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Abstract

Traditionally, the prosthesis has been treated as medicalised device and pri-

marily designed for function. The aesthetics of prostheses appeared to be a

secondary concern, and even when they were considered, the appearance of

prostheses often tried to mimic human limbs to hide disability. However, a

new trend of aesthetic prosthesis has emerged recently which solicits atten-

tion, expresses the personal style and self-identity of the individual with

limb loss or absence, and emphasises their individuality and uniqueness

rather than incompleteness, which has been demonstrated to significantly

impact users’ psychological well-being.

However, such aesthetic prostheses must be unique to each individual,

which requires a degree of personalisation in both design and manufac-

ture that exceeds the capabilities of conventional design and manufacturing

techniques. In response, I establish techniques for the generative co-design

and non-planar additive manufacture of personalised aesthetic prostheses.

This involves following an interdisciplinary approach that weaves together

techniques from human-computer interaction (HCI), prosthesis and disabil-

ity research, dance and motion capture, and additive manufacture.

My proposed generative co-design strategy combines the advantages of gen-

erative design, which enables the efficient exploration of many designs, with

the collaborative design which enables users’ involvement in the design pro-
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cess so as to embody a deep expression of individual identity within the

designed prostheses. The strategy enables the direct personalisation of aes-

thetic prostheses through a personally expressive skill, in this case, dancing,

without the involvement of professional designers.

The strategy is embodied in three algorithms that collectively address the

whole design flow from conceptual design to final design for manufacture.

Mogrow is a generative co-design algorithm driven by motion capture tech-

nology so that dancing can generate personalised aesthetic seeds - archety-

pal designs that might be applied to various products. Leg sculpting is

a generative design algorithm that applies an aesthetic seed to a specific

product, a prosthesis cover that is personalised to fit users’ unique body fea-

tures. A final algorithm optimises the design of the prosthesis produced by

leg sculpting to be manufactured without printing supports, significantly

improving the efficiency of additive manufacture without compromising

aesthetic details.

While the application of additive manufacturing technology can signifi-

cantly improve the efficiency of customisation, the aesthetic prosthesis re-

quires higher freedom of morphology to open up a broader space for aes-

thetic consideration, which potentially conflicts with the requirements of

mechanical strength and weight. The final contribution of this thesis is

therefore to establish a non-planar additive manufacturing platform based

on a six degrees of freedom (6DOF) robotic arm, that accommodates trade-

offs between visual aesthetic, form, weight, and mechanical properties of

aesthetic prostheses.

This research uses disabled dancers as research collaborators. Three work-

shops are conducted to interact with the algorithms and discuss the results.

ii



Author contributions to thesis

The research theme of “Prostheses” was suggested by the Horizon Cen-

tre for Doctoral Training (CDT) and the partner, Additive Manufacturing

CDT, who jointly funded this PhD research. The idea of applying genera-

tive co-design design, additive manufacture and motion capture to aesthetic

prostheses was proposed and developed by the author during the first year

of doctoral training, with feedback from a number of academics associated

with the Horizon CDT, in particular from Prof. Steve Benford, and Prof.

Ian Ashcroft who later became the authors’ PhD supervisors.

All the research in the thesis was designed by the author, with guidance and

oversight from his two supervisors. The author was responsible for produc-

ing protocols, acquiring ethical approvals for participants in the thesis and

associated tasks of data collection, analysis and interpretation. Major help

was received from Prof. Sarah Whatley and Dr. Kate Marsh in working

with disabled dancers. Dr. Marie Dilworth from the Horizon CDT assisted

in the workshops with dancers.

The author established both the generative co-design system consisting

of three algorithms and the non-planar additive manufacturing platform

including designing and building hardware, as well as developing a corre-

sponding controlling system and slicing software. Dr. Paul Tennent and

Dr. Joseph Marshal at the Mixed Reality Lab supplied significant help on

iii



motion capture and transformation of motion data.

iv



Publications

Articulating Soma Experiences using Trajectories. Tennent, Paul, et al.

“Articulating Soma Experiences using Trajectories.” Proceedings of the

2021 CHI Conference on Human Factors in Computing Systems. 2021.

This paper recieved Honorable Mention of the CHI conference (for top 5%

submissions).

Unpacking non-dualistic design: The soma design case. Höök, Kristina,
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Chapter 1

Introduction

1.1 The need for aesthetic prostheses

Prosthetic limbs have historically been intended for replacing loss (Mullins,

2009), and as a result, are usually functional or naturalistic in design

(Pullin, 2009). The basic, or “functional,” prosthesis meets the rudimen-

tary operational needs of the user (Mital & Pierce, 1971). A naturalis-

tic prosthetic limb is focused on discretion, thereby disguising limb loss

(Mullins, 2009). However, a new type of artificial limb – “aesthetic pros-

theses” – is now appearing in the marketplace. These prostheses differ

from traditional designs, in that they solicit attention and express the per-

sonal style and self-identity of the individual with limb loss or absence.

Based on the Lamb & Kallal (1992) FEA Consumer Needs Model, these

prostheses fulfil the expressive needs of prosthetic limb users, which have

historically been overlooked. Vainshtein (2011), Pullin (2009) and Hall &

Orzada (2013) have also argued that prostheses shouldn’t be limited to ad-

dressing only functional or cosmetic issues and claimed that “aesthetic pros-

theses” significantly impact users’ psychological well-being by emphasising
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their individuality and uniqueness rather than incompleteness. However,

an aesthetic prosthesis is usually unique for each individual, which means

it requires customisation in both design and manufacture. The established

approach to getting a customised and aesthetic design is based on tradi-

tional, even handmade, design and manufacture processes. This is already

not scalable to large numbers of users within the budgets or many people in

the healthcare system. It is even less scalable to a future in which aesthetic

prosthetics might be uniquely made for different purposes and occasions,

perhaps eventually acquiring the status of fashion items. The challenge

explored by this thesis is to establish a radical new approach to design and

manufacture that can deliver personalised aesthetic prostheses at scale.

1.2 Generative co-design & non-planar ad-

ditive manufacture of aesthetic prosthe-

ses

This thesis explores how the extension and integration of two emerging

technologies -generative co-design and non-planar additive manufacture

could address this challenge.

Generative co-design is the integration of generative design and co-design

approaches.

• The generative design approach investigates how to use the power

of computers to perform creative tasks more efficiently or even to

make computer design solutions. This is known as computational

creativity (Gabriel et al., 2016), which includes any application ca-

pable of generating product shapes other than those directly created

2
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by the designer. The generative design was seen as an efficient tool

to produce the customised design (McKnight, 2017).

• The co-design (participatory design) allows users, stakeholders, and

designers to work collaboratively in the design process (E. B. N.

Sanders et al., 2010). It enables designers to elicit tacit and latent

knowledge they might not otherwise discover through conventional

research methods (Sanders, 1999). Blom (2018), explored the role of

the co-design approach in establishing artisanship in prosthetic aes-

thetics. The research demonstrated that the co-design approach en-

abled users’ involvement in the process of designing their prostheses.

Through this involvement, the personal experience was implanted

into the aesthetic prosthesis, which embodied a deeper, richer ex-

pression of the individual identity of the amputees in a beautiful and

intricate way (Blom, 2018).

This thesis integrates generative design and the co-design approaches to

establish the generative co-design approach, in order to explore a design

approach for aesthetic prostheses which enables massive aesthetic customi-

sations and expression of self-identity by the user’s involvement in the pros-

thesis design process.

The aesthetics require a high degree of geometric freedom, which easily

conflicts with the requirements of physical factors of a prosthesis, e.g. me-

chanical properties and weight. While, customisation for each individual

challenges the efficiency of traditional manual manufacture and massive

manufacture. Thus, this thesis explored non-planar additive manufactur-

ing technology with six degrees of freedom (6DOF) robotic arm to be the

manufacturing approach in order to accommodate tradeoffs between visual

aesthetic, form, weight, material and mechanical properties of aesthetic
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prostheses.

Therefore, this thesis aims to explore generative co-design & non-planar

additive manufacture of aesthetic prostheses.

1.3 Research questions

Research question 1: Is generative design a feasible approach to efficiently

producing aesthetic designs that are acceptable by dancers and applicable

to prosthetic designs?

Research question 2: How can dancers effectively interact with generative

design to produce personalised designs?

Research question 3: How can the resulting designs then be applied to

diverse forms of prostheses?

Research question 4: How can the resulting prosthetic designs be made

viable for additive manufacture without compromising their aesthetics?

Research question 5: How can additive manufacture accommodate tradeoffs

between visual aesthetic, form, weight, material and mechanical properties

of aesthetic prosthetics?

Research question 6: How does the integrated flow of design and manufac-

turing prosthetic prostheses incorporate aesthetics?

4
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1.4 Method

As part of the UKRI Horizon Centre for Doctoral Training that focuses

on interdisciplinary research, my PhD project follows an interdisciplinary

approach that spans computer science, engineering and dance.The over-

all research approach is “research through design” in which generalizable

knowledge emerges from a practice-led process of designing, making, and

reflecting on various kinds of products (Gaver, 2012; Zimmerman, Forlizzi,

& Evenson, 2007). We engaged dancers as co-designers, involving them in

a process of ‘inquiry and imagination’ (Spiel et al., 2018). While co-design

emphasizes users’ input, it does not entirely put the user in the position

of designer (Mazzone, 2012; Sanders, 1999), but rather requires that the

designer analyze and translate acquired knowledge into design-relevant in-

formation (Sanders, 1999). Our process involved moving back and forth

between design-led technical innovations and dancer-led responses to these.

This required us to balance our own technical ideas with facilitating, lis-

tening to, and observing our co-designers.

We recruited two professional disabled dancers and two dance researchers.

The dancers, referred to as T and W, were both female with many years of

training and professional experience in expressing themselves through im-

provised bodily movements. Both had high amputations on one leg. They

were compensated using industry daily rates recommended by their pro-

fessional body. The two dance researchers, S and K, were also experienced

dance practitioners. They recruited the dancers and contributed insights

into dance and disability from their research. K is also a disabled artist

researcher with lived experience of disability. The relatively small number

of external participants was due to the scarcity of and demand for pro-

fessional disabled dancers, combined with the effects of the global COVID

5



1.5. STRUCTURE

pandemic which halted our plans for hosting a larger event to gather feed-

back from the wider dance community. However, engaging even just a few

professionals in our design process proved highly illuminating, revealing

unanticipated insights as we report below.

The two dancers were fully informed about the research. They were asked

to perform a series of improvision, while wearing the ROKOKO Smart Suit,

and interact with the design algorithm by seeing the screen in front. Their

movements and produced designs were recorded and analysed. The research

was conducted in Centre for Dance Research in Coventry University a safe

and supportive environment, with all necessary measures taken to ensure

the physical and emotional well-being of the dancers. The data collected

was be kept confidential and anonymous, and was only be used for the

purpose of the research.

1.5 Structure

The thesis will present these threads in three discrete chapters that each

used different methods, then bring them together into a framework in the

discussion chapter. These three chapters are:

• Generative co-design – the method here is creating and demonstrat-

ing nature-inspired generative design algorithms as well as enabling

disabled dancers’ involvement in the designing process to explore how

they can interact with the various algorithms to produce personalised

aesthetic prosthetic designs.

• Non-planar additive manufacture – the method here is engineering

research to identify and solve key additive manufacturing challenges.
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• And user evaluation – the method to evaluate whether the de-

sign and manufacturing methods demonstrate acceptable aesthetics

by dancers.

1.6 Contribution

This thesis explores a radical new approach to design and manufacture that

can deliver personalised aesthetic prostheses at scale by answering the six

research questions stated above.

• The established generative co-design algorithm – Mogrow creates

designs with an organic aesthetic style obtaining a high degree of

disabled dancers’ acceptance.

• The application of motion capture and dancing principles (Raheb et

al., 2018) brings an applicable manner of interaction between dancer

and generative design algorithm.

• The developed generative design algorithm – leg sculpting enables

the customisation of aesthetic prosthetic designs to fit the user’s spe-

cific body features.

• The developed generative design algorithm – optimisation of addi-

tive manufacture enables improvement of efficiency of additive manu-

facture by eliminating the requirement of support during the process

of additive manufacture, without compromising the design’s aesthet-

ics.

• The established non-planar additive manufacture platform is poten-

tial to accommodate tradeoffs between visual aesthetic, form, weight,

material and mechanical properties of aesthetic prosthetics.
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• Considering aesthetics throughout the co-design and additive man-

ufacturing process

1.7 Impact of COVID-19

COVID-19 has significantly impacted the present study.

• The pandemic has also held back the user study. The research

collaborators are disabled dancers who are rare and the pandemic

made it even more challenging to run workshops.

• Limited access to the required facilities e.g. high-precision 6DOF

robotic arm hindered the experiment of manufacturing. The compro-

mising solution was to conduct experiments, with a lower-precision

facility.
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Chapter 2

Literature Review

This research follows an interdisciplinary approach including aesthetics of

Human Computer Interaction(HCI), aesthetics of prostheses, design ap-

proach: co-design and generative design, dance and interaction, and addi-

tive manufacturing of prostheses. This chapter will state relevant research

separately for these four fields. Figure: 2.1 illustrates the structure of this

chapter.

2.1 Aesthetics

While the study of aesthetics often focuses on appearance, visual style, and

beauty, other factors come into play when making aesthetic judgments.

Consideration of aesthetics within HCI has included the aesthetics of inter-

action as extending beyond the appearance of objects to include the sense

of experience and expression that arises from interacting with them (Pe-

tersen, Hallnäs, & Jacob, 2008). Baljko and Tenhaaf present the aesthetics

of emergence as a theoretical perspective on the aesthetics of interaction,

focusing on how co-constructed interactions occur when there is shared
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Figure 2.1: Structure of chapter literature review.
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agency between user and system (Baljko & Tenhaaf, 2008). Dalsgaard and

Hansen propose considering the perspectives of operators, performers, and

spectators as part of the aesthetics of staging interactions (Dalsgaard &

Hansen, 2008). Redström introduces ‘tangled interaction’ to express the

relationship between appearance and functionality in the aesthetics of inter-

action (Redström, 2008). Hallnäs and Redström introduce the concept of

the ‘expressional’ as an aesthetic foundation for how computational things

can be the bearers of certain expressions, just as appliances are the bearers

of functionality (Hallnäs & Redström, 2002). Wright et al. focus on feelings

and emotions as aesthetically important facets of interaction, highlighting

the importance of sense-making (Wright, Wallace, & McCarthy, 2008).

Our interest in prosthetics and dance brings into focus the aesthetics of

bodily experience. While historical accounts have often treated aesthetic

experience as being something of the mind that stands apart from the

everyday world of the body, contemporary scholars have argued for the

inherently embodied nature of aesthetic experience, often drawing on the

pragmatic aesthetics of Dewey (1929). Xenakis and Arnellos argue for aes-

thetic experience as being fundamentally bodily and emotional, involving

sense-making through our bodily interactions with our environments (Xe-

nakis & Arnellos, 2015). Brinck argues that aesthetic experience is enacted

and skillful, involving sense-making of movement (Brinck, 2017). Shus-

terman’s practical philosophy of somaesthetics promotes a holistic mind-

body approach to training one’s aesthetic appreciation of bodily experience

(Shusterman, 2012) and has inspired the approach of soma design for em-

bodied interactions (Hook, 2018).

With specific reference to dancing, our approach mirrors Hsueh et al.’s ex-

ploration of the dynamic relations between the moving body and interac-

tive technology during the creative process of movement ideation (Hsueh et
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al., 2019). Building on the idea “kinaesthetic creativity” that describes the

body’s ability to enact alternate future possibilities via movement (Svanaes,

2013), they classified dancers’ interactions with a dynamic system as being

directed, co-creative, following, negotiating, control-based or expressive.

Finally, returning to prostheses, Tamari reflects on how the visibility of dis-

abled athletes and their prostheses at the London 2012 Paralympic Games

brought to the fore the relationship between elite Paralympians and ad-

vanced prosthetic technology, arguing that the modern discourse of pros-

theses has shifted from the made-up and camouflaged body to the empow-

ered and exhibited body, leading to the idea of prosthetic aesthetics as

negotiating a tension between the two “polarized sensitivities” of attrac-

tiveness/coolness and abjection/the uncanny (Tamari, 2017). In defining

the concept of disability aesthetics, Siebers argues that disability provides a

critical framework for questioning aesthetics, is worthy of representation in

its own right, and that “good art incorporates disability” (Siebers, 2010).

We build on these notions of prosthetic aesthetics and disability aesthetics,

and also HCI’s wider interest in the aesthetics of interaction, by introduc-

ing an approach whereby disabled dancers are empowered to decorate and

reveal their prostheses in a way that reflects their identities.

2.2 Aesthetic prostheses

This sub-chapter will start with summarising relevant research based on

Hall & Orzada (2015) ‘s three criteria that prostheses must meet: “Opera-

tional”, “Visible”, and “Social engagement. Then it will state the relation-

ship between aesthetics of prostheses and psychological well-being. After

that, styles of prostheses: functional prostheses, realistic-looking prosthe-

12



2.2. AESTHETIC PROSTHESES

ses and aesthetic prostheses will be introduced. At last, there will be a

summary of the current research situation and trend of aesthetic prosthe-

ses.

2.2.1 Roles of the prosthesis

In a study on aesthetic prostheses, more than half of lower limb prosthesis

users in the UK expressed a neutral or unsatisfied attitude on cosmetic

characteristics (Cairns et al., 2014). The conventional bare pole model,

foam model, or silicone cosmetic model only covers a limited visual diver-

sity range, and many customers have unmet needs (Sansoni et al., 2016).

Pullin & Higginbotham (2010) looks at the typical purpose of medical de-

sign, which is to correct for handicaps as discreetly as possible, while also

questioning whether flesh-coloured prostheses send out implicit messages

that impairment is something to hide. Many prosthesis clinics emphasise

physical function, which is being challenged by research that emphasises the

necessity of building a user-centred care delivery paradigm (Schaffalitzky

et al., 2011)

According to (Hall & Orzada, 2015), prosthetic limbs must meet three cri-

teria. The first is an ‘operational’ need, which refers to the body’s basic

functional capacities. Second, there is a ‘visible’ need related to the ap-

pearance of embodied wholeness. Finally, a social requirement pertains to

the user’s capacity to engage in activities and social gatherings.

Operational

A prosthesis is first and foremost a tool that a person utilises to control

their body efficiently. Furthermore, the increased capability allows for more
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significant physical movement and flexibility. (Murray, 2005, 2009; Sousa

et al., 2009). Prosthesis users see a restoration of function as a notable

feature of the device’s use, offering independence, dignity, and better self-

worth (Donovan-Hall et al., 2002; Sousa et al., 2009). Participants in re-

search by Sousa et al. (2009), for example, stated that the most significant

expectation of an artificial limb is operational demands. These respondents

required their prostheses to adapt to vigorous and demanding use because

they wanted to participate in sports. Staker et al. (2009) also mention

“socket fit” as “the essential concern” when it comes to prosthetics in the

field. Prosthetics provided freedom and independence to other users, vital

for retaining their adult identity and perspective (Murray, 2005).

Visible

Wearing a prosthesis also has a visual or aesthetic benefit. A prosthesis

is a part of one’s personal look because it is worn on the body. It gets

ingrained in how users interact with others (Murray, 2009). Prostheses

give the appearance of a healthy physique, improving aesthetic appeal so

that the individual believes they conform to the socially acceptable body

image (Sousa et al., 2009).

Some research suggests that a prosthetic limb should seem as natural as

feasible to enable enhanced appearance (Donovan-Hall et al., 2002; Sousa

et al., 2009). For example, Murray (2009) and Sousa et al. (2009) found

that a realistic-looking passive limb pleased female participants more than

the functional prosthetic limb. According to the study, female participants

were more worried about prostheses’ visual and realistic-looking features

than their male counterparts. Following limb loss, Sousa et al. (2009)

observed that women are more concerned with seeming “normal,” whereas

14



2.2. AESTHETIC PROSTHESES

males are more concerned with functioning “normally.”

However, some other research indicated that the appearance of prosthetics

does not have to simulate realistic limbs. The goal is to design prostheses

in a way that does not aim to duplicate the aesthetic of a human limb

can assist the user in promoting their own distinctive identity (Hart, 2021;

Labarre, 2010; Summit, 2016; Vlachaki et al., 2020). By wearing some-

thing that emphasises the embodied cause of stigma, the prosthesis user

is reclaiming and reframing the disability identity by fostering pride and

positivity of the non-normative body, as Hall & Orzada (2013) discovered.

For instance, Hilhorst (2005) highlights designing personalised prosthetic

hands for children for giving them a sense of identity.

To sum up, with prosthetic limbs, the desire to look physically whole is a

powerful motivator (Saradjian et al., 2008). The prosthesis is perceived as

a part of the user’s body and, hence, part of themselves. So much so that

people who have lost limbs feel ashamed of their physical peculiarities if

they do not have a prosthesis.

Social engagement

The third condition that prosthesis use satisfies is social perception. A

prosthetic limb facilitates social contact for someone who has lost or is

missing a limb (Murray, 2005; Sousa et al., 2009). In research by Murray

(2005), participants claimed their prostheses offered social normalisation

by allowing them to fit in with others. Many studies (Donovan-Hall et al.,

2002; Murray, 2005, 2009; Saradjian et al., 2008) have found that patients

are more depressed after amputation. Some of these situations occurred

due to feelings of perceived isolation (Donovan-Hall et al., 2002). A pros-

thesis was proven to reduce this emotional response while also providing
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favourable social chances (Donovan-Hall et al., 2002; Murray, 2005, 2009;

Saradjian et al., 2008).

To summarise, prostheses’ aesthetics value both “visible” and “social en-

gagement”.

2.2.2 Psychological well-being and prostheses

The importance of the prosthesis in helping the psychological well-being of

persons with limb insufficiency is gaining popularity (Carroll & Fyfe, 2004).

Prosthesis improves psychological well-being in both aspects of function

and aesthetics.

The prosthesis’s functioning is thought to influence one’s well-being sub-

stantially (Sansoni, 2014). It has been demonstrated that wearing a pros-

thesis can help people gain movement and carry out everyday tasks (Po-

hjolainen et al., 1990). It has also been suggested that improving mobility

and gaining new abilities might help people overcome the negative sensa-

tions that a lack can create. Dunn (1996) recommends concentrating on

three areas to improve psychological well-being: 1) finding positive mean-

ing in having limb insufficiency, 2) adopting an optimistic attitude, and 3)

experiencing control over handicaps. When considering one’s well-being in

the context of adaptation to disability, numerous elements such as daily

activities, social support, and level of insufficiency have been examined

(Bosmans et al., 2007).

