦƻǊƳΤ ƘƻǿŜǾŜǊΣ ŜǾŜƴǘǳŀƭƭȅ ǎƛƳǳƭŀtions were able to be achieved which demonstrate the arm 

functioning as required, as per figure 64. 
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Figure 64: 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 replacement fixturing developed where necessary. 

This enables closer review of effects of changing components, therefore allowing closer consideration 

ƻŦ ǘƘŜ ŀŦŦŜŎǘ ǘƘŜ ŦǊŀƳŜǿƻǊƪΩǎ ǳǎŜ Ƙŀǎ ƘŀŘΦ  

Results of Testing 

The testing process is documented in figure 65, 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, facilitating 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 closed-loop control successfully with the same 

accuracy as the existing system, 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 these loads and additional 

loaded at the end of arm. Lack of access due to Covid-19 restricted 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 what is 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 movement as 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 could not be considered 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 an under-specified 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 is mounted, resulting in several millimetres of movement as 

indicated by the green arrow in figure 66, image 1. This is further suspected to affect the 

performance of the motor.  

 

Figure 65: Overview of physical tests conducted. Numbers 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 figure 66, image 2.   

 

Figure 66: 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 be made from 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 shown to make sense, but have been highlighted as 

needing rectification in some areas. This has taken place prior to moving to CS2, facilitating evaluation 

of refined a refined.  

The graphs show merit in quick and intuitive selection of components, but would benefit from 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 more fitting, software-based platform is plainly evident. The use of 

graphs has enormous potential as a means to reliability plot data of component performance and offer 

an alternative valid approach to the limited methods already utilised.  

Testing of the components 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 well-ǉǳŀƭƛŦƛŜŘ όtƘΦ5ΦκƳŀǎǘŜǊΩǎ Řegree level) engineers. The 

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 outlined, which are not specific to the framework. Application 

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

simulated and physical testing, it is also known that the system operates as would be expected (with 

1 2 
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an exception outlined); see table 17. The framework has supported a selection exercise where mass 

savings of 0.584 kg (19% saving), power savings of 204.6 Watts (80.9%) and cost savings of £493.17 

(39.3%) have been attained.  

Table 17: Overall system comparison with old components versus new components selected using framework. 

Criteria Previous Total New Total 

Mass 3.067 kg 2.483 kg 

Power 252.8 W 48.2 W 

Cost £1,255.18 £762.01 

 

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 appropriate component suite for the Agribot arm has been 

produced, showing that the framework is valid enough to produce functional solutions, which is a key 

interest of this work.  

4.1.6.2. Issues 

Various small issues have been encountered, mainly surrounding teething problems of 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 price, etc. With respect to figure 62, 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 throughout compilation and selection during this thesis so 

ŦŀǊΦ Lǘ ƛǎ ŀƭǎƻ ŀƴ ƻŦǘŜƴ ŜƴŎƻǳƴǘŜǊŜŘ ƛǎǎǳŜ ƛƴ ǘƘŜ ǊŜǎŜŀǊŎƘŜǊΩǎ ǇǊƻŦŜǎǎƛƻƴΣ ŀƴŘ ƛǎ ŀǊƎǳŜŘ ǘƘŀǘ ƻƴŜ ŎŜƴǘǊŀƭ 

platform which represents information would greatly mitigate this issue and would speed up selection 

and confidence in components selected. This supports the suggestion of the need for 

comprehensiveness intimated in other works (Cebon & 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 been considered that this has been an oversight. The 

use of the graphs should not be heavily constrained, as they should be utilised as needed ς some high-

level suggestions of how to best apply them would, however, be useful. In Discussion, section 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 on the 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, it was mentioned that experience from engineering design more 

generally was relied upon. It was also noted from interview that RS Components was heavily relied 

ǳǇƻƴΣ ŎƻǊǊƻōƻǊŀǘƛƴƎ ŜŀǊƭƛŜǊ ŀǎǎǳƳǇǘƛƻƴǎ ƳŀŘŜ ǘƘŀǘ ŜƴƎƛƴŜŜǊǎΩ ōƛŀǎŜǎ ǘƻǿŀǊŘǎ ŎƻƳǇƻƴŜƴǘǎ ŀƴŘ 

selection processes (or platforms) can adversely affect solution quality. 