Aside from its functional role, prosthetic aesthetics have been shown to

impact people’s psychological well-being in various studies. (Bhuvaneswar

et al., 2007; Murray, 2005; Nguyen, 2013; Rybarczyk & Behel, 2008). Mill-

stein et al. (1986) suggest that for a prosthesis to be accepted by users, it
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must be “comfortable, functional, and attractive.” Similarly, Bhuvaneswar

et al. (2007) emphasise the importance of cosmetic appearance in the

user’s psychological well-being and the functionality of the assistive device.

Aesthetics are essential for prosthetics in ways that go beyond the desire

to wear attractive accessories. A person’s acceptance of a prosthetic de-

vice is influenced by its look, and stunning aesthetics have the potential

to increase psychological well-being (Cairns et al., 2014; Pohjolainen et al.,

1990). Visual aesthetics have also been shown to positively impact user

compliance in other areas of supportive device design, such as hearing aids

(Profita et al., 2016) and scoliosis braces (Law et al., 2016).

2.2.3 Design of prostheses

The multifaceted nature of well-being is reflected in the design literature

from different perspectives that focus on subjective well-being. Neverthe-

less, many design researchers agree that design has a vast potential to bring

fulfilment to one’s life (Desmet & Pohlmeyer, 2013; Kanis et al., 2009). This

section will start by stating two traditional styles of prostheses: functional

prostheses – bare pole models and realistic-looking prostheses. After that,

the theoretical research and design practice of aesthetic prostheses will be

demonstrated. At last, this section will introduce the current relevant re-

search trends – codesign in the prosthesis.

Functional and realistic-looking prostheses

Most artificial limbs are either functional or cosmetic due to their historical

purpose of replacing lost limbs (Mullins, 2009; Pullin, 2009). In medical

design, there is a “duality between aesthetics and functionality,” according
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to Pullin (2009). Depending on its functionality and aesthetics, an artificial

limb either looks good, in which case aesthetics are stressed, or performs

well, in which case the function is emphasised. As Mital & Pierce (1971),

some doctors focus a great deal on the functional necessities of prostheses to

the extent that cosmetic considerations are often overlooked. Further, these

doctors describe patients’ unrealistic expectations about what an artificial

limb should look like. The doctors state that amputations won’t be able to

fully replace a human limb, citing Mital & Pierce (1971). Therefore, this

design of functional prosthesis is most common. A metal bar is attached

to a rubber foot, or a bifurcated hook is attached to a metal bar (Mital &

Pierce, 1971; Mullins, 2009).

Additionally, amputees have the option of purchasing a realistic-looking

prosthesis, which mimics a flesh-toned human appendage and hides the

absence of a limb (Donovan-Hall et al., 2002; Mullins, 2009; Murray, 2009).

This medical device is intended for discretion, similar to hearing aids, which

come in ever-reducing sizes with a flesh-toned clear appearance (Pullin,

2009). In the research of Hamilton (1997), women can get prosthetic

feet with realistic-looking toes when wearing sandals, while men can have

replica legs with a hairy appearance.

Research of aesthetic prostheses

Pullin (2009) argued that prostheses should not be limited to addressing

only functional or cosmetic issues. According to him, medical engineer-

ing should include fashion. Pullin (2009) cited glasses as an aid that has

moved from a prescribed, medical aid that aims to be as invisible as pos-

sible to a fashion statement. He proposed the concept of resonant design:

‘a design intended to address the needs of some people with a particu-
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lar disability and other people without that disability but perhaps finding

themselves in particular circumstances’. Pullin’s argument is that resonant

design, steered by art and design graduates, would offer a wider variety of

designs for assistive devices, and offer users more options and more op-

portunity to express themselves through their choices of design (Pullin,

2009). Drawing on methodologies from fashion studies, body studies, the

history of emotions and visual studies, Vainshtein (2011) explored the topic

of fashion and disability from an interdisciplinary perspective. Vainshtein

(2011) claimed that fashion as cultural production successfully generates

new visual languages, breaking the barriers of invisibility traditionally as-

sociated with disabled bodies and contributing to human well-being. Lamb

& Kallal (1992) proposed the FEA Consumer Needs Model, which stated

that a consumer product should fulfil the end user’s functional, aesthetic,

and expressive needs. Functional needs pertain to fit and comfort, while

aesthetic needs relate to the intrinsic beauty found in the item. However,

expressive needs relate to the symbolic and psychological aspects, which

refers to how well a product communicates our sense of self: how we view

ourselves, essentially our identity, and how we want to present ourselves to

others (Lamb & Kallal,1992). This FEA Consumer Needs Model supported

the future research on expressive prostheses by Hall & Orzada (2013), who

indicated the requirement of fulfilling expressive needs of prosthetic limb

users had historically been overlooked by conventional prostheses. Hall &

Orzada (2013) then analysed literature from disability and fashion studies,

in order to establish a context for what would be the designed expressive

prostheses (EP) and claimed that expressive prosthetic limbs that focused

on highlighting the user’s identity, could reduce stigmatisation of users by

increasing their self-confidence. Most recently, Vlachaki et al. (2020) aimed

to explore the effects of the prosthetic appearance on users’ lives by semi

structured interviews and stated that expressive prostheses customised to
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highlight users’ identity, could increase their self-confidence. Figure: 2.2

(a,b) show expressive prosthetic covers, whilst Figure: 2.2 (c) shows an ex-

pressive prosthesis. However, relevant research, especially on the approach

of creating it, is still little.

Figure 2.2: Expressive Prostheses: (a) Racer: modelled by Braydon Lus-
combe (adjusted by Alleles Design Studio); (b) Prosthetic cover designed
by Scott Summit (adjusted by SummitID); (c) The Synchronised arm de-
signed by Sophie de Oliveira Barata and Dani Clode. Photographed by
Omkaar Kotedia and used by Kelly Knox (adjusted by The alternative
limb project, a). (Vlachaki et al., 2020)

Design practice of aesthetic prostheses

Some pioneer designers are attempting to fill this void in designing practice.

Bespoke Innovations, a commercial prosthesis manufacturer, was founded

by industrial designer Scott Summit (Summit, 2016). Custom covers are

created by Bespoke Innovations to cover the standard metal bar prosthetic

legs (Figure: 2.3). The covers consist of a variety of materials, including

chrome and embossed leather. Bespoke Innovations can create additions to

limb prosthetics that complement the person’s appearance and functional-

ity. They take the functionality of prosthetics and add the human body’s

sculpture, beauty, and elegance. An individual’s uniqueness and personal-

ity are reflected in the sculpture created as a work of art (Summit, 2016).

As an ind ustrial designer, Aviya Serfaty developed an artificial leg titled

“Outfeet” (Labarre, 2010). Her prototype is intended for female users, as
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the lower limb prostheses are traditionally designed for men’s legs. The

concept behind her design was that of a prosthesis as a fashion accessory.

Carbon fibre frames are attached to various “shoe” attachments on the leg

(Figure: 2.4). It is Serfaty’s goal to help women with amputations move

beyond the label of physically disabled and be able to fully express them-

selves (Labarre, 2010). Sophie de Oliveira Barata, a prosthetics specialist

who specialises in special effects, founded the Alternative Limb Project (or

Art Limb Pro) in 2011. She has reportedly been working on many exag-

gerated prosthetic limbs since then. By creating alternative limb covers,

she aims to bring joy to the eye, break down social barriers and facili-

tate a positive dialogue about difference and the human body (Hart, 2021)

(Figure: 2.5).

Figure 2.3: Prosthesis cover. Courtesy of Bespoke Innovations (Summit,
2013).

Unlike traditional prostheses: functional and realistic prostheses, these pio-

neer designers’ aesthetic prostheses emphasise the user’s individuality and

uniqueness through unique and customised aesthetic patterns. In other
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Figure 2.4: Prostheses. Courtesy of Aviya Serfaty (Labarre, 2010).

Figure 2.5: Alternative limbs by Sophie de Oliveira Barata (Barata, n.d.)
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words, bespoke aesthetics plays a significant role in aesthetic prostheses.

Current relevant research trends: co-design in aesthetic prosthe-

ses

More than aesthetic customisation, combining customised aesthetic design

with personal experience can ulteriorly improve the self-identity of aes-

thetic prostheses. Blom (2018) explored the role of the co-design approach

in establishing artisanship in prosthetic aesthetics. They investigated the

design of a prosthetic given, a traditional item worn on the shin that also

fulfilled a decorative function (Fortenberry, 1991). The process they devel-

oped enabled makers and amputees to focus on co-designing elements of

the grave in a workshop setting. Figure: 2.6 to Figure: 2.8 show the final

designs. The greaves created in the project were designed such that the am-

putees could wear them and allowed the personal identity of the amputees

to be reflected through the design. However, the insights from amputees

suggest that the benefits of being involved in the design process extend

beyond designing the greave as a reflection of personal identity. These ex-

periences suggest that the body image that was sought through the design

process was not aimed at covering up their prosthesis with a ‘nicer looking’

thing. The resulting greaves embodied a deeper, richer expression of the

individual identity of the amputees in a beautiful and intricate way: ‘What

do I want to have?’ and it’s about them personally rather than it being ‘I

can get this beautiful thing’. It’s like, ‘This is a part of me, and I want to

make it mine (J. Blom, 2018).

To summarise, the aesthetics of prostheses plays a significant role in well-

being, while two traditional types of prostheses – functional prostheses and

realistic-looking prostheses failed to match all users’ requirements. The
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Figure 2.6: Angular shape of the rear of the greave, executed in crystal
clear resin and white metal and final greave design (J. Blom, 2018)

Figure 2.7: Final greave design, willow (J. Blom, 2018)
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Figure 2.8: Final greave design, wood (J. Blom, 2018)
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emergence of aesthetic (expressive or fashionable) prostheses, especially the

ones integrated with users’ involvement efficiently fills this gap. Aesthetic

prostheses emphasise personal identity through two factors: customised

aesthetic design and personal experience. However, the limited literature

indicated that relevant research is still in its infancy. Especially there

needs to be more research into how to support the aesthetic personalisation

of prosthetics from both of perspectives: design and manufacturing, as a

way of increasing well-being. Therefore, this research aims to explore an

integrated flow to customise aesthetic prostheses through both design and

manufacturing perspectives.

2.3 Design approach: co-design and genera-

tive design

Most relevant research follows a traditional design approach to customise

aesthetic prostheses, which means every single customised design of pros-

theses takes a great deal of designer effort. That indicates aesthetic pros-

theses designed by the traditional design approach are not able to benefit

users broadly. Thus, this sub-chapter will investigate relevant research on

two design approaches: co-design and generative design approaches, which

are the potential to benefit aesthetic prostheses to a mass of users.

2.3.1 Participatory design & Co-design

The above-mentioned research that applying the co-design approach to the

design of aesthetic greave by Blom (2018) demonstrated that the co-design

approach embodied a deeper, richer expression of the individual identity
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of the amputees by enabling them to be deeply involved in the design

process and get their unique personal experience. This section will state

the concept of participatory and co-design, the generative tool of co-design

that enables users without professional design skills to deeply participate in

design processes, and analyse the potential to benefit the design of aesthetic

prostheses.

In tradition, users are involved in the design process for usability testing.

However, the study of Gould & Lewis (1985) emphasises the importance

of the user’s contribution in the early stages of a design process. Thus,

users may be more involved in the design process with a more central role,

positively affecting the outcome (Scaife et al., 1997). Both Participatory

design and Co-design approaches emphasise the user‘s involvement in the

integrated design process.

Participatory design approach

The participatory design approach emerged in the 1970s when computer

professionals and managers in Norway decided to involve workers in deci-

sions about computer systems at work (Sandusky, 1997). Participatory de-

sign has since been used in product design, architecture, urban planning, or-

ganisational development, and information technology (Sanoff, 2007). The

participatory design allows users, stakeholders, and designers to work col-

laboratively in the design process (E. B. N. Sanders et al., 2010). Following

Schuler & Namioka (2017), the participatory design aims to include people

who are affected by a decision in influencing it. Many studies have demon-

strated the effectiveness of participatory design in collaborating with users

(Halskov & Hansen, 2015; E. B. N. Sanders et al., 2010; Sanoff, 2007).
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Co-design

In recent years, the terms ’co-design’ and ‘co-creation’ have gained popular-

ity in discussing how designers can collaborate with users. Sanders (1999)

first introduces co-creation in design practice by presenting an example of

a co-creation toolkit. In her article, Sanders (1999) compares traditional

design methods focused on what people say, do, and think with co-design

practices that focus on what people know, feel, and dream. A co-design

process allows designers to elicit tacit and latent knowledge they might not

otherwise discover through conventional research methods (Sanders, 1999).

(Figure: 2.9)

Figure 2.9: Different levels of knowledge about experience are accessed by
different technologies (Visser et al., 2005).

Co-design, which facilitates a process of collecting information from users,

requires that designers change their roles in the design process to facilitate,

listen, and observe (Shackleton, 2010). In this sense, collaboration with

users depends on the designer’s ability to design tools and techniques for

adapting different contexts (Kujala, 2003). Co-design, however, emphasises

utilising users’ input and does not entirely put the user in the position

of designer (Mazzone, 2012). Instead of replacing the designer with the

user, co-design requires that the designer analyse and translate acquired

knowledge into design-relevant information, enriching the overall inputs
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for design (E. B.-N. Sanders, 2000).

Generative Tools

The user can become a member of the design team as an ‘expert of his/her

experiences’ (Visser et al., 2005), but for them to take on this role, appro-

priate tools must be provided for them to express themselves. In Sanders

(1999), generative tools/toolkits are a form of a participatory design lan-

guage that can be used by non-designers (i.e. future users) in the front

end of a design project for them to express their ideas about how they

want to live, work, and play in the future. Generative tools have been used

for some time now in the early phases of the design development process

for the creation of products, services, systems and facilities.(e.g. E. B. N.

Sanders, 2006; E. B.-N. Sanders, 2000; E. B.-N. Sanders & Stappers, 2008;

Visser et al., 2005). This approach has been used with people of all ages

and backgrounds.

Hussain & Sanders (2012) claimed that a user’s input is not the only source

of information but elicited through a shared understanding resultant from

the communication between the designer, the user, and the artefact created

by generative tools. According to Sanders (2000), the tools can be collages,

maps, drawings, or prototypes. Figure: 2.10 to Figure: 2.12 illustrate some

of the examples.

These cases demonstrate that a generative toolkit particularly serves a spe-

cific target. So it varies from the aims of utilisations. It also differs from the

users. For instance, E. B.-N. Sanders (2000a) noticed many preschoolers are

not verbally proficient, so they invented a generative tool that did not re-

quire verbal output skills. The children could respond by selecting, points,

drawing, colouring and or constructing, which significantly improved the
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Figure 2.10: Tools and techniques support the user in taking the role of
an experienced expert. This photograph shows a presentation technique
with a cartoon square TV frame that can help shy people to express their
opinions more readily. (van Rijn & Stappers, 2007).
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Figure 2.11: This photograph shows nurses co-creating a concept for ideal
workflow on a patient floor. Note that the toolkit components are round,
helping them to think in terms of activities, not rooms. (E. B. N. Sanders,
2006)

efficiency of feedback collection comparing asking questions verbally. Thus,

the generative tools/toolkits that bridge the non-professional users and de-

sign need to be customised depending on the particular purpose and specific

users. The aim of research on design aesthetic prostheses is to customise

aesthetic prostheses and broadly benefit users. And the target research

group of this study is dancers. Therefore, investigating the application

of co-design to the design of aesthetic prostheses needs to explore proper

generative tool/toolkits by its aim – efficient aesthetic customisation and

its users – dancers. The following section will demonstrate the Generative

design approach that is the potential to produce aesthetic customisation

efficiently.
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Figure 2.12: This photograph shows nurses co-designing the ideal future
patient room using a three-dimensional toolkit for generative prototyping
(E. B. N. Sanders, 2006)

2.3.2 Generative design

Using algorithms, the generative design allows for exploring variants of

a design beyond what is currently feasible using traditional design meth-

ods. The generative design utilises parameters and goals to quickly explore

thousands of design variants to find the best solution, imitating nature’s

evolutionary process. (McKnight, 2017)

Unlike Traditional Computer-Aided Design (CAD), where CAD tools are

used in comparison to paper and pencil sketching (computers as digital

representation tools) (Alcaide-Marzal et al., 2020), Generative Design, on

the other hand, investigates how to use the power of computers to perform

creative tasks more efficiently, or even to make computers design solutions.

This is known as computational creativity (Gabriel et al., 2016), which
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includes any application capable of generating product shapes other than

those directly created by the designer. In this case, the computer gener-

ates variations based on the designer’s information, which helps increase the

number of possible solutions. It has been suggested by Stones & Cassidy

(2010) that designing digitally is more about computers enabling design-

ers to explore solutions that go beyond what they can draw or imagine,

rather than about designers using computers more efficiently to represent

shapes. Mitchell (2005) referred to this as “digitally mediated design”.

The computer is not a replacement for the designer, but it is also not a

mere representation tool. The right use of a computer may complement

the designer’s abilities, enabling the designer to explore a much broader

spectrum of solution possibilities. For instance, Preston et al. (2017) ex-

plore a designer-centred approach in which skilled designers handcrafted

seed designs that are automatically recombined to create many markers as

subtle variants of a common theme, under the help of an algorithm.

In architecture, there are many applications because the nature of architec-

tural objects allows for easy generative shape exploration and optimisation.

(Chase, 2005; Gu & Behbahani, 2018; Rodrigues et al., 2015; Shea et al.,

2005; Singh & Gu, 2012; Bae et al., 2017). In contrast, there are fewer ap-

plications in product design. Consequently, generative product design still

lacks formal methodologies for its implementation (Krish, 2011). New con-

tributions, however, are appearing in various fields, including graphic lay-

outs (Cleveland, 2010), consumer electronics (Lin & Lee, 2013), jewellery

(Kielarova et al., 2013) and interface design (Troiano & Birtolo, 2014).

Renner & Ekárt (2003) presented a review of the application of genetic

algorithms to computer-aided design and demonstrated that it had been

widely used for computational design exploration. Many studies have in-

vestigated the use of evolutionary algorithms in product design since some
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early works, such as (Bentley, 1999); (Gero, 1996); (Hybs & Gero, 1992).

For example, lamp holders (Liu et al., 2004); shape optimisation for mobile

phones (Sun et al., 2007); and wine glasses profiles (Su & Zhang, 2010).

Shieh et al. (2018) used Kansei and evolutionary algorithms in order to

design vase designs. Genetic algorithms and shape grammar are combined

in (O’Neill et al., 2010) and (Lee et al., 2012).

McKnight (2017) summarised generatively designed products have the fol-

lowing key characteristics:

• Maintained or improved performance: reducing weight, a generative

design process optimises structures to meet the specific structural

requirements of a design. By doing so, they are able to not only

meet strength and stiffness performance requirements but also use

less material.

• Reduce development time: The use of infinite computing makes it

possible to examine 1,000s of design variants at the same time that

a traditional approach might take to create one.

• Increased creativity: By creating 1000s of ideas, designers and en-

gineers can quickly assess the suitability of forms they may not have

otherwise considered.

• Increased efficiency: By including simulation and testing as part of

generative design, designers and engineers can avoid making iterative

changes as in more traditional design processes.

• Customised product development: With generative design and ad-

ditive manufacturing, complex geometries specifically tailored to suit

an individual’s needs are more accessible than ever.

These studies indicated that with the aid of computers, the generative
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design approach could produce various designs and ulteriorly benefits cus-

tomisation. It is a pain spot of the conventional approach of designing

aesthetic prostheses and the purpose of the generative tool of co-design

approach when applying it to design aesthetic prostheses.

However, generative design also raises difficult challenges. One of these con-

cerns is the relationship between algorithms and human designers. Stones

and Cassidy focus on computers enabling human designers to explore solu-

tions that go beyond what they might normally imagine (Stones & Cassidy,

2010). Mitchell referred to this as ‘digitally mediated design’; the computer

is not a replacement for the designer, but neither is it equivalent to a tra-

ditional passive tool (Mitchell, 2005). A second challenge concerns how

to involve the consumer. Sanders considers generative tools/toolkits as a

form of participatory design language that can be used by non-designers

early in a design project (Sanders, 1999). However, appropriate tools must

be provided if the consumer is to become a member of the design team as

an ‘expert of his/her experiences’ (Visser et al., 2005). Responding to this

latter challenge, our focus is on creating a suite of tools that enable con-

sumers to become co-designers of their own products. This involves finding

ways in which they can meaningfully interact with generative algorithms

and then embedding this within a wider co-design process.

2.4 Dance and interaction

As demonstrated above, investigating the application of co-design to the

design of aesthetic prostheses needs to explore proper generative toolk-

its by its two key factors: aim – efficient customisation of aesthetics and

users – dancers. The literature on generative design demonstrates that
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the generative design approach can support efficient customisation with

the aid of computers. So it could be a potential foundation to produce

generative toolkits for the application of co-design to aesthetic prosthetic

design. Then it would be crucial to analyse the feature of this particular

group of user – dancers and how to integrate these features with a gener-

ative design approach to compose generative toolkits. There are existing

academic examples of applying generative design to create personalized

prosthetics, which offer the potential for improved comfort, functionality,

and aesthetics. For instance, Zuniga et al. (2016) utilized generative design

to create custom-fit 3D-printed prosthetic hands for children, resulting in

lightweight, low-cost, and functional devices. Another study by Telfer et al.

(2012) explored the use of additive manufacturing to design personalized

foot and ankle orthoses, demonstrating the potential for improved patient

outcomes. These examples highlight the significance of generative design

in developing personalized prosthetics that address individual needs while

optimizing form and function.

Zhou et al. (2021) presented that dance - novel using bodily signals as

“Body as the instrument”. A body is viewed as an extension of our expe-

riences, perceptions, and expressions within the world in which we reside,

serving as an integral part of our cognition, with a malleable shape and

size. (Hsueh et al., 2019). This body image is profoundly influenced by

phenomenology, as advocated by Heidegger and Merleau-Ponty (Heidegger

et al., 1962; Merleau-Ponty, 1996). According to HCI researchers, these

works have laid the theoretical foundations for understanding the body in

HCI: 1) within the context of tools and practices; 2) as part of our cog-

nitive experience; (3) as a space of active perception with directed intent;

and 4) as dynamically altered in shape and size as perception changes when

spatial and functional relationships are altered. (Dourish, 2001; Svanæs,
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2013). In the discipline of dance, this multifaceted image of the body is

fully exploited, making it an instrument for artistic expression, which ex-

ploits the aesthetic, expressive, and creative qualities of the body. (L. A.

Blom & Chaplin, 1988; Loke & Robertson, 2011).

The body could be extended by computing. The use of robots and algo-

rithmic agents as an accompaniment to human dancers and sometimes as

the main performer is becoming increasingly common (Zhou et al., 2021).

They are often visualisations, costumes, or mechanical bodies which re-

spond to the performance’s human dancer as either pre-programmed or

autonomous agents (Karpashevich et al., 2018) when acting as accompani-

ments. In addition, through the moving body, dancers live the experience

of the performance on the stage and are shaped and influenced by that ex-

perience simultaneously (Svanæs, 2013). While dancing, the dancer won’t

only pay attention to the audience or the stage but also to his or her own

body movements.

The extension of the dancing body by computing has also been explored by

some pioneers, in order to promote creative uses of the body and propose

visualisations as means to give feedback to participants on different repre-

sentations of their movement (Flong.Com • Work by Golan Levin & Collab-

orators, n.d.; Schiphorst, 2011). For instance, Hsueh et al. (2019) explored

the emergent and dynamic relations between the moving body and interac-

tive technology during creative processes such as movement ideation. They

focused on the embodied creative process related to the notion of “kinaes-

thetic creativity”, coined by Svanæs (2013), to describe the body’s ability

to enact alternate future possibilities via movement. The Kinect-based

motion tracking system and algorithmic visualisations by particle systems

were their primary tools for researching the interaction between dancing

motion and dynamic visual systems (Hsueh et al., 2019). Real-time mo-
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tion data of dancing was captured by the Kinect-based motion tracking

system. After that, these data were applied as interactive parameters to

the dynamic particle system. As a result, the real-time interaction between

dance and visualisation was realised (Figure: 2.13).

Figure 2.13: Visualization vignettes: (a) Particles (b) Springs (c) Blobby
form (d) Fluid body (e) Trails (Hsueh et al., 2019)

Expect for visualisation, dynamic systems like this particle system are also

generally utilised in the generative design approach (Dierichs & Menges,

2015; Kim, 2013; Nejur, 2019). Thus, similar to the interaction between

dancing motion and algorithmic visual system in Hsueh et al. (2019)’s

research, dancing motions are also potential to work as interactive param-

eters to influence generative design algorithms. Then the dancers’ unique

expression - dancing motion is the potential to work collaboratively with

the generative design approach as generative tools/toolkits for co-design

that is applied to designs of aesthetic prostheses.

In summary, to fill the research gap that the current design of prostheses:

functional and realistic-looking prostheses failed to match all users’ require-

ments, the co-design with generative toolkits by integrating a generative

design approach and dancing would be the primary approach to explore

aesthetic personalisation of prosthetic design.

2.5 Non-planar additive manufacturing

As demonstrated above, the design of aesthetic prosthetics requires aesthet-

ics and customisation. The aesthetics require a high degree of geometric
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freedom. The relationship between geometric freedom and aesthetics has

been an area of interest for researchers and practitioners in various design

disciplines, including architecture, industrial design, and digital art. Some

researches provide valuable insights into the relationship between geomet-

ric freedom and aesthetics. They emphasise the importance of geometric

freedom in enabling designers and artists to explore diverse design alterna-

tives, ultimately leading to more creative and visually appealing outcomes

(Chau et al., 2004; Stiny & Gips, 1971; Leyton, 2003).

However, high geometric freedom easily conflicts with the requirements of

physical factors of a prosthesis, e.g. mechanical properties and weight.

While, customisation for each individual challenges the efficiency of tradi-

tional manual manufacture and massive manufacture. Thus, the aesthetic

prosthesis has two requirements in the manufacturing approach: high geo-

metric freedom degree to match aesthetic requirements without or with a

limited compromise with requirements of mechanical properties and weight,

and efficiency of customising manufacturing.

A traditional method of customised manufacturing prostheses entails plas-

ter casting, a highly customised process centred around the patient (Y.

Wang et al., 2020), since personalised prostheses have a better fit to a pa-

tient’s body, which is crucial to patient satisfaction (Berke et al., 2010; R.

Gailey et al., 2008). Manual techniques for customising prosthetics can

involve a combination of skilled craftsmanship and the application of vari-

ous materials. The current methods for customising prosthetics manually,

focusing on socket design, alignment, cosmetic finishing, and other aspects

of the process.

Socket design is a critical aspect of prosthetic customisation, as it directly

affects the user’s comfort, function, and overall satisfaction (Gholizadeh et
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al., 2014). Manual techniques for customising sockets involve taking accu-

rate measurements of the residual limb, followed by casting and molding

processes to create a customised socket that closely fits the user’s anatomy

(Boutwell et al., 2012). Materials such as plaster, fiberglass, or silicone

may be used in this process (Fernández et al., 2016), and the socket is of-

ten further refined through manual adjustments to ensure optimal fit and

comfort (Alley et al., 2011).

Proper alignment of the prosthetic components is essential for the user’s

comfort and functionality (Hafner et al., 2002). Manual alignment tech-

niques involve adjusting the position and orientation of the prosthetic com-

ponents relative to each other and the user’s body (Esquenazi, 2004). Sus-

pension systems, which secure the prosthetic to the residual limb, can also

be customised manually using straps, belts, sleeves, or vacuum systems to

provide a secure and comfortable fit (Gholizadeh et al., 2016).

Cosmetic finishing is an important aspect of prosthetic customisation, as

it affects the user’s perception of their prosthesis and its integration into

their overall appearance (Biddiss et al., 2007). Manual techniques for cus-

tomising the appearance of a prosthesis can include the application of foam

covers, silicone skins, or fabric to create a lifelike appearance (Pitkin, 2009).

Skilled artisans may sculpt, paint, and add details to the prosthetic, match-

ing the user’s skin tone, texture, and other characteristics for a more natural

look (Sansoni et al., 2015).

Beyond the basic requirements of fit and function, prosthetic users often

seek personalized solutions that cater to their individual preferences and

lifestyles (Biddiss et al., 2007). Manual customisation may involve the

addition of specific features or adaptations to meet the user’s unique needs,

such as sports attachments, specialized grips, or other modifications (Lura
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et al., 2015). Furthermore, users may opt for personalized design elements,

such as unique patterns, colours, or artwork, to express their identity and

individuality (Ferguson-Pell et al., 2013).

However, the traditional manufacturing method has inefficiency in cus-

tomisation, since every prosthesis takes much time and human labour.

As opposed to traditional subtractive manufacturing technologies, additive

manufacturing (AM) builds objects layer by layer from 3D data, usually

using digitally controlled and operated material laying tools (Tofail et al.,

2018). With AM, waste materials are greatly reduced, fabrication time is

shortened, and most skill-based manual operations are eliminated (Han,

2017). Considering its efficiency of customised manufacturing, additive

manufacturing also seems a potential manufacturing approach to aesthetic

prostheses.

However, conventional research on additive manufactured prostheses usu-

ally overlooked the requirements on mechanical properties, especially the

weakness brought by Anisotropy of 3D printed prostheses by Fused Fila-

ment Fabrication (FFF) (Maroti et al. 2019). In addition, the aesthetics

of prostheses requires higher freedom on the geometry of prostheses, which

brings further challenge. Modifying the geometry of design is a general

approach to strengthen 3D printed objects (Stava et al., 2012) (Zhou et

al., 2013). However, the geometric requirements of aesthetics and func-

tional consideration can then conflict with each other. Therefore, in order

to manufacture personalised aesthetic prostheses with proper mechanical

properties, there is a requirement for strengthening the mechanical proper-

ties of 3D printed prostheses without negatively changing their appearance.

This subchapter will be presented in the following sections: (1) Strengthen

mechanical properties of aesthetic prostheses and Anisotropy; (2) relevant
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research of non-planar additive manufacturing. (3) Practical applications

of additive manufacturing by the 6DOF robotic arm.

2.5.1 Anisotropy and strengthening in 3D printed pros-

theses

Material Extrusion (ME), also called Fused Filament Fabrication (FFF), is

the most widely adopted 3D printing process and can fabricate more types

of materials than most other 3D printing technologies. (Fang et al., 2020) It

has also been widely used in additive manufacturing prostheses (Gretsch et

al., 2016; Ramot et al., 2016; Resnik et al., 2012; Smurr et al., 2008; Zuniga

et al., 2015). However, a drawback to FFF is anisotropy in mechanical

properties, with greatest strength in the filament direction and weakest

strength between layers in the build direction. Maroti et al. (2019) explored

anisotropic mechanical properties in additive manufacturing of upper limb

prosthetics. He stated that special care should be taken in designing the

printing processes, because the mechanical properties of the manufactured

objects are significantly influenced by the orientation of printing.

The anisotropy in layer-by-layer processes, such as FFF, are well known and

result from the slicing process that uses equally spaced parallel layers. In

this process, materials are usually accumulated layer upon layer in planes

along a fixed direction. The weak adhesion between neighbouring planar

layers of filaments leads to an easy-to-delaminate problem. The Anisotropy

of mechanical property – strong along with the axial directions of filaments

but weak in other directions – can be observed in all models fabricated

by FFF (Ahn et al., 2002). Previous work has reported the anisotropy

of mechanical strength in models fabricated by FFF (Ahn et al., 2002)

(Tam & Mueller, 2017). Fractographic analysis using scanning electron
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microscope (SEM) images (Riddick et al., 2016) has shown that the weak

adhesion between neighbouring layers and also voids between layers from

incompletely filling of the area between filaments (Xie et al., 2020) are the

major reasons for tensile failure.

The mechanical property of 3D printed prostheses has been largely over-

looked in previous research (Maroti et al. 2019). In order to strengthen 3D

printed objects without changing the material, three approaches are often

used (Mueller, 2012). 1) modifying the geometry of design (Stava et al.,

2012) (Zhou et al., 2013). 2) optimising the printing processing, such as

printing orientation (Umetani & Schmidt, 2013), infill patterns and rate (Lu

et al., 2014) (W. Wang et al., 2013) (Zhang et al., 2015), and 3) conducting

thermal post or chemical treatment. Most of the conventionally existing

methods in the literature of additive manufacturing are based on the first

two approaches (Fang et al., 2020). However, in manufacturing aesthetic

prostheses, these two approaches have significant limitations. Modification

of design geometry can conflict with the requirements of aesthetics. More-

over, increasing infill patterns and rates may bring extra weight, which is

another sensitive factor for prostheses. It is agreed by most prosthetists

that the weight of prosthetic devices should be as light as possible, once

the requirements of the safest, efficient and most functional componen-

try possible are matched (R. S. Gailey et al., 1994; Lewallen et al., 1986;

Macfarlane et al., 1991; Martin & Morgan, 1992; Winter & Sienko, 1988).

A lightweight prosthesis is desirable as it minimises the muscular effort

for locomotion. As a result of the above considerations, a manufacturing

approach needed that strengthens the mechanical properties of aesthetic

prostheses without significant modification of geometry nor increase of in-

fill rate. A newly emerging manufacturing approach, non-planar additive

manufacturing, has the potential to achieve this target by eliminating or
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reducing the negative impact of Anisotropy (Pelzer & Hopmann, 2021)

(Allum et al., 2021) (Fang et al., 2020) (Kubalak et al., 2019)

2.5.2 Non-planar additive manufacturing

Besides improving mechanical properties, researchers are also exploring

non-planar additive manufacturing to expand the design space, improve

printing quality and increase manufacturing efficiency. These researches

are mainly based on three approaches:

• non-planar filament deposition with a traditional three-axis 3D

printer,

• five-axis CNC-type machine

• 6-DOF robotic arm.

This section will summarise non-planar additive manufacturing by these

three approaches.

Non-planar additive manufacturing by three axes

A number of publications have reported non-planar additive manufacturing

by designing sliding strategies with conventional 3 – axis hardware. Tradi-

tionally, 3D objects are sliced by two-dimensional planes to produce print

paths. Correspondingly, slicing strategies for non-planar additive manu-

facturing by three axes use non-planar surfaces to slice 3D objects. The

earliest demonstration of an additive manufacturing approach to curved

print layers, named “Curved Layer Fused Deposition Modeling” (CLFDM),

was conducted by Chakraborty et al. (2008). H. Allen & Trask ‘s (2015)
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study explored Curved Layer FFF (CLFFF) tool paths with a commer-

cially available parallel, or delta, style FFF system to achieve the deposi-

tion process in which the printing head follows the topology of the com-

ponent. Llewellyn-Jones et al. (2016) the manufactured a shell model by

depositing a double-curved layer on top of a sandwich structure printed

with conventional planar layers. The result was a smooth surface, without

the staircase effect seen in planar FFF. Ming Zhao et al. (2018) demon-

strated an innovative manufacturing strategy, inclined layer printing (ILP),

that enable printing without supporg structures. Unlike conventional pla-

nar slicing approach, it sliced the printed objects at an incline to avoid

geometries requiring support structures. Ezair et al. (2018) explored 3-

axis motion tool-paths in more detail. They described the limitations of

layer accumulation, nozzle reach, and multiple methods to produce such

paths. Etienne et al. (2019) investigated an algorithm that produced non-

planar layers, either following the natural slope of the input surface or,

on the contrary, making them intersect the surfaces at a steeper angle to

improve the printing quality. Ahlers et al. (2019) explored a novel slicing

approach that combined non-planar and planar layers, improving surface

quality and achieving smoother, stronger object surfaces. Their slicing al-

gorithm automatically detected the parts of the object that needed to be

printed with non-planar layers and produced collision-free tool-paths by us-

ing a geometric model of the printhead and extruder. Pelzer & Hopmann

(2021) proposed an algorithm for non-planar sliding with changeable layer

height, which enabled accurate represention of freeform surfaces and intro-

duced the potential to improve the printed parts’ mechanical properties by

tailoring the layers to the load case. Allum et al. (2021) investigated an

approachin which material was deposited when the nozzle moved in the X

or Y direction, whilst simultaneously moving up and down in the Z direc-

tion in which the repeating non-planar layers were produced throughout
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the specimen’s geometry. This ZigZag tool-path significantly improved the

printed objects’ mechanical properties in Z-direction, by 62% in strength,

123% in strain-at-fracture and 245% in toughness.

This research on three-axis non-planar additive manufacturing demonstrates

the potential improvements that can be made in printing quality by elim-

inating the staircase effect (Llewellyn-Jones et al., 2016) (Etienne et al.,

2019), in printing efficiency by reducing or removing the requirement of

supporting structure (H. ming Zhao et al., 2018), and in mechanical prop-

erties by tailoring the layers to the load case (Pelzer & Hopmann, 2021)

(Allum et al., 2021). Improvement in printing quality, manufacturing effi-

ciency and mechanical properties are also the primary research targets of

non-planar additive manufacturing using increased dof machines axes, such

asCNC-like five-axis machine and 6-DOF robotic arms. The added advan-

tage of these extra dof machines is greater flexibility in allowing rotation

of the print so that the angle of the nozzle to a non-planar work surface

can be controlled.

Non-planar additive manufacturing using five axis machines

Pan et al. (2014) developed a five-axis motion system similar to CNC

machining to enable printing onto an existing model. Based on the freedom

brought by five axes, Wu et al. (2016) computed collision-free tool paths

for printing wire mesh models using 5DOF. Fang et al. (2020) presented an

algorithm for non-planar volumetric slicing and showed that printing non-

planar layers oriented along stress lines could increase the strength of prints

by more than 6x. Although five-axis 3D printing brought much flexibility

to non-planar additive manufacturing, there are still significant challenges

in this research. For five-axis additive manufacturing, there is no standard
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hardware or control systems. Also, the complexity of designing non-planar

printing paths remains a challenge. Most of the five-axis additive non-

planar research is based on the hardware, control system, and in house

slicing software.. Some researchers have tried to overcome the challenge of

missing standard hardware by utilising commercial 6-DOF robotic arms.

Non-planar additive manufacturing by six axes

Research of non-planar additive manufacturing by 6DOF robot arm has

focused on support-free additive manufacturing. Two primary approaches

are “rotating bed” and “rotating head”. By “rotating bed”, the extruding

nozzle is vertically fixed, and the printing bed is attached to a robot flange

which is flexible to rotate in multiple axes. Steep overhangs (over 45°)

can be printed without support materials by keeping the angle between the

extruder and the previously printed layer under 45° with a rotating printing

bed. Keating and Oxman (2013) successfully achieved a proof-of-concept

multi-axis printing process by integrating a 6-DOF robot arm into the FFF

process. Wu et al. (2017) presented a 6DOF robot system ,RobotFDM

aiming to print models without support structures. They also developed an

algorithm that decomposed the model into support-free parts and generated

a collision-free tool path. Dai et al. (2018) explored the tool path planning

approach further for multi-axis, support-free additive manufacturing using

two successive decompositions: volume-to-surfaces and surfaces to curves.

The other primary support–free approach is “rotating head”, which means

printing to a fixed print bed with a rotating printing head following non-

planar trajectories. Zhao et al. (2018) presented two non-planar slicing

approaches to reduce the requirements for support structures and the num-

ber of layers: a decomposition-based curved surface slicing approach and a
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transformation-based cylinder surface slicing strategy. Manufacturing sam-

ples by a robotic fused deposition modelling system validated the feasibility

of the proposed methods. Xu et al. (2019) developed a curved layer de-

composition method based on the original boundary representation of the

input model, in order to obtain support-free additive manufacturing.

Besides support-free additive manufacturing, there is also research on 3D

wireframes to improve the printing efficiency by utilising a 6-DOF robotic

arm. For example, Huang et al. (2016) proposed a manufacturing sequence

for general frame shapes via a divide-and-conquer strategy that first decom-

poses the input frame shape into stable sub-layers then generates a feasible

manufacturing sequence for each layer. This algorithm was tested on a

robot fabrication system based on a KUKA 6DoF robot arm.

Preventing the negative effect of Anisotropy is another research focus for

non-planar AM. Kubalak et al. (2019) evaluated the influence of alter-

ing the layering and deposition directions on a 6-DOF robot multi-axis

printed part. The tensile specimens were printed at various inclination

angles and the tensile strengths of the multi-axis specimens compared to

similarly oriented specimens manufactured by a traditional 3-DoF method.

The experiment showed that the yield tensile strength of vertically oriented

tensile bars was improved by 153 per cent using multi-axis manufacturing

compared to geometrically similar samples built via 3-DoF deposition. Fry

et al. (2020) developed a multi-axis additive robot manufacturing sys-

tem (ARMS) based on the collaboration of two 6-DOF robots. Using the

substantial kinematic freedom brought by the 12 DOF, they conducted ex-

periments that demonstrated fundamental capabilities and quantitatively

evaluated the benefits they offer. Specifically, they indicated that the feed

pressure of the plastic has a much more significant effect on printing qual-

ity than gravity and investigated dynamic build orientation to reduce the
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roughness of printed objects.

In summary, the relevant research demonstrates that non-planar additive

manufacturing, especially multi-axis non-planar additive manufacturing,

can improve printing efficiency by support-free additive manufacturing and

3D wireframe printing approach, improve print quality by eliminating the

staircase effect and improve mechanical properties by reducing or elimi-

nating the effect of anisotropy. Since the mechanical properties can be im-

proved by the design of layer geometry and eliminating Anisotropy, there is

no significant increase in volume and weight. Thus, this is a potential ap-

proach to obtain the balance of weight and mechanical properties required

by lower limb prostheses. However, there are still significant challenges to

conducting multi-axis non-planar additive manufacturing, such as a lack of

standard hardware and a corresponding control system.

2.5.3 Practical applications of additive manufactur-

ing by the 6DOF robotic arm

The section will further investigate the challenges of conducting multi-axis

additive manufacturing mentioned I the previous section, namely: a lack

of (1) standard hardware, (2) corresponding control system, and (3) slicing

software. It will also discusspractical additive manufacturing applications

for a the 6-DOF robotic arm AM system and summarise its main features.

Extended Design Space

Several applications of robotic arm 3D printing take advantage of its fea-

ture–long reach. For instance, an interior 3D printing company, Nagami,

focus on architectural scale 3D printing by recycled plastic. One of their
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projects – “Plasticity”, is a 3.6-metre high sculpture, 3D-printed with Par-

ley Ocean Plastic (Plasticity — Nagami, n.d.). (Casas Niccolo, 2021) This

3.6-metre high sculpture is printed in a single operation by the robot ABB

IRB 6700 - 150, which has a reach of 3.2m. (Handling, n.d.) There are

also applications of 3D printing building by concrete. For instance, the

project “Striatus” is a footbridge composed of 3D – printed concrete blocks

by the Block Research Group at ETH Zurich. It is constructed using an

ABB robotic arm. (ETH Zurich Creates First 3D Printed Concrete Bridge

without Reinforcement - 3D Printing Industry, 2021) An extra linear axis

can significantly increase the working range of a robot arm 3D printer.

For instance, Branch Technology explored Cellular Fabrication (C-Fab)

for 3D printing polymer lattice structures, used KUKA robotic arm and

KUKA Linear unit to increase the printing range. (Molitch-Hou, 2020)

(Figure: 2.14)

Figure 2.14: Robotic 3D printer by Branch Technology (Branch Technol-
ogy Raises $11M to Grow “Largest Fleet” of Construction 3D Printers -
3DPrint.Com — The Voice of 3D Printing / Additive Manufacturing, n.d.)
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Six degrees of freedom (6DOF)

Another feature of the robotic arm that benefits 3D printing is its 6DOF,

which allows the robot arm 3D printer to reach any location within its oper-

ating range and rotate the printing head to any orientation. For instance,

the project “Thullus”; a collaboration of Zaha Hadid Architects and AI

build. (Schumacher, 2017) This was printed by aligning the printing head

with the normal direction of the curved surface of a mould. (Thallus on

Vimeo, 2017) The flexibility of rotation can be further increased by adding

extra rotation axes and there are commercial products in the market from

multiple brands for this requirement, such as a series of KP1 products that

act as an extra single-axis positioner (Figure 12), a series of KP2 products

that can acta as extra dual-axis positioners, and a series of KP3 products

as extra triple-axis positioners. (KUKA Positioners — KUKA AG, n.d.)

The Scalable Composite Robotic Additive Manufacturing (SCRAM) sys-

tem developed by ELECTROIMPACT with a KUKA six-axis robot arm

and a KUKA single-axis positioner enabled the layering of continuous fibre-

reinforced thermoplastic in the shape of complex contours, such as aero-

dynamic surfaces and ducts for fluid flow. Furthermore, as it is a 6-axis

process, fibre orientation within each layer can be tailored to the specific

application to provide optimal strength and stiffness distribution through-

out the part, much like a conventional AFP system. (Electroimpact, n.d.)

Various Payload Capacity

For the above mentioned applications of 6DOF robotic arm 3D printing

technology, in broad fields such as furniture, architecture and continuous

fibre composite structures, the extruders will have different weights. Thus

another feature of the 6 DOF robot arm in the market – various Pay-
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loads can match this requirement. A robot’s payload capacity refers to the

amount of mass its wrist can support. Industrial robots are available in a

wide range of payloads, from as light as 0.5 kg to as heavy as over 1000 kg.

(Robotic Payload - Robots Done Right, n.d.)