άaƻǎǘ ƻŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎ ǿŜǊŜ bought in a short amount of time. What torque was needed 

was calculated ŀƴŘ ǘƘŜƴ ǿŜƴǘ ƻƴ w{ /ƻƳǇƻƴŜƴǘǎ ŀƴŘ ōƻǳƎƘǘ ǘƘŜ ŎƻƳǇƻƴŜƴǘΦέ 

An argument of this thesis is that selection should be facilitated by examining the options available, 

rather than necessitating engineers to interrogate (potentially) many tens of manufacturers or 

ǎǳǇǇƭƛŜǊǎΩ ŎŀǘŀƭƻƎǳŜǎΦ Comments like the above also in-ǇŀǊǘ ŎƻƴŦƛǊƳ ƻǘƘŜǊ ŀǳǘƘƻǊǎΩ ŀssessments 

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 

precedence was considered. The answer confirmed that the precedence of criteria was arrived at 

without specific consideration, and the criteria were defined through ad hoc definition. A point was 

also made surrounding a perceived error: the interviewee mentioned that 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: 

ά¢Ƙƛǎ Ƨƻƛƴǘ ǎƘƻǳƭŘ ǇŜǊŦƻǊƳ ŀ ōƛǘ ŦŀǎǘŜǊΣ L ǘƘƛƴƪΦ ²ƘŜƴ ǿŜ ŘƛŘ ƛǘΣ ƛǘ ǿŀǎ ƴƻǘ ŀǎ ǇŜǊŦƻǊƳŀƴǘ ŀǎ ǿŜ 

ǿŀƴǘŜŘΦ L ŘƻƴΩǘ ǘƘƛƴƪ ǘƘƛǎ ǎȅǎǘŜƳ ǿƻǳƭŘ ōŜ ŀōƭŜ ǘƻ Řƻ ǘƘŜ ǘŀǎƪ ƛǘ ǿŀǎ ŀǎƪŜŘΦέ  

The same interviewee later outlined how the guidelines proposed in the framework and the method 

of interrogation presented via a graphical method would have been helpful to the process, and in 

avoiding issues such as this.  

άLǘΩǎ ŀ ƎƻƻŘ ǎǘŀǊǘƛƴƎ Ǉƻƛƴǘ ŦƻǊ ŜƴƎƛƴŜŜǊǎΦ {ƻƳŜǘƛƳŜǎ ǿŜ ŘƻƴΩǘ ǇǊŜǇŀǊŜ ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘ 

specification document and we quickly move to the design stage. So, this would help to 

facilitate the requirements document [being completed more robustly].έ 

In addition to answers provided on how the framework presented would have helped this specific 

task, the interviewee also provided 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 users are also guided through 

the process.  

4.2. Case Study 2 ς 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 section 1.6.2. 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 appendix C.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 about where the framework is best applied in the 

context of an overall engineering design methodology; the example chosen for this is Engineering 

Design by Pahl and Beitz, as it is a very reputable and well-relied upon methodology. This allows a 

large cross-section of engineers to understand where the framework is best applied in the context of 

a well-known design methodology. The 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 

Beitz is detailed at the end of this chapter; however, the initial steps outlined in Pahl and BeitzΩǎ 

methodology have limited applicability as far as interaction with the proposed framework. Since the 

methods employed by the framework list potential solutions, they have been found to be a useful 

ǊŜǎƻǳǊŎŜ ŀǎ ŦŀǊ ŀǎ ǎŜŀǊŎƘƛƴƎ ŦƻǊ ǿƻǊƪƛƴƎ ǇǊƛƴŎƛǇƭŜǎΣ ŀǎ ƻǳǘƭƛƴŜŘ ōȅ ǎǘŜǇ о ƻŦ tŀƘƭ ŀƴŘ .ŜƛǘȊΩǎ 

methodology. With a more comprehensive conveyance of information through the framework, the 

effectiveness of increasing enƎƛƴŜŜǊǎΩ ŎƻƎƴƛȊŀƴŎŜ ƻŦ ǇƻǘŜƴǘƛŀƭ ǎƻƭǳǘƛƻƴǎ ǿƻǳƭŘ ōŜ ŜȄǇŜŎǘŜŘ ǘƻ 

increase.  