Compare with conventional three-axis 3D printers, a 3D printer built with

a commercial 6DOF robotic arm has some drawbacks. High cost: mini-

mum cost of commercial 6DOF is usually over 15,000. Added the cost of

the extruder, the whole cost is easy to over 20,000. Hard to control: the

conventional 3D printer slice 3D models by 2D plane, which suits the most

slicing situation. While the 6DOF additive manufacturing by commercial

robotic arm requires extra attention in designing slicing surface since it

easily triggers collisions. Larger operation space: Enabled by the high de-

gree of freedom of 6DOF, operating a 6DOF robotic arm requires larger

space than the same size machine with three axes. However, the features

of long reach, 6DOF, and various payload of commercial 6-axis robotic

arms in the market brings significant benefits to additive manufacturing.

Its long-term industrial use across many applications also guarantees the

stability and accuracy that hardware built for research cannot guarantee.

Thus the 6DOF robotic arm seems a high potential hardware to develop

additive manufacturing beyond current size and shape limitations. From

the additive manufacturing perspective, this research will explore a plat-

form broadly suitable to commercial 6DOF robotic arms for multi-axis

non-planar additive manufacturing research. It will consist of a multi-head

extruder, sliding software, and control software.
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2.6 Summary and conclusion

To summarise, the literature demonstrates that aesthetic prostheses espe-

cially the ones integrated with users’ involvement play a significant role in

users’ well-being. However, the limited literature indicated that relevant

research is still in its infancy. Specifically, there are significant research gaps

on how to efficiently customised design aesthetic prosthetics and the manu-

facturing approach enables high geometric freedom for aesthetic customisa-

tion and simultaneously matches the requirements of mechanical properties

and weight.

Thus, this research will use dancers as research collaborators to explore

a generative co-design and additive manufacturing process for producing

aesthetic prostheses. From the perspective of design, it explores customis-

ing the personalised aesthetic design of prostheses through a generative

co-design approach with the interaction of dance motion. From a manufac-

turing perspective, this study investigates manufacturing methods that are

suitable for both the structural and aesthetic demands of the designs. Fol-

lowing a study of potential manufacturing methods, a commercial 6DOF

robot arm was selected as the most appropriate platform for the non-planar

additive manufacturing of aesthetic prostheses, enabling the required me-

chanical performance without concession to aesthetics and weight.
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Chapter 3

Personalise aesthetic designs

for prostheses by generative

co-design approach

The design phase aims to fill the identified research gap concerning inef-

ficient approaches for customising personalised aesthetic designs for pros-

theses. For that, I developed the strategy - personalise aesthetic designs

for prostheses by generative co-design approach. This strategy explored

a process through which people can co-design personalised prostheses by

interacting with algorithms that (i) generate unique personal visual designs

called aesthetic seeds from moments of meaningful and expressive interac-

tion (dance in this research); (ii) apply these to a chosen form of prostheses;

and (iii) optimise the final design for efficient additive manufacturing. The

approach to achieving this proposed in this work integrates co-design and

generative design approaches with the dancer’s interaction to achieve the

customised designs of aesthetic prostheses. This approach combines unique

aesthetics with the users’ personal experience. One concept – the aesthetic
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seed was defined and three algorithms were developed for this phase.

Aesthetic seed is a 3D archetype produced by the interaction between dance

motion and generative design algorithms 01 – Mogrow and then being ex-

tended to specific design – prosthesis by the Algorithm 02 – leg sculpting,

at last being optimised by the algorithm 03 – optimisation of additive man-

ufacturing for manufacture.

Algorithm 01 - Mogrow: This algorithm produces aesthetic seeds by inter-

acting with dancers to record their unique interactive experience through a

personalised archetype. It is basically an algorithm for co-design utilising

a generative design toolkit and dancer interaction. Co-design is its aim,

while the generative design is its underlying technology.

Algorithm 02 – leg sculpting: This algorithm enables the conceptual design

of aesthetic prosthetic covers. Aesthetic seeds are applied to prosthetic

covers in order to customise them.

Algorithm 03 – optimisation of additive manufacturing: This algorithm

addresses additive manufacturing efficiency. It renders the aesthetic design

manufacturable by eliminating overhanging parts, which would otherwise

require an underlying supporting structure, which would then have to be

removed.

The following subchapters will introduce details of aesthetic seeds and these

three algorithms.
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3.1 Aesthetic seed

A key concept – aesthetic seed needs to be defined before introducing details

of the three design algorithms.

“An aesthetic seed is a 3D design (archetype) produced by an interaction

between the algorithm of generative design (Mogrow in this research) and

creative human behaviours (dance in this research). It records a particular

interaction experience by unique geometry. Rather than any specific design,

the aesthetic seed is an archetype applicable to various designs.”

An aesthetic seed is a unique 3D geometry with an identifiable pattern

produced by the interaction between human creative behaviours like dance,

singing, or drawing and the form-creation algorithms. Most of the Gener-

ative design algorithms inspired from nature can be applied to generation

of aesthetic seeds. For instance, Fractal algorithms use recursive patterns

to create complex, self-similar designs that are found in nature. These al-

gorithms often involve the use of geometric shapes, which are iteratively

combined and transformed to create intricate patterns (Prusinkiewicz &

Lindenmayer, 1990). Flocking algorithms simulate the behavior of groups

of animals, such as birds or fish, by considering the interactions between

individual agents (Reynolds, 1987). Cellular automata are discrete, grid-

based models that simulate the behavior of systems with simple, local in-

teractions between cells (Gardner, 1970). Swarm intelligence algorithms

are inspired by the collective behavior of social insects, such as ants or

bees, and focus on decentralized, self-organized systems. Examples include

Ant Colony Optimization (ACO) and Particle Swarm Optimization (PSO),

which are commonly used for solving optimization problems (Bonabeau et

al., 1999). Reaction-diffusion systems are mathematical models that simu-

late the behaviour of substances as they diffuse and react with one another.
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These models can generate complex patterns that resemble those found in

nature, such as animal markings, coral formations, and more. The Gray-

Scott model is a popular example of a reaction-diffusion system (Pearson,

1993). Artificial neural networks are computing systems inspired by the

biological neural networks found in animal brains. They can be trained

to learn and generate complex patterns, such as natural language or im-

age recognition tasks (Goodfellow et al., 2014). The Physarum model is a

computational model inspired by the slime mould Physarum polycephalum,

which exhibits complex behaviours despite its simple biological structure.

The model can be used to generate networks that closely resemble natural

transportation networks, such as roads, veins, or rivers (Tero et al., 2010).

They have been all widely applied to designs (Barnsley, 1988; Carrick, 2017;

Wolfram, 2002; Bentley, 1999; Witkin & Kass, 1991; Karras et al., 2018;

Adamatzky, 2019).

The algorithms listed above hold significant potential for application in

conjunction with creative behaviors to generate aesthetically appealing de-

signs. Taking into account factors such as manufacturing strategy, effective

representation of human interaction over time, and ease of operation, I have

chosen to develop a generative algorithm called Mogrow, which is based on

the fundamental behavior and algorithm of a particle-spring system.

Firstly, Mogrow considers the principles of additive manufacturing, which

constructs designs from the bottom up, layer by layer. The generative de-

sign algorithm follows a similar approach, generating designs by stacking

2D layers. This method allows for greater compatibility with manufac-

turing requirements, such as limiting overhang angles during the design

generation process, making the resulting designs more easily producible

through additive manufacturing techniques.
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Secondly, the algorithm is designed to facilitate real-time interaction with

human creative behaviors. Aesthetic design needs to encapsulate the hu-

man interaction experience over a certain duration. To achieve this, Mogrow

was designed to stack freeze frames of continuous interaction states between

creative behaviors and the algorithm.

Lastly, although many of the aforementioned algorithms can optimise for

additive manufacturing and duration recording, the selected particle-spring

system is one of the simplest approaches that works with closed chains,

which form the foundation for optimisation in additive manufacturing and

duration recording. Developing Mogrow based on the particle-spring sys-

tem aims to minimise hindrances for this initial exploration. In the future,

other algorithms may also be investigated for their potential application in

generating aesthetic designs.

Mogrow has two primary features. One is “record” meaning each aesthetic

seed records a specific interacting experience of a specific dancer. The other

one is “unique”. The form-creation is based on a particle–spring closed

chain, which is dynamic and constantly changing, and supplies sufficient

variety to be unique for every single interaction. Moreover, each dancing

experience is unique, so the geometry recording the dancing process is also

unique and customised based on this specific dancing experience.

For interaction strategy, our design collaborators are dancers and dancer

researchers, who appreciated being able to interact through a highly tuned

and hard-earned skill that enabled them to express themselves. In response,

we developed an interaction technique that was attuned to this skill, in our

case by drawing on deeper knowledge of dance principles.

However, the broader implication here is to seek out equivalent personally

expressive skills in other situations. This might be a recognised artistic skill
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such as music, dance, painting, or sculpting, or perhaps some other somaes-

thetic skill that involves an aesthetic bodily interaction (various sporting

skills spring to mind). In turn, this requires developing interaction tech-

niques that embody a deep knowledge of the chosen skill (as we were able

to do by drawing on dancing principles from dance research).

Figure: 3.1 summarises the relationship between the user, aesthetic seed,

conceptual design and final design for manufacturing. A particular aes-

thetic seed is produced by a dancer’s specific interactive experience with the

algorithm 01: Mo-grow. This aesthetic seed varies with different interac-

tive experiences, so a dancer can produce multiple aesthetic seeds through

multiple interactions. The dancer may then choose any of the aesthetic

seeds to be extended to various specific product designs. This “extension”

step is conducted by generative design algorithms, which can also be var-

ied to achieve a specific design aim. In the present study, the extension

of aesthetic seed to prosthesis cover design is conducted by algorithm 02:

leg sculpting. Then each extended design is revised using algorithm 03:

optimisation of additive manufacturing to eliminate the overhanging parts

and produce the final design ready for additive manufacturing. In short,

a dancer can produce multiple aesthetic seeds, each of which can produce

multiple final designs.

3.2 Algorithm 01 - Mogrow

Mogrow is an algorithm which combines the co-design approach with dancer

interaction and the generative design approach. Its aim is to support co-

design and so embody a deeper, richer expression of the individual identity

of the disabled dancers by enabling them to be deeply involved in the de-
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Figure 3.1: Relationship among users, aesthetic seed, conceptual design
and final design.
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sign process and get their unique personal experiences (Blom, 2018). While

the generative design approach could produce various designs without r

with limited involvement of professional designers and ulteriorly benefits

efficiency of customisation. Interaction between a dancer and Mogrow pro-

duces customised patterns (aesthetic seeds) based on a particular dance

experience. Since no two interactive experiences are the same, every aes-

thetic seed produced by them is unique. Thus, the production of aesthetic

seed accomplishes the tangible form of a unique dancing experience, which

normally has an ephemeral nature, as a customised pattern.

3.2.1 Computational beauty and inspiration

Principles inspiring computational beauty

The algorithm Mogrow aims to produce aesthetic customisations. What

then might be the principles guiding the aesthetic qualities of its design?

Due to the subjectivity of aesthetics, Hoenig (2005) claimed that one of the

most significant challenges of any metric, method or algorithm dealing with

aesthetics lies in the evaluation of claimed validity. Without clear standards

of aesthetic evaluation, relevant research usually comes across challenges to

achieve convincing results. Many researchers have explored the approaches

to formalising aesthetic measures. Birkhoff (1933) wrote the first quantita-

tive theory of aesthetics in his book Aesthetic Measure. His work showed

an attempt to formalise aesthetic measure as M = Order / Complexity,

a formula intended to describe an aesthetic relationship commonly known

as the “unity in variety” (Hoenig, 2005). To Birkhoff, complexity was the

amount of effort the human brain has to put into processing an object. An

effort is necessary for the experience of aesthetic reward. While the role of
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order was to reward the effort of focusing attention on something complex

perceptually. He also assumed that order elements exist, such as symmetry,

rhythm, repetition, contrast, etc (Birkhoff, 1933).

Birkhoff’s ideas broke new ground for aesthetics research and were inherited

by various researchers (Greenfield, 2005). Many researchers wove them into

aesthetic theories, using the term information aesthetics, trying to develop

Birkhoff’s work into a new approach towards “complexity” (for a summary

of this movement, see Frank and Franke (1997). There is also plenty of re-

search related to the concept of “order”. For instance, Machado & Cardoso

(1998) tried to apply fractal image compressibility as an element of order

aesthetic measure, assuming that self-similarities can be more easily per-

ceived. Similarly, Spehar et al. (2003) showed a direct comparison of fractal

dimension and human aesthetic preference in Universal aesthetic fractals.

Although, as Greenfield (2005) claimed, these researchers have not devel-

oped a solid theory or methodology for aesthetics, they highlighted some

aspects of visual aesthetics, such as order and complexity, components that

might provide a measurable basis for aesthetics (Hoenig, 2005).

Flake (2000) developed in depth the simple idea that recurrent rules ab-

stracted from nature can produce rich and complicated behaviours. Distin-

guishing ”agents” (e.g., molecules, cells, animals, and species) from their

interactions (e.g., chemical reactions, immune system responses, sexual

reproduction, and evolution), Flake argues that it is the computational

properties of interactions that account for much of what we think of as

”beautiful” and ”interesting.” (Flake, 2000)

Birkhoff’s aesthetic formula - M = Order / Complexity and Gary William

Flake’s computational beauty of nature, specifically the natural beauty

of Antelope Canyon, provide inspiration for the development of Mogrow.
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Though this does not mean this study subscribes to their agenda. Since

the aesthetic is still primarily subjective, feedback from users would be

collected through user studies to evaluate the aesthetics of Mogrow. Most

importantly, aesthetics run through the whole research, such as aesthetics

of interaction experience between dancers and algorithm, visual aesthetics,

aesthetics of phycology (feeling of agency and accomplishment), aesthetics

of manufacturing materials and so on. The visual aesthetic is only one part

of the overall aesthetic experience of the prosthetic design.

Inspiration – the natural beauty of Antilope Canyon

Figure 3.2: Photos of Antilope Canyon. (a) Photo of Antilope Canyon
by Zafra (2019). (b) Photo of Antilope Canyon (Upper Antelope Canyon,
Arizona, USA, n.d.)

Drawing on Flake (2000)’s argument, recurrent rules abstracted from na-

ture might provide the computational basis for generating visual aesthetics

that we might think of as being ”beautiful” and ”interesting”. The present

study, therefore, searched for inspiration from nature. Specifically, Mogrow

was inspired by the unique erosional landform of Antelope Canyon, which

is well known for its ever-changing streamlined section of the stratum. It

was formed by the erosion of Navajo Sandstone (Kelsey, 2018) due to flash

flooding. Rainwater, especially during monsoon season, runs into the ex-
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tensive basin above the slot canyon sections, picking up speed and sand as

it rushes into the narrow passageways (Best Antelope Canyon Tour Com-

panies — About Navajo Tours, n.d.). Over time the passageways eroded

away, deepening the corridors and smoothing hard edges to form charac-

teristic “flowing” shapes. (All About Tours of Antelope Canyon By Navajo

Tours In Arizona, n.d.) (Figure: 3.2a and Figure: 3.2b) These “flowing”

shapes consist of ever-changing smooth curves. Due to the various fac-

tors, such as flow magnitude, erosion time, erosion resistance and so on, in

the different parts of the canyon, every curve composing this landform is

unique. It is hard to find two identical curves in the valley.

In addition, each layer of the stratum was created over a long period. It

records the specific information of this time, such as geology and climate.

Thus walking through the Antelope Canyon and watching the section of the

stratum consisting of layers created through a long-span historical period

is just like reading its earth’s history. While visitors enjoy the breathtaking

and ever-changing streamlined landscape, a thick sense of history comes to

them. Therefore, the combination of its ever-changing streamlined “flow-

ing” shape combined with the idea of “historical recording” inspired the

Mogrow algorithm.

3.2.2 The logic of form-creation

The form-creation of Mogrow is therefore inspired by the natural beauty of

Antilope Canyon and guided by Birkhoff’s aesthetic formula - M = Order /

Complexity. Two behaviours compose Mogrow’s form-creation: wrinkling

and stacking. This section will demonstrate the logic of the form-creation

of Mogrow through these two behaviours.
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“Wrinkling”

Wrinkling behaviour is inspired by the natural beauty of Antilope Canyon

– the ever-changing streamlined flowing shape. Mogrow’s wrinkling be-

haviour is developed based on the well-known particle-spring system in

which lumped masses, called particles, are connected by linear elastic springs

(Kilian & Ochsendorf, 2018). Each spring is assigned a constant axial

stiffness, an initial length, and a damping coefficient. Springs generate a

force when displaced from their rest length. Besides the internal force from

springs, particles can also be influenced by external forces, such as a vertical

downward force, simulating gravity, a horizontal force, simulating wind or

attractive and repulsive forces from external objects. In this physical sim-

ulation, the spring linking particles gives them stability in a force balance.

Thus, when forces are applied to break the balance, the particle-spring

system adjusts itself to reach a new balance. If the external forces are con-

tinually changing, the system will become dynamic, constantly changing to

adapt itself to match the continuous changing balance. Thus, the behaviour

of this dynamic particle-spring system is daedal, as a change in any single

factor may trigger complex behaviour in the whole system. Every frame of

this complex dynamic system could be a unique aesthetic design. Thus, the

designs produced by this particle-spring system are multitudinous, leading

to variety and complexity.

This research is based on a closed chain of particle-spring system, which

means there is a spring connecting the first and the last particles to seal the

closed chain. Wrinkling is primarily produced by two behaviours: ejection

and shrinking, The nozzle mentioned below refers to the particle conducting

ejection or shrinking. Ejection produces particles from the nozzle. Con-

versely, shrinking is an inverse process - reducing particles from nozzles.

65



3.2. ALGORITHM 01 - MOGROW

In other words, ejection produces more wrinkle patterns, while shrinking

makes smoother patterns.

Figure 3.3: Ejection on a closed chain.

This paragraph describes wrinkling on a closed chain with single nozzle.

Figure: 3.3 illustrates the procedure of ejection on a closed chain with a

single nozzle. The noteworthy point is that two particles on nozzles (red

circles in the left and middle images of the figure: 3.3) actually overlap,

but for clearer expression, particles on nozzles do not fully overlap in the

image. Moreover, there is no spring between these two particles of the

nozzle. Initially, velocity is applied to the two overlapped particles. Then,

both particles will leave their original position. At the same time, there will

be two more particles created at the nozzle. Then these two new particles

are separately linked to the particles that just leaving their positions with

new springs. Similarly, the two new particles also overlap. This procedure

of ejecting new particles and building new springs keeps operating until the

ejection behaviour terminates. Finally, for ending this ejection circulation,

a spring is connected between the latest created two overlapping particles

to seal the entire closed chain. (the right image of Figure: 3.3) During

this process, at each moment the new two particles are created, there is

velocity to push the old two particles away from their original positions.

This velocity on the two old particles pushes away their neighbour particles

by springs between them. Then the pushed neighbour particles also push

their neighbours. This conduction goes through the whole system. Thus,

every creation of new particles breaks the balance of the whole system.
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If the behaviour of ejection keeps happening, the entire system becomes

dynamic.

Figure 3.4: Wrinkling behaviour on a closed chain with multiple nozzles.

Multiple nozzles on a closed chain can bring much more complex changes.

Figure: 3.4 illustrates the process of ejection happening on a closed chain

with multiple nozzles. Red points are nozzles, only which could generate

new particles. As the ejection happens, more and more particles are gen-

erated. And then the closed chain shows increasing wrinkles. Similar to

the open chain, shrinking as an opposite process of the ejection, produces

a smoother closed chain by reducing particles and springs. In summary,

ejection and shrinking by multiple nozzles on a closed chain is the primary

approach to conducting wrinkling behaviour by Mogrow.

The wrinkling behaviour happens on a 2D particle-spring closed chain, with

constant augmentation or reduction of particles and springs. Augmentation

or reduction of any single particle and spring break the balance of the whole

particle-spring system, since all of the particles are linked by springs. Then,

the constant augmentation and reduction of particles by ejection and shrink

keeps breaking the balance and forces the particle-spring system to become

dynamic. As a result, the wrinkled geometry of the closed chain keeps

transforming and the wrinkling behaviour becomes complex and hard to

predict, reflecting the complexity of Birkhoff’s aesthetic formula.
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Figure 3.5: Stacking behaviour.

Stacking behaviour

The above transformations happen on a 2D closed chain, which then needs

to be made into a 3D geometry to be further developed for designs of

prosthetics. Making this dynamic particle-spring closed chain into a 3D

geometry is conducted by the algorithmic process of stacking, which is in-

spired by the stratum recording history of Antelope Canyon. Specifically,

the continuous transforming process of wrinkling described above is peri-

odically recorded by freeze-framing at regular time intervals. These freeze-

frames are then stacked from bottom to top to form a 3D geometry. Since

all freeze-frames record a continuous transforming process, stacked curves

composing the 3D geometry show a gradual transformation from bottom

to top (Figure: 3.5). This phenomenon reflects the “order” of Birkhoff’s

aesthetic formula. In addition, similar to recording earth history by stra-

tum, the 3D geometry produced by stacking records the history of a 2D

particle-spring closed chain dynamic transformation. When the transfor-

mation of the 2D particle-spring closed chain is produced by interaction

with dancers, this dancing–interacting experience is tangibly recorded by

the 3D geometry produced by stacking.

In summary, the wrinkling behaviour enables the complex transforming of
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a 2D particle-spring closed chain, which can produce massive variety and

reflects the “complexity” of Birkhoff’s aesthetic formula. Moreover, the

behaviour of stacking turns the dynamic 2D closed chain into a static 3D

geometry by stacking freeze-framing of the transforming process of this

2D closed chain following an equal interval time. It records a dynamic

transforming history of a 2D closed chain by a static 3D geometry, which

also reflects the “order” of Birkhoff’s aesthetic formula.

3.2.3 Production of aesthetic seed by the interaction

between Mogrow and dancers

The last section – the logic of form-creation states the approach that

Mogrow produces massive organic geometries that record the transform-

ing history of a dynamic particle – spring closed chain by two behaviours –

wrinkling and stacking. This section aims to demonstrate how to integrate

dancers’ involvement with the process of form-creation to produce the aes-

thetic seed - a personalised 3D geometry recording a particular dancing-

interaction experience. We recruited two professional disabled dancers.

The dancers, referred to as T and W, were both female with many years of

training and professional experience in expressing themselves through im-

provised bodily movements. Both had high amputations on one leg. They

were compensated using industry daily rates recommended by their profes-

sional body. This section will start with stating how different parameters

affect form creation. Then two interaction modes – functional and dancing

principles will be introduced. Finally, it will illustrate the aesthetic seeds

produced by the interaction between dancers and Mogrow through a user

study.
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Parameters control the form creation of Mogrow

Since stacking simply records the transformation procedure, there are few

parameters on it to affect the outcomes of form-creation. The parameters

that affect form creation are mostly relative to the wrinkling behaviour.

These parameters are classified into two types: pre-set parameters and

real-time interaction parameters.

The geometry of the imported closed chain is a pre-set parameter that

significantly affects form creation. It means the original geometry of the

2D particle-spring chain, which is the start of all transformations. For the

present research, the design aim is to produce aesthetic customisation of

prosthetic covers. So for functional consideration and simplification of the

developing environment, a circle is selected to be imported closed chain for

the following research.

Another pre-set parameter that will be explored for the following research

is the number of nozzles. In the last section – the logic of form-creation

states that nozzle means the particle conducting ejection, where wrinkle

patterns are produced. Thus, the increase in the number of nozzles usually

triggers more wrinkle patterns. Figure: 3.6 illustrates the comparison of

form-creation with different values of the number of the nozzle while fixing

all other parameters. It shows that the number of nozzles significantly

affects the density of wrinkle patterns on the outcome of the form-creation.

The examples presented later equally divide the imported circle into 10

segments to produce 10 nozzles.

More than the pre-set parameters, the real-time interaction parameters are

the primary link with dancing motions to enable dancers to conduct real-

time interaction with the form-creation process. One real-time interacting
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Figure 3.6: Comparison of different the number of nozzles.

parameter is friction which spontaneously slows down or stops the dynamic

of the spring–particle system. Figure: 3.7 illustrates the different values of

friction producing quite various geometries. When the value of friction is

lower, the activity of particles is stronger. Then the geometry shows larger

wrinkles with low density. When higher, it shows smaller wrinkles and

is compact. Moreover, the friction as a real-time interacting parameter,

can be changed in the whole process of transformation. Thus, the single

outcome of form-creation can simultaneously contain large and small wrin-

kles, when the friction value is not constant. For the following research,

the friction will be linked with dancers dancing motion and keep changing

based on the state of dancing. For example, when dancers dance faster, the

output will show a larger wrinkle. Conversely, it shows smaller wrinkles

and compact geometry on the part reflecting slower dancing.

The other real-time interacting parameter is ejection and shrinking. Ejec-

tion increases wrinkles by constantly ejecting particles while shrinking pro-

duces smoother patterns by reducing particles. The varied application of

71



3.2. ALGORITHM 01 - MOGROW

Figure 3.7: Comparison of different friction.

ejection and shrinking at different moments of the whole transforming pro-

cess produces diverse outcomes of form-creation. Figure: 3.8 illustrates a

vase design affected by the parameter ejection and shrinking. From the

bottom up, all of the stacked curves show the transforming history of the

2D particle-spring closed chain to form the vase design. It starts with

an imported circle. In the beginning, ejection produces more and more

wrinkles. When it goes near the neck, particles are gradually reduced by

shrinking and show a smoother and narrow neck. After the neck, the ejec-

tion starts again to produce more wrinkles and a wider top. This ejection

and shrinking will also be linked with dancing motions to produce sufficient

form-creation.

In summary, in the examples that follow, a circle is imported as the im-

ported closed chain to start the transformation. It is divided into 10 seg-

ments to produce 10 nozzles for wrinkle production and elimination. Two

real-time interaction parameters: friction and ejection and shrinking will

be applied to link with dancing motions to enable real-time interaction

between dancing motion and the form-creation of Mogrow (Figure: 3.9).
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Figure 3.8: Vase design by Mogrow controlled by the parameter ejection
and shrinking.

Figure 3.9: Parameters control the form creation of Mogrow.
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Motion mode of interaction

We now turn to the question of how dancers might meaningfully inter-

act with the various real-time interaction parameters. The capture of the

dancing body by computing technologies has been explored by a number of

pioneers (Hsueh et al., 2019; Karpashevich et al., 2018; Schiphorst, 2011;

Zhou et al., 2021). In particular, the interaction between dancing motion

and dynamic visual systems, e.g. particle system by Hsueh et al.(2019),

inspires a potential possibility to interact with generative design algorithms

through dance.

In this work, dance data is the basis to enable interaction between a design

algorithm, such as Mo-grow, and dancers. The method applied to collect

basic kinematic data from different body parts is motion capture. Specifi-

cally, a ROKOKO Smart suit (Smartsuit-Pro Tech Specs, n.d.) is used for

the practical work in this thesis. The smart suit has 17 tracking points,

each of which can record or calculate the corresponding position’s basic

kinematic data, such as relative position, velocity, acceleration, rotation,

the velocity of rotation and acceleration of rotation (Figure: 3.10). All of

these kinematic data and their various combinations might potentially be

connected to the parameters of the Mo-grow algorithm. Thus the basic

kinematic data of 17 tracking points provides a wealth of motion data to

interact with Mo-grow.

Hence, in this study, basic kinematic data from motion capture supplies

the influence parameters to a dynamic generative design algorithm. How-

ever, the first user study with dancers using the basic kinematic data as a

bridge between dancers and Mo-grow, resulted in negative feedback on the

interactive experience, which will be explored in greater depth in the user

study chapter. The reason was that the basic kinematic data differs from
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Figure 3.10: Tracking points for their corresponding kinematic data.

the dancing motions that are both familiar to and aesthetically expressive

for dancers. Thus, the research direction turned to consider the expres-

sive language of dance. Considering such different cases as contemporary

dance, ballet, Greek folk and flamenco, it is almost impossible to find one

solution to fit all. Fortunately, Raheb, Whatley and Camurri (2018) pro-

posed a conceptual framework broadly suitable to various dance genres.

Their framework defines ten key dancing principles that we utilise in this

research (el Raheb et al., 2018):

• Symmetry: the ability to perform with both right and left side of

the body, arm or leg the exact same movement, simultaneously or

sequentially, both in position and in motion.

• Directionality: the awareness of body orientation in space. Usually,

this is derived from the position of the hips and torso, but interesting
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postures might derive from various directions of each body part in

relation to a specific space, e.g., the audience, camera or studio.

• Balance: the ability to stand and move in balance, but also out of

balance, depending on whether the line of gravity falls within the line

of your supporting limb(s), or not. This relies on the awareness of

the different vector forces in your body.

• Alignment – posture stability: the awareness of the geometry of

the body (e.g., the sagittal, horizontal, vertical axes) and planes, and

how the relation of different body parts and joints create “lines” in

the body shape.

• Weight bearing vs gesturing: this principle concerns the capacity

to distinguish between movements implying bearing weights (e.g.,

weight transference, stepping) and gestures which simply involve an

analogous intention/expression.

• Gross vs fine motoric/isolation/articulation: the ability to distin-

guish small movements executed by specific body parts (e.g., hand,

hip, shoulder) without moving the rest of the body, from those mov-

ing larger parts of the body as a whole.

• Coordination: one of the most important skills in every kind of

dancing, it represents the ability to synchronise (or not) different

parts of the body, that can move in the same or separate tempos.

• Motion through space: the capacity of progressing through space,

towards particular directions, paths etc., versus dancing on the spot.

Also, the use of body as a moving point in space, or as a continuously

changing moving volume.

• Rhythm and phrasing: the ability to move in particular (predefined

or improvised) rhythms. This principle also implies how the dancer’s
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movement is related (or not) to the music and its rhythmical aspects

(tempo, time signature, rhythmic patterns etc.).

• Stillness: while movement seems to be the essence of dance, a dancer

needs to improve her/his ability to remain still, either if it is part of

choreography or interpretation of rhythmical pauses or an exercise

for balance and isolation of body parts.

When these dancing concepts from the dancing conceptual framework are

parameterised, they might supply dancers with familiar and flexible ways to

interact with the dynamic generative design algorithms. Specifically, this

study applied one of the dancing concepts, alignment, to enable dancers

to interact with Mo-grow. Several reasons were considered to choose the

alignment. First, various axes by linking random two points on the body

and various relationships of these axes e.g. angles, changing speed and ac-

celeration of angle between any two of all axes, bring sufficient parameters

of motion input to reflect Mogrow’s various changes. Moreover, the flexi-

bility of defining axes by random body parts can easily fit the unique body

features of disabled dancers. At last, any one of the ten dancing concepts

can produce countless parameters of motion input, the present study had

limited time to explore all of them.

The following paragraphs will summarise two different interaction modes:

functional mode and dancing principle mode, which have been developed

and explored with dancers.

The functional mode enables controlling form-creation of Mogrow by kine-

matic data of 17 tracking points, through the following logic:

• The velocity of all tracking points except points 5, and 11, and

the acceleration of points 5 and 11 tracks left and right hands are
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applied to link with two real-time interaction parameters: friction

and ejection and shrinking of Mogrow to control its form-creation.

• The velocity of all tracking points except points 5, and 11 is con-

stantly being collected and compared with each other to obtain the

maximum value of the velocity of these 15 tracking points.

• Then this maximum velocity is scaled and applied as the real-time

interaction value 1/ friction, which can be described as the following

formula: friction= 1⁄(maxvel ×a). The value fraction is the value

of the real-time interaction parameter friction. The value maxvel

reflects the maximum velocity of the 15 tracking points. And the

value a represents a constant value to scale the maxvel to a proper

range for controlling form-creation. In addition, the value friction

controls the size of wrinkles and the degree of compactness of the

geometry. As a result, when the dancer moves fast, which means a

bigger value of maxvel triggering a smaller value of friction, the 3D

geometry shows bigger wrinkles.

• Moreover, the acceleration of points 5 and 11 tracks left and right

hands are applied to be the other real-time interaction parameter

ejection and shrinking. Specifically, the acceleration value of point

5 tracking left hand controls ejection, and the acceleration value of

point 11 tracking right-hand controls shrinking.

• When the acceleration value of point 5 is more than a pre-set con-

stant value: ejection button, all of the 10 nozzles on the particle-

spring closed chain start to eject and produce wrinkles.

• The velocity of ejection is directly proportional to the acceleration

value of point 5, which means a bigger acceleration value triggers

faster ejection. When the acceleration value of point 5 reduces to be

smaller than the ejection button, the ejection stops.
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• Following a similar logic, the acceleration value of the tracking

point 11 on the right hand controls the on/off and the velocity of the

shrinking behaviour.

As a result, the specific functional mode of the present study could be

summarised as that the moving speed of the whole body of the dancer

controls the interaction value of friction: when the dancer moves faster,

the geometry shows bigger wrinkles, inversely, slower movement results in

smaller wrinkles and compact geometry; dancer shakes left hand to increase

wrinkles and shake right hand to reduce wrinkles in real-time.

Figure 3.11: Axes for dancing principle mode.

The dancing principle mode allows dancers to control the form-creation of

Mogrow by motions following dancing concepts. The present study applies

one of the dancing concepts – alignment to guide the design of interaction

mode. Alignment means the awareness of the geometry of the body (e.g.,

the sagittal, horizontal, vertical axes) and planes, and how the relation of

different body parts and joints create lines in the body shape. Its logic is

stated as follows:
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• The dancing principle mode is developed based on four basic track-

ing points: points 3 and 9 track left and right shoulders and points 2

and 8 track left and right edges of the hipbone (Figure: 3.11).

• Similar to the functional mode the maximum velocity of these four

points is reflected and transformed to the value friction by the same

formula: friction= 1⁄(maxvel ×a). The value fraction is the value of

the real-time interaction friction. The value maxvel reflects the max-

imum velocity of the four tracking points. And the value a represents

a constant value to scale the maxvel to a proper range for controlling

form-creation.

• Moreover, the controlling of ejection and shrinking is conducted

following the dancing concept – alignment. Specifically, the angle

value between two axes separately formed by linking left and right

shoulders and the left and right edges of the hipbone is applied to be

the other real-time interaction parameter: ejection and shrinking.

• The angle between these two axes is constantly being collected and

compared to calculate the velocity of angle change.

• When the velocity of angle is bigger than the pre-set constant value

ejection button and simultaneously the left shoulder is higher than

the right shoulder, the ejection starts. And the velocity of ejection is

in direct proportion to the velocity of angle change.

• Correspondingly, when the velocity of angle change is bigger than

the other pre-set constant value shrinking button, and simultane-

ously, the right shoulder is higher than the left one, the shrinking

starts. And the velocity of shrinking is also in direct proportion to

the velocity of angle change.

To simplify, the dancing principle mode enables dancers to control wrinkle
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size and degree of compactness of the geometry by shaking the speed of

their shoulders and hips; and increasing or reducing the density of wrinkles

by tilting their shoulders and hips.

Aesthetic seeds produced by the interaction between dancers and

Mogrow

The previous sections introduced the logic of form-creation through two

behaviours wrinkling and stacking of a particle-spring the closed chain;

and two interaction modes: functional mode and dancing principle mode

so as to enable dancers’ interaction with form-creation. This subsection will

illustrate the 3D designs – aesthetic seeds produced by the form-creation

of Mogrow under interaction with dancers.

Figure: 3.12 illustrates some aesthetic seeds produced by the user study

of the present research. In addition, rather than any specific design, the

aesthetic seed is an archetype which is the potential to be applied to various

designs. The following subchapter will demonstrate how to extend these

aesthetic seeds to various designs.

3.3 Algorithm 02 – leg sculpting

Once an aesthetic seed has been generated, it can then be applied to various

different products in order to personalise their decoration. This involves

further algorithms that map aesthetic seeds to particular physical forms.

This section introduces an algorithm to map aesthetic seeds produced by

Mogrow to the physical form of a prosthetic leg cover. However, we first

demonstrate the principle through a simpler mapping – creating vases from
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Figure 3.12: Aesthetic seeds.
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aesthetic seeds.

3.3.1 Vase design

In this research, two types of conceptual designs are explored, namely vase

and aesthetic prosthetic cover. The aim of vase design is to quickly show

how the aesthetic seed can be extended to a specific product design and

supply comparison to the design of aesthetic prosthetic covers produced

by the same aesthetic seeds with the vase designs. The generation method

of the vase is straightforward. An algorithm lofts all of the contours com-

posing aesthetic seed from bottom to top to form a 3D geometry of vase

(Figure: 3.13).

3.3.2 Design of prosthetic covers

A typical transtibial prosthesis, as seen in Figure: 3.14, consists of the fol-

lowing parts: Socket: The socket acts as the basic interface between the

patient and the prosthesis. It is a moulded shape that consists of a rigid

outer and soft inner shell that is sculpted to fit the residual limb. Pylon and

modular components: The pylon and its modular components replicate the

function of bones in human limbs. These components are primarily made

from titanium, stainless steel or aluminium, depending on the function and

patient weight. Foot: Depending on the patient weight and activity level, a

basic SACH foot can be prescribed for a patient with a low activity level to a

high-performance carbon fibre foot mimicking natural foot motion for high

activity level patients. Although the basic typical transtibial prosthesis

satisfies the basic functional requirements, its mechanical appearance often

fails to meet the aesthetic needs of users. Thus, prosthetic covers emerge
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Figure 3.13: Vase designs.
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to cover prosthetics’ mechanical exterior. Moreover, since the prosthetic

cover is primarily for aesthetics and there is no requirement of considering

mechanical properties, the prosthetic cover is also usually chosen by de-

signers and researchers who focus on exploring the aesthetics of prosthetics

(Blom, 2018; Hart, 2021; Labarre, 2010; Summit, 2016; Vlachaki et al.,

2020). Thus, the present study also chose the prosthetic cover as a specific

design to conduct further research.

Figure 3.14: A typical transtibial prosthesis.

The aim of algorithm 02 – leg sculpting

The algorithm that generates the conceptual design of the aesthetic pros-

thetic cover is Algorithm 02 - leg sculpting. It aims to satisfy the mor-

phological and functional requirements of prosthetic cover without losing

the unique aesthetic appearance of the aesthetic seed. There are two re-

quirements to achieve this aim. One is to personalise the overall geometry

based on the personal body features for satisfying the morphological and

functional requirements of the prosthetic cover. The other requirement is

avoiding losing the unique aesthetic patterns of the aesthetic seed during

the process of personalising the overall geometry by personal body features.
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Since body features vary among different individuals, there is a need to es-

tablish a method to create the natural shape of an individual’s limb recre-

ated digitally. Developments in 3D technologies offer affordable methods

not only to create objects through additive manufacturing (3D-printing)

but also to scan 3D objects. These objects can be imported into software

programs that allow manipulation and creative use in the design process

(Blom, 2018). 3D scanning technologies have made significant contribu-

tions to the field of prosthetics, enhancing the accuracy and efficiency of

the design and manufacturing process (Telfer, Pallari, Munguia, Dalgarno,

McGeough, Woodburn, 2012). By capturing high-resolution anatomical

data, 3D scanning allows for the creation of custom-fit prosthetic devices

tailored to individual patients, ensuring greater comfort and functionality.

The digital models generated can be readily integrated with computer-

aided design (CAD) software and 3D printing techniques, further stream-

lining the overall process. For a person missing part of one of their limbs,

the sound limb might be scanned and mirrored so that the designed cover

exactly replicates the natural shape of their missing limb.

On the other hand, the prosthetic cover designs remain the detailed pat-

terns of the aesthetic seed. Since vase designs are produced by directly

lofting the contours composing the aesthetic seeds, these vase designs re-

tain much of the original pattern of aesthetic seeds. In order to clearly

illustrate the similarity between the aesthetic seed and the conceptual de-

sign of prosthetic covers, the vase design is selected as a representation

of the aesthetic seed, since the aesthetic seed consists of multiple closed

curves, through which, it is hard to observe the design details. Figure: 3.15

illustrates this comparison showing that although the form of the concep-

tual designs of the prosthetic cover is significantly different from the original

aesthetic seed in terms of overall geometry, the detailed aesthetic patterns

86



3.3. ALGORITHM 02 – LEG SCULPTING

still inherit the aesthetic characteristics of the original aesthetic seed.

Figure 3.15: Structure of chapter literature review.

The logic of the algorithm 02 – leg sculpting

This subsection will state the logic of algorithm 02 – leg sculpting. The first

step is to obtain a referenced 3D model which is suitable to personal body

features. One ideal approach is to scan the user’s sound limb (if the user

has) with the 3D scanner. Limited by access to amputated dancers, the 3D
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scanning of the sound limb was not conducted. Alternatively, a referenced

3D model of a limb from a female is applied as the representation of the

scanned sound limb for developing algorithm 02 (Figure: 3.16a). Then

the segment locations need to be confirmed by simply moving the two

cutting planes (Figure: 3.16a). In the end, a referenced model suitable to

a specific user is produced to guide the design of the aesthetic prosthetic

cover. In addition, details of the scanned reference leg can be modified

directly by sliders. For instance, a human’s leg shape can be different

in various gestures or movements, the process enables directly switching

the scanned referenced limb by right-clicking on the model of the dancing

gesture component. Then the segment of the referenced limb can be directly

determined by moving the position of the cutting plane. After that, the

size of the segment of the referenced limb can be scaled in the axial or

length and width direction, by the three sliders (Figure: 3.16b).

Figure 3.16: 3D model and process to modify the segment of the referenced
limb.

After obtaining the segment of referenced limb, the next step is to scale

the aesthetic seed according to it, so that the overall shape conforms to the

referenced limb. It starts with lofting the contours composing an aesthetic

seed to produce a surface. This surface is then scaled in the axial direction

to be the same length as the segment of the referenced leg. After that,

the surface produced by lofting contours of the aesthetic seed and the 3D

model of the referenced limb segment is simultaneously contoured by a 1.5
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mm interval into multiple contours. The value of 1.5mm comes from con-

sideration of the balance of resolution and computing efficiency. Smaller

the value means higher resolution, which enables more details, but simul-

taneously increases the computing load. The next step is to separately

move the new contours of the aesthetic seed until their centre points are

separately in the same position with their corresponding contours of the

reference leg segmentation (Figure: 3.17).

Figure 3.17: Contours with 1.5mm interval of the referenced limb segment
and aesthetic seed.

Figure 3.18: Bounding box of contours on the referenced limb segment and
aesthetic seed.

After obtaining the contours of the referenced limb segment and aesthetic

seed, both of them are processed by the algorithm – bounding box, which

means the smallest box covering the aimed object (Figure: 3.18). Then each

bounding box of the aesthetic seed contours is separately compared with

its corresponding bounding box of the referenced limb segment contours

to get the size comparison in the length and width direction. After that,

the contours of the aesthetic seed are scaled to be similar in size to the
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corresponding contours of the referenced limb segment (left image of Figure

3.22).

Figure 3.19: Loft the scaled contours of aesthetic seed to produce 3D ge-
ometry.

The next step is to loft the scaled contours of the aesthetic seed to produce

3D geometry (right image of Figure 3.22). In order to achieve a natural

transition of the geometry, a socket cover is generated by lofting the top

contour and the edge of the socket, shown in the middle image of Fig-

ure: 3.20. Then, integrating the 3D geometry by lofting scaled contours of

the aesthetic seed with the socket cover produces the mirrored conceptual

design of the aesthetic prosthetic cover. Since the whole process is based on

the referenced leg segment which is supposed to be the sound limb of the

missing one, the last step to finalise the conceptual design of the aesthetic

prosthetic cover is to mirror the design.

Figure: 3.21 summarises the whole procedure that produces the concep-

tual design of the aesthetic prosthetic cover from aesthetic seeds by the

algorithm 02 – leg sculpting. To simplify, it starts with 3D scanning the

sound limb to get the segment of the referenced limb. Then the contours

of the aesthetic seed are scaled by this scanned segment of the referenced

limb. After that, contours are lofted into 3D geometry and combined with

the socket cover. At last, the design is mirrored to get the final design.

Figure: 3.22 illustrates designs of aesthetic prosthetic cover.
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Figure 3.20: Integrating the 3D geometry by lofting scaled contours of the
aesthetic seed with the socket cover.

3.4 Algorithm 03 – optimisation of additive

manufacturing

The conceptual design of the prosthetic cover has been produced by extend-

ing the aesthetic seed through the algorithm 02 – leg sculpting. In order

to then manufacture the design, it will need to be applied to a particular

manufacturing process which may, in turn, require some further modifi-

cations to it. In this case, we are working with Additive Manufacturing,

which requires that the cover designs produced by Algorithm 2 are further

modified in specific ways as we now discuss.

Due to additive manufacturing being a process of an accumulation from

bottom to top, higher layers always requires support from the lower layers.

However, the higher layers are not always the same as the lower layers.

When the lower layer can not support the higher layers, there is a require-

ment to print extra structures for supporting the higher layers. Printing

supporting structures to support overhanging parts during the additive

manufacturing process takes a noticeable proportion of the entire printing

time and materials consumption. In order to improve printing efficiency,
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Figure 3.21: Simplify the process of producing the conceptual design of
the aesthetic prosthetic cover with aesthetic seed by the algorithm 02 – leg
sculpting.
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Figure 3.22: Designs of prosthetic cover.
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overhanging parts on the prosthetic cover were eliminated using algorithm

03 – optimisation of additive manufacturing. It enables automatic scanning

and adjusting of 3D models until the overhanging parts disappear. This

subchapter will demonstrate the approach to optimise the conceptual de-

signs to improve the efficiency of additive manufacturing in three sections:

reason of overhanging, logic of the algorithm 03, and experiment.