The framework has shown promise in raising awareness of potential solutions, but has otherwise not 

been found to interact closely with other aspects of the earlier stages of Pahl anŘ .ŜƛǘȊΩǎ ƳŜǘƘƻŘƻƭƻƎȅΦ  
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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 some of the best 

prospective components available. The components considered to be most promising for use in this 

instance are highlighted in tables 18 and 19, below.  

Table 18: 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 

 

Table 19: 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 convey. Pahl and Beitz outline the need to define requirements, 

ascertain the importance of various criteria, etc. The first points of the embodiment-level guidelines 

overlap with many of the themes outlined as important by Pahl and Beitz. This is significant as it assists 

ƛƴ ŎƻǊǊƻōƻǊŀǘƛƴƎ ǘƘŜ ŦǊŀƳŜǿƻǊƪΩǎ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ŎƻǊǊŜŎǘ ƛƴŦƻǊƳŀǘƛƻƴ ƛƴ ƛǘǎ ǇǊƻŎŜǎǎ ŦƭƻǿΦ {ƻƳŜ 

key points raised by Pahl and Beitz have been found to have been overlooked by the guidance offered 

by the framework, which is something remedied at this case ǎǘǳŘȅΩǎ end, facilitating 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 the key criteria through use of AHP. Key requirements 

of the system are provided in table 20, whilst more specific definition of requirements for individual 

actuators is refined and provided in tables 21 and 22, also below. These steps are again in line with 

those defined through the framework, and have supported a clear and robust approach to definition 

of components. 
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Table 20: Key requirements of embodiment level solution for actuator 2. 

Criteria Requirements 

Arm shape Single rigid link of basic geometry with 

cylindrical cross-section.  
Length of arm Single link of 0.5 m. 

Mass of arm 0.15 kg 

Materials used Not applicable; arm weight defined as a 0.5 

kg, with material unspecified. 
Load at end of arm 0.1 kg 

 

Table 21: Actuator 2 requirements. 

Criteria Requirements 

Required torque 0.863 Nm 

Required power 10 W 

Required speed 20°/second = 0.35 rad/s2 

Inertia of arm and load 0.0056 kg m2 

 

Table 22: Actuator 1 requirements. 

Criteria Requirements 

Required torque 0.86 Nm 

Required power 10 W 

Required speed 20°/second 

Inertia  0.00115 kg m2 

 

4.2.2.1. Section of Actuator 2 Components 

As per the requirements outlined in table 21, it is known that a minimum torque of 0.863 Nm 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 first plotted on the graphs, to facilitate assessment 

of this information, as per figure 67. 

Interrogation of the graphical representation of component performance has quickly shown that 

limited options are available for the solution of interest, assuming a direct drive solution were to be 

attempted. As per figure 67, 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 may 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 per figure 69.  

 

Figure 67: 3D graph highlighting direct drive motors which would be suitable in this application. 

 

Figure 68: 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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Figure 69: 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 

iƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘǊŀƴǎƳƛǎǎƛƻƴΩǎ ŎǊƛǘŜǊƛŀ draw attention to the region most likely to present a solution 

to meet torque and gear ratio requirements of this component. This process allowed definition of a 

Harmonic Drive gearbox, a planetary gearbox, or a spur gearbox 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 

Following 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 concerns which 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 sets of information allowed the engineer to arrive at the conclusion to 

employ a DC servo motor with a Harmonic Drive gearbox.  

Accounting for a transmission ratio of 60:1, a DC Servo motor producing at least 0.013 Nm and 330 

rpm is required to meet the system needs. 3D graphs have been used to select a specific DC motor. 

Speed and torque performance are required from motors, as dictated by their high priority from AHP. 

AHP also cites the need to consider length, breadth, and height to reduce component volume. Figure 
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70 provides one such instance where initial comparison has taken place. Table 23 provides a legend 

for the colour coding of component instances as they appear on the graphs.  