3.4.1 Forming of overhanging

Figure 3.23: The overhanging state on the conceptual design of the aes-
thetic prosthetic cover designed by T.

Since the aesthetic seeds generated by Mogrow consist of 2D contours

stacked from bottom to top, which record the transforming history of a

dynamic particle-spring closed chain at a fixed interval, every two neigh-

bour contours record this dynamic curve before and after states of a con-
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stant short time. The faster the transforming speed of this dynamic curve

is, the more significant difference between the two adjacent contours is,

and the more likely overhanging will occur. On the contrary, the slighter

difference between adjacent contours, the less likely it will produce over-

hanging. Similarly, if ejection or shrinking behaviours occur, the two ad-

jacent closed contours will also have significant differences in shapes, re-

sulting in overhanging. Although the conceptual design of the aesthetic

prosthetic cover is produced by the scaled contours of the aesthetic seed,

the transforming of the contours happens on the overall scale, in which

the details are not changed. Thus, the conceptual design of the aesthetic

prosthetic cover shares quite a similar overhanging state with its aesthetic

seed. Figure: 3.23 illustrates the overhanging state of the conceptual design

of the aesthetic prosthetic cover designed by T. All of the following studies

about the efficiency of additive manufacturing are illustrated based on this

model. Therefore, in order to eliminate overhanging for increasing printing

efficiency but simultaneously retain its aesthetic details, Algorithm 03 –

optimisation of additive manufacturing was developed.

3.4.2 Logic of the algorithm 03 – optimisation of ad-

ditive manufacturing

This section will demonstrate the logic of optimisation of additive man-

ufacturing. It starts with slicing the conceptual design of the prosthetic

cover into contours at 1.5 mm intervals, which is also the layer height for

additive manufacturing of the present research. And the contours repre-

sent the printing toolpath of additive manufacturing. As the same set as

the conventional 3D printers, the maximum overhang angle limit is set to

55 degrees, which means unprintable without supporting structure, when
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Figure 3.24: The overhanging state on the sliced conceptual design of the
aesthetic prosthetic cover designed by T.
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the Angle of overhanging is bigger than 55 degrees. Figure: 3.24 illustrates

three overhanging parts on the sliced 3D model of the prosthetic cover.

Figure 3.25: Top view of two neighbour contours.

In order to analyse the overhanging challenge, two adjacent contours are

selected as research objects (Figure: 3.25). They are named contour n

(the lower contour) and contour n+1 (the upper contour). To measure the

overhanging angle and adjust the parts exceeding the overhanging limited

angle, contour n+1 was divided into control points by the same distance.

Since the density of control points is usually too high to illustrate, the

control points in figure: 3.25 are to represent these controlling points for

easy illustration. PA represents a control point on Contour N +1 that is

being tested for overhanging angle and under adjustment. Then the point

PC represents the PA’s nearest point on Contour n.

Figure: 3.26 illustrates a perspective view of Contour n and Contour n+1.

Since each contour is a 2D curve, each PA will have a projection “PP” on
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Figure 3.26: Illustration of overhanging adjustment during the bottom-up
scanning.

the plane of its lower contour. Thus, the linking of point to adjust – “PA”,

projection of “PA” on the surface of under contour – “PP” and closest

point of “PA” on the below counter – “PC” produces a rectangular tri-

angle. Then when the “Angle of overhanging” illustrated in figure: 3.26 is

bigger than the overhanging angle limit – 55 degrees, this “PA” needs to be

adjusted. It will move for a short distance, namely “toleranceStep”, which

is set as 0.05mm in this study, following the direction of the “Vector of PA

moving”. This vector has the same direction as the vector from “PP” to

“PA”. Conversely, if the “Angle of overhanging” is less than the overhang-

ing angle limit, “PA” will remain unchanged. When all control points on

Contour n+1 have completed a test and adjustment, a new contour will be

rebuilt according to the new control points to replace the previous Contour

n+1. Thus, this completes the adjustment of one of all contours composing

the design. A “bottom-up scan” would be completed when this adjustment

runs from the second contour to the last in the order from bottom to top.
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Figure 3.27: Illustration of overhanging adjustment during the top-down
scanning.

Because the adjustment always happens on the upper contours and the

lower contours keep constant in the process of “bottom-up scan”, the form

of the final design will be more likely to tend to the geometry of the lower

part of the design, after multiple iterations of “bottom-up scan”. There-

fore, after a “bottom-up scan”, “top-down scan”, which is contra with the

“bottom-up scan” is conducted. As shown in Figure: 3.27, the Contour

n+1 is kept invariant, and the overhanging measurement and adjustment

happen on the Contour n. This process prompts an adjustment of lower

contours and keeps upper contours constant. Thus, waving “bottom-up

scan” and “top-down scan” with multiple iterations achieves eliminating

the overhanging with the slightest modification on the overall design. Fig-

ure: 3.28 illustrates this waving and iteration of “bottom-up scan” and

“top-down scan”. And the white points in this diagram represent points

being adjusted. Figure: 3.29 demonstrates the morphological comparison

between the original contours (green curves) and the ones (red curves) after
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multiple iterations of the “scan”.

Figure 3.28: Waving “bottom-up scan” and “top-down scan”.

In order to conveniently modify the details of this algorithm, an process as

developed as demonstrated in Figure: 3.30. There are four steps to make

the algorithm work and modify details. Step 1: Pick up contours. Before

conducting Step 1, all of the contours need to be 2D curves on the XY plane.

Step 2: To avoid decreasing the efficiency of the following calculation,

right-click on the component and select “internalise data”, then disable

all the components before this one. Step 3: There are two parameters and

one button. One parameter, namely “constraintAngleDegree”, determines

the overhanging angle limit, which is set at 55 degrees here. Then the
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Figure 3.29: Comparison between the original contours and the ones after
multiple iterations of ”scan”.

Figure 3.30: Illustration of parameters controlling overhanging adjustment.
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controlling points with overhanging angle over 55 degrees will be adjusted

until it is smaller than this. Considering different materials or printing layer

heights may have various maximum overhanging degrees, one adjustable

parameter is set here to modify this data efficiently. The other parameter,

namely “toleranceStep”, controls the moving distance of the controlling

points under one adjustment. The smaller the value set is, the smoother

the final adjusted model is, but more iterations are required to eliminate

the overhanging. In this study, the value was set at 0.05mm. The button

in Step 3 is named “reset”, which determines whether to reset the adjusted

contours. Before operating the “Main algorithm”, this value needs to be

set as False. Step 4: here is a button to turn on or off the “Main algorithm”

loop. In addition, there are also parameters to control the illustration of

points being adjusted and the contours after adjustment.

Figure 3.31: Phenomenon of self-intersection.

However, there is another problem – self-intersection emerges, after “scan”

and adjustment to eliminate overhanging parts. Self-intersection on 2D

curves is a phenomenon illustrated in Figure: 3.31. Point “A” is the point
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Figure 3.32: Illustration of self-intersection on the contours composing the
design of the prosthetic cover.

where the intersection occurs. “Zone 01” and “Zone 02” are two closed

spaces created by self-intersection. If the 3D printing path is this curve,

the printer’s nozzle will go through the point of intersection twice. Suppose

the extrusion speed of the material is kept constant in the printing process,

when the nozzle goes over this intersection point for the second time, the

material will accumulate. In the other case, stopping material extrusion

when it passes the intersection point the second time adds complexity to

the printing path programming. In addition, in this research, the size of

Zone 02, one of the two spaces generated by intersection, is significantly

smaller than that of Zone 01. Even deleting Zone 02 will not produce a

significant impact on the design. Therefore, direct deleting Zone 02 was

chosen to deal with the self-intersection of the print path. Figure: 3.32

illustrates the contours happening self-intersection in green colour. While

the red circles in this figure show the details of self-intersection enlarged,
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the second green contour appears twice self-intersection, and the other three

appear once each.

Figure 3.33: Grasshopper program removing self – intersections.

Figure 3.34: Rebuild the contours after modification of self-intersection.

The procedure that implements the elimination of self-intersection is shown

in Figure: 3.33. First, contours that have been tested and adjusted for elim-

inating overhanging parts are picked up into the algorithm by right-clicking

the curve component in step 01 (Figure: 3.33). The yellow panel shows a

total of 115 planar curves. Second, the self-intersection test is performed

on all contours. The test results are shown in Step 02 of Figure: 3.33: coun-

ters without self-intersection are displayed as an empty list; counters with

the corresponding self-intersection show the exact position where the self-
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intersection occurs. Third, contours are separated by whether they contain

self-intersection while maintaining the original sequence of contours (as

shown in data viewer A and data viewer B in Step 03). Fourth, splits con-

tours that have self-intersection at the point where the intersection occurs.

In this case, the small closed curve (Zone 02) generated by self-intersection

is much smaller than the overall length of the curve. The data viewer

in step 04 shows the length of these segmented curves. For instance, on

contour 65, the length of the two segmented curves are 0.203593mm and

239.953575mm. Removing these short segmented curves will have little

impact on the overall appearance. Thus, the algorithm chooses to remain

the longest segmented curve and delete the short ones. However, sharp

corners are left after splitting the original contour and deleting the short

segmented curves. In order to make it smooth, the modified contours are

rebuilt by their controlling points. In Figure: 3.34, the red curves are the

reconstruction results after modification for self-intersection, and the green

ones are the original contours. Last, the self-intersection modification is

completed by combining all contours modified by self-intersection and the

list of curves that do not need to be modified in their original order.

Figure: 3.35 illustrates the comparison between the original design and the

improved design by Algorithm 03 – optimisation of additive manufacturing.

Notably, the overhanging angle is significantly reduced. Meantime, the

aesthetic features remain.

3.4.3 Experiment

A simple experiment was conducted to evaluate algorithm 03 – optimisation

of additive manufacturing. The experiment was operated on the 3D printer

Flashforge Creator 3 (Flashforge Creator 3 FDM 3D Printer Large Build
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Figure 3.35: Comparison between the original design and the optimised
design by algorithm 03.
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Volume - FlashForge, n.d.) with the material of 1.75mm purple PLA. The

model applied to this experiment is the same one being applied to illustrate

the logic of algorithm 03 in the above content. However, limited by the size

of the printer, the model is scaled as half size of the original model. Two

different stages of this design are printed. One is the conceptual design

produced by algorithm 02 – leg sculpting. This one is defined as model A.

The other is the final design after optimising by the algorithm 03 – optimi-

sation of additive manufacturing. This model is defined as model B. Due

to the existence of overhanging on model A, it requires printing supporting

structure to support these overhanging parts. In contrast, there is no de-

mand for printing supporting structure for model B, since the overhanging

has been eliminated by algorithm 03. Figure 3.39 illustrates the printed

models of model B and model A without removing supporting structures.

Figure 3.40 illustrates the comparison of time and material consumption

of printing model A and model B. It demonstrates that model B without

overhanging saves 36.5% printing time and 32.4% material than model A

requiring supporting structure.

In summary, the design phase of the present research attempted to fill

the identified research gap inefficient approaches for customising person-

alised aesthetic designs for prostheses. Specifically, three algorithms are

developed for this aim. Algorithm 01 - Mogrow was developed based on

co-design, generative design and motion capture principles to produce cus-

tomised archetypes – aesthetic seed, which enables dancers to customise

their own aesthetics for designs by dancing-interaction. Algorithm 02 – leg

sculpting aimed to further develop the aesthetic seed into a specific con-

ceptual design – prosthetic cover, that was personalised by personal data

to fit users’ personal body features and simultaneously retain the aesthetic

details of the aesthetic seed. At last, algorithm 03 – optimisation of addi-
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Figure 3.36: Comparison of printed models: Model A is the original design,
which has to print supporting structures, while model B is the optimised
design based on algorithm 03.

Figure 3.37: Comparison of manufacturing time: Model A is the original
design, which has to print supporting structures, while model B is the
optimised design based on algorithm 03.
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tive manufacturing was developed to increase the manufacturing efficiency

by eliminating overhanging parts without obvious modification on appear-

ance. These three algorithms accomplished customising aesthetic designs

on the prosthetic cover, by dancer’s interaction and without demand on

the involvement of professional designers.

As a new approach trying to explore aesthetic customisation of prosthet-

ics, evaluation of aesthetics of design and interacting-design experience is

essential. This evaluation was conducted by three user studies, which will

be demonstrated in the following chapters.

Moreover, this chapter primarily focuses on aesthetics. However, prosthe-

sis usually has rigorous requirements on their mechanical properties and

weight control, which are easy to conflict with aesthetics. A non-planar

additive manufacturing platform was developed for balancing requirements

of mechanical properties, weight control, and aesthetics, which is the pri-

mary aim of the manufacturing phase. These contents will be stated in the

next chapter.
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Chapter 4

Non-planar additive

manufacture platform

4.1 Introduction

The previous chapters presented a co-design approach to producing aes-

thetic prostheses designs by using the interaction between dancers and the

algorithm - Mogrow. The “aesthetic seeds” were firstly produced to capture

the dancers’ unique interactive experiences. They were applied to aesthetic

prosthetic covers. After that, the designs were revised to be made print-

able without support by eliminating all overhanging parts. The resulting

designs were ready to be manufactured. This chapter aims to explore the

non-planar additive manufacturing platform as a method of manufactur-

ing customised prostheses with high geometric freedom for aesthetics and

light-weighting whilst retaining sufficient mechanical properties.

Figure: 4.1 illustrates the framework of the explored non-planar additive

manufacturing platform. It consists of three sections: 6DOF robot (yel-
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Figure 4.1: Framework of non-planar additive manufacturing platform.

low circle), multi-head non-planar additive manufacturing extrusion system

(purple circle), and non-planar additive manufacturing controlling system

(pink circle). The red circle in Figure: 4.1 shows the printing operation

(experiment). This chapter presents the non-planar additive manufactur-

ing platform by four corresponding sub-chapters: 6DOF (Degree of free-

dom) robot, multi-head non-planar additive manufacturing extrusion sys-

tem, non-planar additive manufacturing control system, and experiment,

for which, the 6DOF robot represents the commercial industrial 6DOF

robot in the market, such as ABB, UR, Kuka etc; the multi-head non-planar

additive manufacturing extrusion system represents the printing head and

its controller attached to the 6DOF robot to melt, extrude materials and

communicate with the controller of 6DOF robot, this device was developed

by the author; and the non-planar controlling system is also developed by

the author to control the operation of 6DOF robot arm and the multi-head

non-planar additive manufacturing extrusion system to conduct non-planar

addtive manufacturing.
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4.2 6DOF (Degree of freedom) robot

The literature on additive manufacturing by 6DOF robot arms demon-

strates the benefits of the high flexibility of 6DOF, long reach, and various

payloads, hence, there is an increasing interest in additive manufacturing

by 6DOF commercial robot arms in both academy and industry.

In physics, the degree of freedom (DOF) of a mechanical system is the

number of independent parameters that define its configuration or state

(Degrees of Freedom (Mechanics) - Wikipedia, n.d.). Robot arms are de-

scribed by their degrees of freedom. This is a practical metric, in contrast

to the abstract definition of degrees of freedom which measures the aggre-

gate positioning capability of a system (Paul, 1981). Most conventional 3D

printers are based on a 3DOF system, whose tool-paths only contain XYZ

coordinates. As the tool head only has a single orientation in which it can

reach any given coordinate, this information fully constrains the tool head

(Kubalak et al., 2019). On the other hand, a mobile unit’s six degrees of

freedom are divided into two motional classes (Six Degrees of Freedom -

Wikipedia, n.d.). One class is the same as the 3DOF system that consists

of translational envelopes: moving forward and backwards on the X-axis

(Surge), moving left and right on the Y-axis (Sway) and moving up and

down on the Z-axis (Heave) (Figure 4.2). The other one consists of rota-

tional envelopes: tilting side to side on the X-axis (Roll), tilting forward

and backward on the Y-axis (Pitch), and turning left and right on the

Z-axis (Yaw) (Figure 4.2). Compared with the fact that the 3DOF 3D

printer can only move following XYZ coordinates without orientation of

the print-head, the 3D printer based on the 6DOF robot arm enables the

same translation movement following XYZ coordinates and rotation of the

print-head. This is how the 6DOF robot brings higher flexibility to benefit
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non-planar additive manufacturing.

Figure 4.2: Illustration of Six Degrees of Freedom (Narmontas, 2016).

The present research used a Universal Robots UR3e, a collaborative robotic

arm with a payload of 3KG, operating radius of 500mm, ±360-degree ro-

tation on all wrist joints, and infinite rotation on the end joint (UR3e

Collaborative Robot Arm That Automates Almost Anything, n.d.). As

with most other 6DOF commercial robotic arms, it consists of a robot arm

and robot controller (Figure: 4.3).

Figure 4.3: Unversal Robots UR3e.
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Figure 4.4: Multi-head non-planar additive manufacturing extrusion sys-
tem.

4.3 Multi-head non-planar additive manu-

facturing extrusion system

4.3.1 Introduction

There are many commercial 6DOF robotic arms from various brands, e.g.

ABB, KUKA, Universal Robots, in the market, which makes it easy to

obtain a 6DOF system that is potentially suitable for non-planar additive

manufacturing. The next step, then is to fit extrusion and control systems

to these commercial robotic arms.

In robotics, an end effector is a device at the end of a robotic arm de-

signed to interact with the environment (Robot End Effector - Wikipedia,

n.d.). The exact nature of this device depends on the application of the

robot. So for non-planar additive manufacturing, the end effector is an ex-

truder for 3D printing. Specifically, the present research developed a novel

multi-head non-planar additive manufacturing extrusion system as an end

effector (Figure: 4.4). This consists of an extruder (Figure: 4.4 A) and a

controller (Figure: 4.4 B). The extruder was designed as multi-head, which

enables multi-material. Recent research in multi-material additive manu-
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facturing has focused on improving mechanical strength, printing speed,

and reducing costs associated with the process. Studies have explored var-

ious techniques, such as optimizing material combinations, incorporating

functionally graded materials, and utilizing novel composite materials to

enhance mechanical strength (Liu, Chua, Leong, Lim, 2019). Efforts to

increase printing speed have investigated the potential of high-speed sinter-

ing and parallel processing techniques, which can significantly reduce the

time required for producing multi-material components (Chen, Zhao, Liu,

2020). Additionally, research on reducing costs involves exploring more

affordable materials and refining production processes to minimize waste

and optimize efficiency (Raz, 2020). These advancements are essential

for expanding the applications and accessibility of multi-material additive

manufacturing to manufacture aesthetic prosthetics.

The multi-head extruder is attached to the flange at the end of the robotic

arm. Then the robotic arm moves it to follow the pre-set toolpath for the

3D printing. Simultaneously, the extruder melts and extrudes filament with

a specific speed at a specific location of the toolpath, under the control of

the controller. The control of the extrusion speed is conducted by linking

the controller of the robotic arm with the controller of the multi-head non-

planar additive manufacturing extrusion system. The controller of the

extrusion system receives digital I/O signals and then controls the extrusion

state of three nozzles, depending on the received digital I/O signals.

This subchapter states the Multi-head non-planar additive manufacturing

extrusion system by two sections: multi-head extruder and controller of

multi-head non-planar additive manufacturing extrusion system.
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4.3.2 Multi-head Extruder

The multi-head extruder is designed following three requirements: compat-

ible with common commercial robotic arms in the market, high flexibility

to print different materials, and collision-free. These three requirements

permeate the whole design of the multi-head extruder. This section will

present the design of the multi-head extruder, starting with its primary

components: mounting structure, nozzle, heat-sink & heat-break, and gear-

box (Figure: 4.5), then describe the collision avoidance features and finally

incorporated them into the extruder design.

Figure 4.5: Multi-head extruder.

Mounting structure

The aim of designing the mounting structure was to support components

of the extruder such as gearboxes, heat-sinks & heat-breaks, nozzles etc.

and to attach the print head to the flange of the robotic arm. In or-

der to ensure compatibility with the common, commercial robotic arms,

this study gathered product information from three primary makers in the
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Figure 4.6: Mounting structure.

European market: ABB, KUKA, and Universal Robotics. The mount-

ing structure was designed to fit two sets of robotic mountings: one has

four M6 mounting holes located evenly on a circle with a radius of 25mm.

The other is connected via four M5 mounting holes located evenly on a

circle with a radius of 15.75 mm (Figure: 4.6). This design enables the

multi-head extruder to fit the following models of commercial robotic arm:

all of the models from Universal Robots (Collaborative Robots from UR

— Start Your Automation Journey, n.d.), all models under 16kg payload

from ABB(Industrial Robots — ABB Robotics, n.d.) and KR 4 AGILUS,

KR AGILUS (Payload 6-10kg, reach 706.7 – 1101 mm, 18 models), LBR

iiwa (LBR iiwa 7 R800, LBR iiwa 7 R800 CR, LBR iiwa 14 R820, LBR

iiwa 14 R820 CR), KR CYBERTECH nano (Payload 6-10kg, reach 1420

– 1840 mm, 8 models), KR CYBERTECH (Payload 8-22kg, Reach 1612 –

2013mm, 10 models) from KUKA(Industrial Robot — KUKA AG, n.d.).
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Hot-end and nozzle

Figure 4.7: Structure of hot-end on the conventional 3D printer.

The hot-end and nozzle elements of the print head are used to melt the

filament and deliver material to the work surface. A conventional nozzle

is usually designed separately from the heating components (Figure: 4.7).

The nozzle for the multi-head extruder was designed to be integrated with

the heating components to make a much longer melting tunnel for melting

efficiency and shaper nozzle angle was employed to avoid collision (Fig-

ure: 4.8).

Figure 4.8: Nozzle of the multi-head extruder.

Filament melting in the nozzle follows the process in which the nozzle
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obtains the heat from the heaters and then conducts to the filament and

melt it. The heat conduction between the nozzle and the filament via

thermal conduction, which follows the formula for the rate of heat flow:

Q/x= -kA*T/x

Where:

• Q is the net heat (energy) transfer,

• t is the dwell time in the nozzle,

• T is the difference in temperature between the cold (the filament)

and hot (nozzle) sides,

• x is the thickness of the material conducting heat (distance between

hot and cold sides),

• k is the thermal conductivity, and

• A is the surface area of the surface-emitting heat.

For the same 3D printing filament and nozzle material and design, the val-

ues of T and x are constant, once equilibrium has been reached, if k can be

assumed to be temperature independent. Then the value Q, the net heat

transfer to the filament, only varies with the time taken and surface area.