 

Figure 70: Torque versus Speed versus Power. 

Table 23: Colour coding of candidate components. 

Manufacturer Model Colour 

McLennan Servo Supplies 9904 120 18105 RED 

Pittman Ametek TIP 9234S006-R1 GREEN 

RS Pro 263-5995 BLUE 

Maxon 142750 BLACK 

 

An interesting issue was identified in this study, where the information provided by RS Components 

ƻƴ ǘƘŜ aŎ[Ŝƴƴŀƴ {ŜǊǾƻ ŘƛŦŦŜǊǎ ŦǊƻƳ ǘƘŜ h9aΩǎ ŀŎǘǳŀƭ data. This issue was able to be noted through 

looking at the component plot on the graphs and noticing that the 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; patterns can also be noted and positive and negative aspects which appear are able to be 

conveyed noticed in this way. ¢ƘŜ Ǿƛǎǳŀƭ ƛƴǘŜǊǇǊŜǘŀǘƛƻƴ ŀƭƭƻǿǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŀǘ ǘƘŜ ƳƻǘƻǊΩǎ 

information did not make sense. This is not the use for which it is intended, but 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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Figure 71: Torque Vs Breadth Vs Length. 

Figure 71 compares across geometric information of considered components. It shows that the Maxon 

142750 is an acceptable size motor, which better meets the power requirements than the Pittman 

Amatek model (green). The McLennan motor (red) would have been ideal, but for the issue outlined 

regarding incorrect information from RS Components. Figures 72 and 73 allow assessment on other, 

desirable, criteria, where the Maxon 142750 also performs favourably, allowing robust decision-

making to be facilitated intuitively. 

Figure 72 ŀǎǎŜǎǎŜǎ ŎƻƳǇƻƴŜƴǘǎΩ Ƴŀǎǎ ŀƴŘ Ŏƻǎǘ ƛƴŦƻǊƳŀǘƛƻƴΣ ŀƭƭƻǿƛƴƎ ƛƴǘǳƛǘƛǾŜ ǎŜƭŜŎǘƛƻƴ ƻŦ Ŏƻǎǘ ŀƴŘ 

mass-effective COTS solutions. The Maxon 142750 represents the lightest and most expensive 

solution of the 3 under consideration in this example. From AHP it has been 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 ways more than 2D graphs provide, a process which has yielded the Maxon 142750 as a 

suitable solution.  

Of the 3D graphs, the information presented on the Y-Z plane has proven to be an extremely useful 

ƳŜŀƴǎ ƻŦ ǊŀǇƛŘƭȅ ŀǎǎŜǎǎƛƴƎ ǘƘŜ ōŜǎǘ άŦǳƴŎǘƛƻƴ ŎƻǎǘŜŘέ ǎƻƭǳǘion for two other criteria. The use of 3D 

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 use 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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Figure 72: Torque Vs Mass Vs Cost 

 

Figure 73: Torque Vs Rated Voltage Vs Cost 

Transmission Selection 

Figure 74 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 Harmonic Drive Gearboxes. The only 

requirements of 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 consideration. The selected component is 

detailed as follows.  
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Figure 74: Torque Vs Speed 

The Harmonic Drive PMG-8A-M with a 72:1 ratio has performed well throughout consideration. An 

informed choice about the selection of this gearbox has again 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, whilst guidelines have also 

supported a process which facilitates the definition of key parameters relevant to the actuator being 

developed. The key requirements are documented below, as per table 24.  

Table 24: Key criteria of actuator 1. 

Criteria Requirements 

Required torque 0.315 Nm 

Required power 9 W 

Required speed 20°/ second = 0.35 rad/sec 

Total inertia of disk and mounted 

components 

0.002 kg m2 

 

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. Figure 75 provides an overview of the components considered, expanding to demonstrate their 

similarity in torque v breadth consideration. Remaining application can be viewed in section D.6. of 

appendices. A Sanyo Denki 103H5210-5240 stepper motor has been eventually selected.  

Since a key desire of this system is reduction of mass and volume, no transmission is used and the 

motor is instead run in direct drive.  
















































































































































































































































