It can be seen from the equation that Q is proportional to the dwell time

in the nozzle/hot-end unit and A, the contact area between the filament

and the surface-emitting heat. Melting the same amount and type of ma-

terial requires the same net heat (energy) transfer – the value Q. Thus if

A increases t should decrease, and vice versa. In other words, a longer hot

end reduces the time taken to melt the filament, thus the melting efficiency

is increased. Moreover, rather than a single heater, as used on the conven-

tional hot end of a 3D printer, three heaters are used for each nozzle here
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to further improve melt efficiency.

The conventional three nozzles of the multi-head extruder were made of

brass, which has good thermal conductivity. This material was found to be

suitable for tests on various thermal polymers e,g, PLA, ABS, and PETG.

Extrusion diameters investigated were 0.35mm, 0.8mm, and 1.2mm, which

enabled printing at various different resolutions. The multi-head system

also has the capability to incorporate nozzles of other materials, such as

stainless steel and hardened steel for printing more abrasive or higher melt-

ing point materials, such as Nylon, PEEK, metal filled filaments and con-

tinuous carbon fibre.

The heat-sink & heat-break

Figure 4.9: Heat-sink and heat-break (Water Cool a 3D Printer Nozzle for
Cheap and Easy!: 6 Steps (with Pictures) - Instructables, n.d.).

The heat-sink & heat-break element of the print head is designed to link

the gearbox and the nozzle. As described above, the filament is melted in

the nozzle/hot-end element of the print head and it is important it doesn’t

melt before this as half-melted materials can easily block the extruder.

Thus the primary function of the heat-sink & heat-break is to isolate the

thermal conduction between the cold tunnel (in the gearbox and upper
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Figure 4.10: Heat-break pipe from E3D V6 Dragon Hot-end (BIQU High
Quality Bi Metal Heat-break MK10 MK8 Throat For E3D V6 Dragon Hot-
end Heater Block 1.75mm 3D Printer Parts Heat-Break—3D Printer Parts
& Accessories— - AliExpress, n.d.).

Figure 4.11: Heat-sink and heat-break from E3D V6 (V6 All-Metal Hot-
End – E3D Online, n.d.).
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part of the heat-break pipe) and the hot tunnel, which is inside the noz-

zle (Figure: 4.9). In order to achieve heat isolation, the heat-break pipe

is usually designed with a thin wall on the connection between cold and

hot tunnels. Figure: 4.10 illustrates the heat-break pipe from an E3D V6

Dragon Hot-end, in which the connection between cold and hot tunnels is

made of 303 stainless steel. This material has strong mechanical proper-

ties to avoid breaking from the thin wall and poor thermal conduction to

achieve thermal isolation between cold and hot tunnels. In order to dissi-

pate heat passing to the cold tunnel, a heat-sink and fan are used. The

heat-sink & heat-break components of an E3D V6 were used in the present

extruder (Figure: 4.11). Moreover, the multi-head extruder was designed

to fit most heat-sinks & heat-breaks on the market to enable easy switching

to fit various materials. For instance, the heat-break of Dragon Hot-end

WHF from Pheatus enables printing materials with high-temperature re-

quirements like PEEK.

Gearbox & motor

Figure 4.12: Gearbox for the multi-head extruder.

The gearbox was designed to push the filament into the nozzle for melt-

ing and extrusion. A gearbox was developed based on the Titan extruder

from E3D ((Titan Extruder – E3D Online, n.d.) Figure: 4.12 illustrates

the gearbox for the multi-head extruder. It consists of a 3:1 gearing ratio
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allowing lighter motors to apply a stronger pushing force on the filament.

The gearbox is mainly made of aluminium, which can operate at higher

temperatures than plastics. This design aims to match the requirement

of high-performance materials, such as PEEK, requiring a chamber tem-

perature of 120℃. The feeder gear is the component directly contacting

with the filament. There are two types of feeder gears for the gearbox

of the multi-head extruder. One is for 1.75mm filament (Figure: 4.13 A).

It consists of concave teeth to increase the touch area with filament and

avoid sliding even at high pressure. The other one is for continuous fibres

reinforced filament, which is much thinner than standard filament, with a

diameter of 0.6mm. So the feeder gear in this case is straight teeth to make

sure the thinner filament can be touched (Figure: 4.13 B).

Figure 4.13: Feeder gears with concave teeth and straight teeth.

The mounting structure enables the multi-head extruder’s broad applica-

bility to commercial 6DOF robotic arms. At the same time, its broad

adaptability to various materials is achieved by the nozzles made from var-

ious materials, the broad adaptation to various heat-sinks & heat-breaks

for 1.75mm filament in the market, the gearbox made of aluminium with

two types of feeder gears, and three print-heads for multi-material manu-

facturing. For instance, continuous carbon fibre reinforced PEEK additive

manufacturing can be applied by the multi-head extruder with the following

components. The nozzles are made from hardened steel, avoiding erosion

by carbon fibre. Furthermore, the heat-sink & heat-break of Dragon Hot-

end WHF from Pheatus is applied for higher temperature resistance. In
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addition, the feeder gear with straight teeth is applied to extrude the car-

bon fibre reinforced thin filament. Moreover, the three heads enable carbon

fibre reinforced PEEK additive manufacturing by applying supplementary

materials, e.g. material for printing support.

Design adaptations for collision-free printing

Figure 4.14: Two factors affect collision in non-planar additive manufac-
turing application by the conventional three-axis 3D printer (Ahlers et al.,
2019; Pelzer & Hopmann, 2021).

Collision is a non-negligible problem in multi-axis non-planar additive man-

ufacturing. There are three features of conventional 3D printing logic: the

print-head remains vertical, all layers are two-dimensional and keep con-

stant heights within the same layers, and layers are built from bottom to

top. These three features ensure a collision-free printing process. However,

for non-planar additive manufacturing, the layers are usually 3D surfaces

that cross various heights, which makes for easy collision between the print-

head and printed object. Moreover, the print-head is rotating in multi-axes

(five axes or more), which aggravates the likelihood of a collision.

Some researchers have explored solutions to this problem from both print-

ing logic and hardware design. For printing logic, Wu et al.(2016) explored

an algorithm for generating collision-free toolpaths for wireframe models.

Huang et al. (2016) considered stability constraints in the manufacturing

process together with collision-free constraints. Dai et al. (2018) devel-

oped a convex-front governed approach that can always ensure collision-
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free working surfaces for material accumulation. For hardware design, re-

searchers explored two factors that affect collision in non-planar additive

manufacturing by traditional three-axis 3D printers. One is the angle of

printing that takes the whole extruder into account, including the nozzle,

heat sink and gearbox (Ahlers et al., 2019), as illustrated in Figure: 4.14.

This angle of printing affects applying materials into valley geometries.

When this angle is bigger, the issue of collision with neighbouring geometry

is less and highly curved layers are allowed. The other factor on hardware

is the wall thickness of the nozzle tip. Conventional nozzles are built with

a flat bottom to flatten any excess material. Applying it to non-planar

additive manufacturing, it easily interferes with and scratches previously

manufactured slopes (Pelzer & Hopmann, 2021) (Figure: 4.14). Consider-

ing these two factors affecting collision in three-axis non-planar additive

manufacturing, the present research analyses the problem of collision in

additive manufacturing by the 6DOF robotic arm and proposes strategies

to avoid these collisions in terms of hardware design.

The nozzle remains vertical while printing with a three-axis machine. In

contrast, the nozzle can rotate to remain perpendicular to the work-surface

in the non-planar additive manufacturing process with a 6DOF robotic

arm. Thus the collision state relative to the printing angle is different

in non-planar additive manufacturing by a 6DOF robotic arm. The other

factor – wall thickness is less of a problem with six-axis non-planar additive

manufacturing as nozzle rotation can usually ensure it is perpendicular to

the work-surface. However, there are some situations where this is not

possible, such as printing in a deep valley, which requires the nozzle to

be angled to the work-surface to avoid the collision. Thus, to minimise

this problem, the wall of the nozzle tip was designed as thin as possible at

0.2mm (Figure: 4.8)
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Figure 4.15: Illustration of bottom collision and side collision.

As stated above, the factors that affect collision in six-axis non-planar

additive manufacturing are partly different from those with a three-axis

machine. Figure: 4.15 illustrates the two collision situations in six-axis

non-planar additive manufacturing: bottom and side collisions. The curve

in Figure: 4.15a represents a side view of a non-planar 3D printing toolpath.

Point A in Figure: 4.15a represents the lowest point in the valley geometry,

while point B represents the points on the side of the valley. Figure: 4.15b

illustrates the collision situation at point A, which shows no accessibility

to the valley’s lowest point because the nozzle angle is wider than the

valley. It is defined as a bottom collision. While Figure: 4.15c illustrates

the collision that happens during printing the sides of valley geometries –

when the nozzle remains perpendicular to the printing path on the side of

the valley geometry, the collision happens between the nozzle or extruder

and the printed parts. This collision state is defined as a side collision. The

bottom and side collisions this defined can classify most collision situations

in six-axis non-planar additive manufacturing. The bottom collision is

triggered by the valley being narrower than the nozzle or extruder, which is

not adjustable with printing logic and requires mechanically modifying the

nozzle geometry. In contrast, the side collision is triggered by attempting

to maintain a perpendicular print angle, which is adjustable by changing

the print angle to avoid collision.
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Figure 4.16: Terms definition.

Figure 4.17: Valley angle and valley depth.
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Figure 4.18: Side collision distance.

Figure 4.19: Effective nozzle distance and nozzle angle.
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Figure 4.20: Extruder angle.

Several values need to be defined to illustrate the requirements of collision

free printing, as illustration of Figure: 4.16. Figure: 4.17 illustrates the

values of valley angle (Va) and valley depth (Vd). The valley angle is the

angle between two tangent lines of both sides of a valley geometry that

start from the bottom point. The valley depth is the distance between the

bottom point and the higher point of tangency in the vertical direction.

The side collision distance (Scd) is the length of the line starting at a point

on one side of a valley and ending at the cross point produced by the

intersection between the vertical line of the printing path starting at this

side point and the other side of the valley (Figure: 4.18). Several values

relative to the nozzle and extruder also need to be defined. Figure: 4.19

illustrates the nozzle angle (Na), and the effective nozzle distance (End).

The nozzle angle means the angle of the nozzle tip. At the same time, the

effective nozzle distance represents the distance in the vertical direction

between the nozzle tip and the highest point that nothing over the angle of

the nozzle. The distance exceeding the effective nozzle distance is defined
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as effective extruder distance (Eed). Figure: 4.20 illustrates the extruder

angle (Ea) representing the smallest angle starting with the nozzle’s tip

covering the whole extruder.

Figure 4.21: The narrowest and deepest valley geometric toolpath within
the effective nozzle distance.

Figure 4.22: The narrowest valley geometric toolpath within the effective
extruder distance.

For the bottom collision, there are two different situations. One is within

effective nozzle distance, meaning the Vd is smaller than the End. In

this situation, the collision only happens when the Na is larger than the

Va. The other is within the effective extruder distance meaning the Vd

is bigger than the End, in which the collision happens when the Ea is

bigger than the Va. Figure: 4.21A illustrates the narrowest and deepest

valley that can be printed by conventional extruder within the effective
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nozzle distance. In contrast, Figure: 4.21B illustrates the narrowest and

deepest valley that can be printed using the multi-head extruder designed

in this work. It shows that the valley that can be printed by the multi-head

extruder is much deeper and narrower than the one that can be printed with

the conventional extruder. The following strategies bring this freedom of

printing, avoiding the bottom collision. The integrated design of the nozzle

and heat component enables a much longer nozzle, allowing a sharp tip.

In addition, the separated heat-sink from the gearbox significantly extends

the effective nozzle distance. Figure: 4.22 illustrates the valley angle of the

narrowest valley geometric toolpath with the effective extruder distance

of the conventional extruder – E3D Titan Aero Extruder and the multi-

head extruder. It is noticeable that when it is within the effective extruder

distance, the conventional extruder can only print valley geometry with

the Va of 127°. In contrast, the multi-head non-planar extruder can print

the valley geometry with the Va of 49.9°. Therefore, the printing flexibility

avoiding the bottom collision of the multi-head extruder is much higher

than the conventional 3D printing extruders within both of the effective

nozzle distance and effective extruder distance.

Figure 4.23: Side collision of the conventional extruder.

The side collision also happens within the effective nozzle distance, and the

effective extruder distance. Figure: 4.23 illustrates the side collision of the
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Figure 4.24: Side collision of the multi-head non-planar additive manufac-
turing extruder.

Figure 4.25: Lean nozzle to avoid the side collision.
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conventional extruder. It is noticeable that the conventional extruder can

rarely print vertically with the toolpath on the valley side, neither within

the effective nozzle distance nor the effective extruder distance, since the

Na and the Ea are both too big to avoid collision with the other side

of the valley. Figure: 4.24 illustrates the side collision of the multi-head

extruder. When the End is bigger than the Scd, the side collision needs

to consider the nozzle itself (Figure: 4.24a). When the Ned is smaller

than the Scd side collision, the side collision should consider the whole

extruder (Figure: 4.24b). However, if the nozzle constantly keeps vertical

with the printing path, even the nozzle angle is as sharp as 0°, a collision

can still occur on the valley side. Thus, to avoid the side collision, the

nozzle has to lean to make it printable (Figure: 4.25). This was achieved in

this work through toolpath calculation. The toolpath with nozzle verticle

with printing path is maximised to eliminate the collision effect of the wall

thickness of the nozzle tip. At the same time, the nozzle is angled to avoid

side collision.

To summarise, collision-free printing is achieved by maximising the nozzle

effect distance, minimum the nozzle’s angle by integrating the heat com-

ponent with the nozzle, and leaning nozzle at the valley side.

4.3.3 Controller of multi-head non-planar additive man-

ufacturing extrusion system (Figure: 4.26)

The previous section describes the mechanical part design of the multi-

head non-planar additive manufacturing extrusion system. This section

will present its controller, which was designed to separately control the tem-

perature of the three nozzles, read the digital I/O signal from the robotic

arm’s controller and separately control the extrusion speeds of three mo-
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Figure 4.26: The controller of multi-head non-planar additive manufactur-
ing extruder.

tors, depending on the received I/O signal.

Arduino

Figure 4.27: Design of the controller of the multi-head non-planar additive
manufacturing extrusion system.

Figure: 4.27 illustrates the design of the controller. It is designed based

on two Arduinos. One is for temperature control, while the other is for

extrusion control. Arduino is an open-source electronics platform based on

easy-to-use hardware and software (What Is Arduino? — Arduino, n.d.).
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Temperature control circuit

The temperature control circuit is used to individually maintain constant

temperatures for the three nozzles. Their temperature must be constant

for melting material and continuous extruding. However, the constant tem-

peratures for the three nozzles can vary to accommodate multi-material

printing. The temperature control circuit consists of the following compo-

nents. Nine heaters at 40W 12V (three for each nozzle) to supply sufficient

heat to keep nozzles at a constant temperature. Three PT100 temperature

sensors are used to measure the temperatures of the three nozzles. These

can work with temperatures as high as 500℃, which is applicable to high-

performance polymer, e.g. PEEK requiring printing temperature of 350

to 400℃. The working procedure of the temperature control circuit is as

follows.

• 1, When the temperatures of nozzles change, the corresponding

PT100 thermal sensors’ value of resistance changes.

• 2, Once the resistance values of thermal sensors change, the volt-

age on the other resistors connected with the corresponding thermal

sensor will change.

• 3, Arduino reads these voltages and calculates the current temper-

ature.

• 4, Three target temperatures for the three nozzles are preset and

constantly compared with the corresponding measured temperatures.

• 5, When any measured temperature is larger than the corresponding

target one, the corresponding relay is turned off. When the measured

temperature is smaller than the corresponding preset one, the corre-

sponding relay is turned on to start heating. Thus the three relays
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are continuously turned on and off to keep the constant temperatures

of the three nozzles.

Motor control & I/O signal read

Figure 4.28: PCB design for reading I/O signal from commercial robotic
arm controller.

In order to control the extrusion state of the three print-heads, there is a

need for constant data exchange between the robot controller and the con-

troller of the extrusion system. Different parts of the print toolpath will

have different requirements for material depositing speed, which needs to

be controlled by sending data from the robot controller to the extruder con-

troller to ensure extrusion at a specific velocity at a specific location. The

same logic is also applied to head switching. When there is a requirement

for switching print heads (for material or printing resolution switching),

data needs to be sent from the robot controller to the controller of the ex-

truding system. The current nozzle will then stop extruding material and

after the nozzle is switched, the new nozzle will start extruding. Hence, en-

abling the extrusion system to exchange data with most commercial 6DOF

robotic arms is a significant factor in ensuring broad applicability to var-

ious robotic arms. Through analysis of commercial 6DOF robot arms, it

is noticeable that most of them conduct data communication with exterior

facilities by 24V Digital I/O. For instance, there are dedicated eight digital
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outputs, with the possibility to expand with eight configurable and addi-

tional two outputs at the tool flange, on Universal Robots: UR3e, UR5, and

UR10. (Universal Robots - Connecting Internal Inputs and Outputs (I/O)

on the Robot’s Controller, n.d.) For the brand of the robot – ABB, IRC5C

Compact Controller that is applied to various models of ABB robotic arm,

has a built-in expandable 16 in, 16 out I/O system (ABB, 2019). Thus, the

controller of the multi-head non-planar additive manufacturing extruding

system is designed to receive 24V I/O signals.

The motor control circuit was built based on the Arduino, which only reads

5v digital I/O signals. Thus enabling Arduino to read the digital I/O sig-

nals from the robotic arm requires transferring the 24v digital I/O signals

into 5v. Figure: 4.28 illustrates the PCB of the digital I/O board designed

for this aim. It contains three cells of voltage transformer, which allow

reading 24v digital I/O signals from three digital output pins of the robotic

arm. Each digital output pin has two states as On and Off, which means

that three digital I/O pins can produce eight different combinations as

follows: ON/ON/ON, OFF/ON/ON, ON/OFF/ON, ON/ON/OFF, OF-

F/OFF/ON, OFF/ON/OFF, ON/OFF/OFF, and OFF/OFF/OFF, cal-

culated as 23̂=8. Thus, the Arduino can set eight combinations of three

motors’ extrusion speeds. When two I/O boards are applied to commu-

nicate with the controller of the robotic arm, there are six transformer

cells, which means 64 combinations of three motors’ extrusion speed. The

present research applies two I/O boards, which can be increased as needed.

Components for motor control include three 42 step motors, three big easy

drivers from Sparkfun for motor control, and an Arduino Uno. The process

of controlling extrusion speed is present as follows:

• 1, I/O boards receive 24V digital I/O signals from the robotic arm’s
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controller.

• 2, I/O boards transfer the 24V digital I/O signals into 5V digital

I/O signals and send them to the Arduino through Arduino’s Digital

pins.

• 3, The Arduino reads the digital I/O signals and sends the pulse

signals to the corresponding big easy drivers to control the motor

rotating speed with the corresponding preset speed.

4.4 Non-planar additive manufacturing con-

trol system

The non-planar additive manufacturing control system developed in this

work aims to create an integrated system for the application of non-planar

additive manufacturing by a 6DOF robotic arm. Its integrated function

consists of slicing 3D models following a non-planar logic, producing a non-

planar additive manufacturing toolpath for a commercial 6DOF robotic

arm and providing an interface for controlling print details and conducting

print simulation (yellow components in Figure: 4.29).

4.4.1 Platform

The non-planar additive manufacturing control system was developed based

on the platform Rhino and Grasshopper (Rhino - Features, n.d.-b). Rhino

is popular with 3D designers. It was chosen as the fundamental platform

by evaluating four factors: accuracy, modelling, visualisation and plugin of

Grasshopper. As an engineering application, accuracy is the primary re-

quirement for 3D printing. Modelling in Rhino is based on Non-uniform ra-
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Figure 4.29: Non-planar additive manufacturing control system
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tional basis spline (NURBS), a mathematical model using basis splines (B-

splines) that is commonly used in computer graphics for representing curves

and surfaces. It offers great flexibility and precision for handling both an-

alytic (defined by common mathematical formulae) and modelled shapes.

NURBS curves are commonly used in computer-aided design (CAD), man-

ufacturing (CAM), and engineering (CAE). They are part of numerous

industry-wide standards, such as IGES, STEP, ACIS, and PHIGS (Non-

Uniform Rational B-Spline - Wikipedia, n.d.). So Rhino is accurate enough

to represent design for additive manufacturing. The second factor is mod-

elling. The first job before conducting additive manufacturing is modelling,

editing or directly importing the existing models. Rhino can create, edit,

analyse, document, render, animate, and translate NURBS curves, surfaces

and solids, subdivision geometry (SubD), point clouds, and polygon meshes

(Rhino - Features, n.d.-a). In addition, real-time visualisation is required

during the process of designing a 3D printing toolpath and virtual simu-

lation. As a mature modelling software, the display response of Rhino is

fast. (Rhino - Features, n.d.-a)

A significant advantage of using Rhino over similar software packages is

a plugin application called Grasshopper. Grasshopper is a visual pro-

gramming language and environment that runs within the Rhinoceros 3D

computer-aided design (CAD) application. In computing, a visual pro-

gramming language (VPL) is any programming language that lets users

create programs by manipulating program elements graphically rather than

by specifying them textually. (Jost et al., 2015) Grasshopper was created

by David Rutten at Robert McNeel & Associates. (Rutten, 2021) Pro-

grams are created by dragging components onto a canvas. The outputs to

these components are then connected to the inputs of subsequent compo-

nents. Besides, VB, C#, Python programming language is also supported
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for more flexibility in programming. Grasshopper is primarily used to build

generative algorithms (Loomis, 2010) (Loomis, 2011). Using Grasshopper,

users can make rapid changes or explore many variations of 3D models us-

ing algorithms or simple commands. The automatic process of non-planar

model slicing, printing toolpath calculation, and modification of printing

details by parameters are all programmed in Grasshopper.

Grasshopper’s interface simplifies the creation of complex models, and with

the right plugins – it allows for other abilities such as robot control. (Dono-

van, 2020) According to incomplete statistics, Grasshopper includes 131

Addons and 6084 components of various fields. Each of the Addons con-

sisting of multiple components is a package of a specific application such

as Geometry & Meshes, AI Agent simulation, AI Machine learning, Ani-

mation & Physics, Electronic Robot Control, Structural Analysis & FEM,

3D printing & Fabrication and so on (Rodricks, n.d.). Specifically for 6

DOF robot arm control, there are 15 Addons (Figure: 4.30) (Godwyll,

2021). Two of these Addons – Robots and KUKA PRC were used in this

research. The Addon–Robot can broadly work with ABB, KUKA and UR

robots. While the KUKA PRC only works with KUKA robots. However,

KUKA PRC is the only Addon of Grasshopper that can control the seven-

axis robot arm KUKA IIWA. Thus the combination of two Addons – Robot

and KUKA PRC can work with all of the 6 DOF and 7 DOF robots from

ABB, KUKA and Universal Robots. Figure: 4.29 illustrates the integrated

control system for robotic arm additive manufacturing, developed based on

Robots and KUKA PRC.
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Figure 4.30: Grasshopper plugins for 6DOF robotic arm control (Godwyll,
2021).

Figure 4.31: Coordinate system of the 6DOF robotic arm (Home Visose /
Robots Wiki · GitHub, n.d.).
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4.4.2 Coordination system and robot kinetics

Coordination and robot navigate

Robotic arms in the automated manufacturing industry can perform their

tasks with extreme accuracy. They can do so under the guidance of a

controller monitored coordinate system. The coordinate system is used to

help the robot navigate in 3-dimensional space (Goodwin, 2020). Three

coordinate systems are applied in the non-planar additive manufacturing

control system (Figure: 4.31). The world coordinate system is the Rhino

document’s coordinate system. Cartesian robot targets are defined in this

system. They have transformed into the robot coordinate system during

post-processing. The Robot coordinate system is used to position the robot

in reference to the world coordinate system. By default, robots are placed

in the world XY plane. The X-axis points away from the front of the

robot, and the Z-axis points vertically. The present research set the Robot

coordinate system as the same as the World coordinate system, shown as

the coordinate at the base of the robotic arm in Figure: 4.31. The Tool

coordinate system is used to define the position and orientation of the Tool

Centre Point (TCP) relative to the flange. The Z-axis points away from

the flange (normal to the flange), and the X-axis points downwards, shown

as the coordinate at the top of the robot in Figure: 4.31.

Tool centre point (TCP)

Without anything attached to the robot, the end of the arm is used as a

reference point for navigation. The controller can move each of the joints

in a coordinated manner to make the reference point move through space

to predetermined or “taught” positions. When a tool or gripper is added to
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the robotic arm, the reference point should change to reflect the offset the

tool makes. Using the tool as the focus of movement makes programming

the robot much easier and allows for more versatility in what functions can

be added to a program. A tool centre point (TCP) is used to create the

necessary adjustment. This allows the controller to shift the coordinate

system to keep track of the tool instead of the arm’s end (Goodwin, 2020).

Figure 4.32: The 4-point calibration method for measuring TCP.

The 4-points calibration method is implemented in most industrial robots

to measure the TCP (Figure: 4.32). The algorithm is as follows. Find a

reference fixed point in the robot workspace. Next, determine the reference

point on the tool, which is the nozzle tip in the present research. Finally,

indicate the reference robot point from four different directions by moving

the manipulator tool, as shown in Figure: 4.32a (one position, four orienta-

tions). The robot control system calculates the TCP based on the different

positions with respect to the robot mounting flange. It is crucial that ref-

erence points should be as close as possible to obtain the best accuracy.

Figure: 4.32b shows a defined TCP. (Zwierzchowski, 2017)

The TCPs of the multi-head extruder are all measured using the 4-point

coordination method in this work. Since there are three extrusion heads

on the multi-head extruder, three corresponding TCPs are required to be

measured. The switching of print-heads during the multi-head printing

process is achieved by switching corresponding TCPs in the control system.

144



4.4. NON-PLANAR ADDITIVE MANUFACTURING CONTROL
SYSTEM

Move by overlapping coordinates of Target and TCP

Figure 4.33: Move by overlapping coordinates of Target and TCP.

The position of the print-head in a conventional three-axis 3D printing

system is represented by X, Y, Z values. Its print-head constantly points

to the ground during the printing process, and the only change is its po-

sition, which X, Y, Z values can describe. However, in the environment

of non-planar additive manufacturing with a 6DOF robot, besides the X,

Y, Z values describing the print-head’s position, there is a requirement for

more values to describe the nozzle orientation information. The Target

coordinate is applied to achieve this aim. The X, Y, Z value of the target

coordinate’s original point based on the world coordinate system represents

the position of the print-head. The rotation of the target coordinate’s X,

Y, Z axes represents the print-head’s rotation. The strategy to control the

6DOF 3D printer’s movement is based on overlapping the TCP coordinate

with the Target coordinates. Figure: 4.33 illustrates the movement of the

6DOF 3D printer following a curve by overlapping target coordinate with

TCP coordinates.
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Kinematics

Move by overlapping coordinates of Target and TCP

Figure 4.34: Movement types of the 6DOF robotic arm (Brecher et al.,
2013).

Kinematics in robotics is concerned with the study of the relationship be-

tween a robot’s joint coordinates and its spatial layout and is a fundamental

and classical topic in robotics. Kinematics can yield very accurate calcula-

tions in many problems, such as positioning a gripper at a place in space,

designing a tool that can move from point A to point B, or predicting

whether a robot’s motion would collide with obstacles (Kinematics, n.d.).

Two movement types, Point-To-Point (PTP) or Linear (LIN), are typical

for 6DOF commercial robotic arms (Figure: 4.34, left). The PTP command

provides the fastest movement between two points, but the trajectory is

random and can not be predicted between the two points. Conversely, the

trajectory is the straight-line path between starting and target positions in

a LIN movement. For high accuracy, the Linear movement was applied to

additive manufacturing in the present study. If a movement is comprised of
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more than two points with Linear movement, e.g. in out of plane 3D print-

ing, smoothing can be applied to increase the smoothness of a movement

(Figure: 4.34, right). If smoothing is enabled, the robot does not need to

reach the exact intermediate point but enters the smoothing area defined

by the intermediate point and a maximum smoothing distance. (Brecher

et al., 2013)

Figure 4.35: Illustration of Zone (ABB IRC5 Programming Zones Data
Approximation Continuous Motion Advance Read Run - YouTube, n.d.).

The value describing the range of smoothing area is termed Zone. It gives

the robot the ability of continuous motion by cutting the corner to bypass

targets. Figure: 4.35 illustrates an ABB robot path that starts from target

P10 and then goes through two more targets with Zone values – P20 and

P30. This figure demonstrates that the Zone value puts a circle around the

targets – P20 and P30 with radiuses specified by the distance. Specifically,

the Zone value of P20 is z50, representing the approximation zone or range

at the target P20 with a radius of 50mm, and 30mm at P30. Zone gives

the robot permission to leave the program path at the target. Once the

robot crosses into the approximation zone, it veers off the program path

and returns once it leaves the approximation zone. After leaving the ap-

proximation zone of P20, it will be back on the program path and remain

until it reaches P30. P30 is also a target that contains a Zone value. It
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enables the robot to continuously move without ever having to stop moving

through P20 and P30If this is not desirable, a Fine move command can be

used to prevent the continuous motion.

Figure 4.36: Motion with fine positioning (ABB IRC5 Programming Zones
Data Approximation Continuous Motion Advance Read Run - YouTube,
n.d.).

Figure 4.37: Motion points using Zones at a speed of 4000mm/s (ABB
IRC5 Programming Zones Data Approximation Continuous Motion Ad-
vance Read Run - YouTube, n.d.).

Figure: 4.36 illustrates the procedure of the robot going through P10, P20,

and P30 with Fine value (rather than Zone). CV represents the robot

reaching its constant (preset) velocity, and DACC represents deceleration.

The robot leaves P10 with acceleration until it reaches constant velocity,

decelerates and comes to a complete stop at P20, then reaccelerates and
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decelerates until it completely stops at P30. In this procedure, the robot

applies deceleration, stop, and acceleration at each target of a continuous

robot path. When there are more targets in a continuous robot path,

vibration can occur due to intermittent decelerations, accelerations and

stops.

Figure: 4.37 demonstrates the same set of three motions with a Zone setting.

It shows the same series P10, P20 and P30. The robot starts to move and

accelerate from target P10 until it reaches the constant velocity. Unlike

the Fine setting motion, there is no deceleration, stop and reacceleration at

target P20. The robot just continuously goes past P20 and then decelerates,

and finally stops at P30. Thus for a continuous long robot path with many

targets, e.g. additive manufacturing, the acceleration only happens at its

first target and deceleration and stop only happen at the last target. The

robot moves continuously and smoothly through all of the targets in the

middle.

4.4.3 Non-planar slicing

Strategy

Literature Review indicated that the weak connection between layers trig-

gers anisotropy in 3D printed objects (Riddick et al., 2016), where the

strength in the build direction is significantly weaker than the strength in

the filament direction. However, the application of slicing with sinusoidal

layers potentially improves the building direction strength by dividing the

force into a parallel and a normal sub-force, allowing non-planar layers to

partly redistribute the load away from inter-layer adhesion (Figure: 4.38)

(Khurana et al., 2020; Pelzer & Hopmann, 2021). Thus, sinusoidal slicing
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was selected as the primary slicing approach for the non-planar additive

manufacturing control system developed in this work.

Figure 4.38: Forces applied to the component are divided into parallel and
normal parts, allowing non-planar layers to redistribute the load away from
inter-layer adhesion. Sinusoidal slicing (Pelzer & Hopmann, 2021).

The other slicing strategy investigated in the present study was gradient

transform. The Literature review demonstrates relevant research on im-

proving printing quality by non-planar additive manufacturing (Llewellyn-

Jones et al., 2016) (Etienne et al., 2019). They sliced the 3D model follow-

ing the surface geometry of the printing object to eliminate the staircase

effect. The present study also aims to increase the printing quality using a

similar approach, a key difference is that in our case the slicing starts with a

layer following the geometry of the printing object, but then gradient layers

are produced to transform the surface geometry of the printing object to

constant sinusoidal layers. Therefore, the combination of sinusoidal slicing

and gradient transform theoretically improves mechanical properties in the

build direction and improves printing quality by eliminating the staircase

effect.

The foundation of the gradient transform is printing with variable layer

heights. Some researchers have conducted relevant research. Pelzer &

Hopmann (2021) presents an algorithm for non-planar path planning with

variable layer height, enabling the accurate representation of freeform sur-

faces and introducing the potential for increasing the parts’ mechanical

properties by tailoring the layers to the load case. Furthermore, Fang et
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Figure 4.39: Various layer heights for a specific material, nozzle diameter,
printing tolerance and printing speed.

al. (2020) presented a new computational framework to generate specially

designed layers and toolpaths of multi-axis 3D printing for strengthening

a model by aligning filaments along the directions of largest stress. In the

FFF 3D printing process, the printing layer height is not constant for a

specific nozzle size. For example, a standard 3D printer nozzle is 0.4mm

in diameter, but once the plastic is pushed through the nozzle and down

onto the layer below it, it expands to between 0.42 and 0.48mm wide. Ac-

cordingly, layer height would be from 0.15mm to 0.3mm. (Figure: 4.39)

Based on specific material attributes, nozzle diameter, printing tolerance

and printing speed, the applicable layer height should be a range.

Figure 4.40: Side view of the gradient transform from a flat layer to a
sinusoidal layer by various layer heights.
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Figure: 4.40 Illustrates a transformation from a flat layer to a sinusoidal

layer by gradient transform. This printing has a minimum layer height of

1.5mm and a maximum layer height of 2.0mm. During the whole printing

process of this model, the layer height needs to change progressively. The

valley bottom points of all layers need to be printed at 1.5mm layer height.

In contrast, the peak points of all layers need to be printed at 2.0mm layer

height. The gradient transforming from 1.5mm to 2.0mm layer height hap-

pens every time printing goes from the bottom to the next peak of the

valley. Thus, the aimed sinusoidal layer is gradually produced by accumu-

lating the different layer heights applied to different parts of the printing

layers. To summarise, the slicing strategy is to maximum sinusoidal slic-

ing layers and simultaneously match the surface geometry of the printing

object by gradient transform.

Slicing algorithm

Figure 4.41: Layers classification.

The slicing algorithm was developed based on a cube for simplification.

Slicing surfaces are firstly produced based on the slicing strategy ,i.e. to

maximise sinusoidal slicing layers and simultaneously match the surface

geometry of the printing object by gradient transform. Then, a two-
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dimensional continuous curve is projected separately to all of the slicing

surfaces. As a result, these projected continuous curves form a printing

toolpath. All toolpath layers are classified into three groups (Figure: 4.41):

bottom gradient layers, constant sinusoidal layers, and top gradient layers.

Correspondingly, there are also three groups of slicing surfaces: bottom gra-

dient slicing surfaces, constant sinusoidal slicing surfaces, and top gradient

slicing surfaces.

Figure 4.42: Interface to produce the aimed surface.

The lowest constant sinusoidal slicing surface is defined as an aimed surface,

while the lowest slicing surface of the model is a flat two-dimensional layer,

which is defined as the original surface. The process from the original

surface to aimed surface is the “Bottom gradient transform”. The first job

to generate “Bottom gradient transform” is configuring the features of the

aimed surface. It is conducted as Figure: 4.42 illustrates. The cycles in the

x-axis and y-axis direction and amplitude scale can be modified directly

by the corresponding parameters: “Cycle in X axis”, “Cycle in Y axis”

and “Peak of sin (scale)”. Comparison between the first row and second

row of Figure: 4.42 shows the waves on the aimed surface are deeper when

increasing the value “Peak of sin (scale)”. While the comparison between

the first row and third row of Figure: 4.42 indicates that the weaves are
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denser when the cycles in the x and y direction increase.

Figure 4.43: Section view of the bottom gradient slicing surfaces.

Figure 4.44: Interface to calculate the number of gradient layers.

After configuring the aimed surface’s features, the number of the bottom

gradient slicing surfaces is calculated. The amount of bottom gradient slic-

ing surfaces is defined as ‘n’, which defines how many layers is required to

accumulate the height difference on different parts of the slicing surfaces

to achieve the sinusoidal geometry of the aimed surface. Figure: 4.43 illus-

trates a sectional view of the bottom gradient slicing surfaces. The value A

represents the amplitude of the sinusoidal geometric aimed surface. So the

difference in vertical distance between peak and valley of the aimed sur-

face is 2*A, which is also the maximum difference of vertical distance on
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the aimed surface between random two points. Then the maximum layer

height (MaxLH) is set as 0.7mm, and the minimum layer height (MinLH)

is set as 0.2mm (Figure: 4.43). The value “MaxLH – MinLH” represents

the maximum vertical distance difference that a single layer can produce.

Thus, the result of calculating how many times of vertical distance differ-

ence on a single layer (MaxLH-MinLH) is the maximum vertical distance

difference on the aimed surface (2*A) produces the minimum amount of

the bottom gradient slicing surfaces. Since the calculated result has not to

be an integer, the result needs to be rounded up to an integer. The formula

is shown as follows:

n= 2A/(MaxLH-MinLH)

Figure: 4.44 illustrates the interface used to modify the minimum and maxi-

mum layer’s height values. Since producing the top gradient slicing surfaces

is an opposite process of producing bottom gradient slicing surfaces, these

two groups share the same layer amount and surface geometries but have

an opposite order. Utlilising this fact, the interface also shows the value

of the minimum layer amount of the whole sample, which is calculated

by doubling the minimum number of bottom gradient slicing surfaces. In

addition, there is a requirement to compare the whole layer amount and

minimum layer amount. If the former value is bigger than the latter one, it

requires modifying values such as the peak or the value “Height of sample”,

presented by the following contents.

After calculating the number of bottom gradient slicing surfaces, the next

step is to produce these slicing surfaces based on this value. This starts

with producing a point cloud of the aimed and the original slicing surfaces.

The point cloud of the aimed surface is produced by dividing the surface

following X Y axes. Shown as the mid image of Figure: 4.45, the values
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Figure 4.45: Points cloud of the original and aimed slicing surfaces.
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“U(X) count” and “V(Y) count” separately represent the amount of the

segments in the X and Y axes direction. The top left image of Figure: 4.45

illustrates the points cloud produced by the aimed surface. The point

cloud of the original surface is produced by projecting the points cloud

of the aimed layer vertically downward (top right image of Figure: 4.45).

As a result, the points clouds of the original and the aimed surfaces are

produced, as illustrated by the bottom image of Figure: 4.45.

Figure 4.46: The process of generating gradient slicing surfaces.
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The generated point clouds of the original and aimed slicing surfaces are

then used to produce the bottom gradient slicing layers. This starts with

vertically linking the corresponding points of point clouds on the aimed and

original surfaces (Figure: 4.46B). These vertical lines are then equidistantly

divided into segments by the value n – the number of the bottom gradient

layers, which has been calculated above (Figure: 4.46A). After that, the

division of all of the lines linking corresponding points in points clouds of

aimed and original surfaces generates points cloud for each gradient layer

(Figure: 4.46C). Finally, the point clouds for each layer are applied as

control points to produce the corresponding gradient slicing layer. All of

the bottom gradient slicing layers are produced, as shown by Figure: 4.46D.

Figure 4.47: Constant sinusoidal layers.

The above process produces the bottom gradient slicing surfaces. Mean-

while, the aimed surface, also referred to as the last gradient slicing sur-

face, shares the same geometry with the constant sinusoidal slicing surfaces.

Thus, constant sinusoidal slicing surfaces can be produced by simply dupli-

158



4.4. NON-PLANAR ADDITIVE MANUFACTURING CONTROL
SYSTEM

cating and moving up the aimed surface with a constant layer height (top

image of Figure: 4.47). The bottom image of Figure: 4.47 illustrates the

parameters controlling the features of the constant slicing surfaces. The

value “Layer height (key)” controls the distance between every two adja-

cent layers, which is set as 0.5 mm in the present study. While the value

“Height of sample” determines the height of the whole cube sample. It is

easy to calculate the heights of the groups of bottom gradient slicing sur-

faces and top gradient slicing surfaces by the calculated layer amount and

preset minimum and maximum layer height. Then the height of the con-

stant sinusoidal slicing surface group can be calculated by the height of the

sample reducing the heights of groups of the bottom and top gradient slic-

ing layers. After that, the amount of the constant sinusoidal slicing surfaces

can be confirmed with the confirmed layer’s distance between adjacent lay-

ers. Therefore, all constant sinusoidal slicing surfaces can be generated by

duplicating and moving up the aimed surface with the calculated number

and preset adjacent layers’ distance (Figure: 4.47).

Figure 4.48: All slicing layers.

Moreover, the top gradient slicing surfaces share the same layer amount

and geometry with the bottom gradient slicing surfaces but in the opposite
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order. So the top gradient slicing surfaces are easily produced by revers-

ing the layer order of the bottom gradient slicing surfaces and moving to

the top of the constant sinusoidal slicing surfaces. Figure: 4.48 illustrates

three groups of slicing layers: bottom gradient slicing surfaces, constant

sinusoidal slicing surfaces, and top gradient slicing surfaces.

Figure 4.49: The basic layer- a continuous two - dimensional curve.

Figure 4.50: Projection of straight line and 2D sinusoidal curve to a 3D
sinusoidal slicing surface.

The logic to produce a printing toolpath using the non-planar additive

manufacturing control system developed in this work is, hence, by project-

ing a two–dimensional continuous curve (basic layer) to the slicing surfaces.

The approach generating all slicing surfaces has been presented above. The

following paragraphs will state the details of producing a two-dimensional

continuous curve (basic layer) and generating target coordinates for the
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Figure 4.51: Print-head rotation following a 3D curved toolpath.

toolpath by projecting this basic layer to the slicing surfaces. The basic

layer consists of the outer wall and two groups of cross sinusoidal curves as

infills (Figure: 4.49). Unlike the 2D sinusoidal curve obtained by projecting

a straight line to a sinusoidal slicing surface (Figure: 4.50A), projecting a

2D sinusoidal curve to a 3D sinusoidal slicing layer produces a 3D curve

(Figure: 4.50B). Applying this 3D curve as a non-planar 3D printing tool-

path will bring more challenges to the flexibility of printers since the print-

head is rotating in 3D space rather than a 2D surface (Figure: 4.51). It is

expected that this will challenge the flexibility of the non-planar additive

manufacturing platform. The other requirement on the basic layer design is

to maximise continuousness. This is a fundamental requirement of continu-

ous fibre printing since continuous fibres provide the greatest advantages in

improved mechanical properties when using fibre reinforced material. The

basic layer integrates the outer wall and two groups of sinusoidal curves

for infill as a continuous curve. A designed interface can modify configura-

tions such as wall thickness, infill density, sinusoidal cycles, size and so on

(Figure: 4.52).

Projecting the basic layer to slicing surfaces can produce target coordinates
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Figure 4.52: Interface to control the basic layer.

Figure 4.53: Project the basic layer to a 3D sinusoidal slicing surface to
produce target coordinates for additive manufacturing toolpath generation.
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Figure 4.54: Limiting slant angle.

for toolpath generation. Figure: 4.53 illustrates this process. The green line

represents the basic layer, projected to a sinusoidal slicing surface (grey)

and forms a 3D sinusoidal curve (Red). Then the 3D sinusoidal curve

is divided into polygon control points. A control polygon is a sequence

of control points (nodes) in space used to manipulate an object’s shape

(Control Polygons - 2018 - SOLIDWORKS Help, n.d.). After that, these

polygon control points are applied to produce target coordinates (pink

coordinate in Figure: 4.53 based on their corresponding tangency planes

on the slicing surface. These target coordinates can be applied to produce

the 6DOF additive manufacturing toolpath. The logic of controlling the

trajectory of the robotic arm is to overlap the coordinate of TCP with the

target coordinates. Thus, the nozzle will constantly keep vertical with the

printing path when the target coordinates are tangent with the printing

path and the slicing surface. As demonstrated in the previous section:

collision-free, the print-head keeps vertical with the printing path as much

as possible. However, the print-head has to be angled when facing a side
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collision risk. Thus, there is a parameter to limit the slant angle of the

print-head (Top image of Figure: 4.54). The value Max slant angle (6-axis

printing) determines the maximum slant angle between nozzle and vertical

direction (Bottom image of Figure: 4.54). After projecting the basic layer

to all of the slicing surfaces, all target coordinates for generating toolpath

are achieved.

4.4.4 Toolpath producing and interface

All target coordinates have been produced by projecting the basic layer to

the slicing surfaces. This section presents how are these target coordinates

are applied to produce the final toolpath in order to control the additive

manufacturing trajectory using the 6DPF robotic arm.

Selection of robot arm

Figure 4.55: Robotic arms from KUKA PRC and Robot.

The non-planar additive manufacturing by 6DOF robotic arm is conducted
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by applying the ordered target coordinates to a specific printing environ-

ment, including a specific robotic arm model, measured printing bed, extru-

sion head configuration, and defined kinetics configurations. Specification

of the robotic arm can be conducted by directly selecting the appropri-

ate option from the control interface. KUKA PRC includes all models

of KUKA robotic arm in the market (Figure: 4.55A). The plugin Robot

supplies several models from various brands of KUKA, ABB and Univer-

sal Robotics (Figure: 4.55B). This also allows customisation to a specific

robotic arms by supplying 3D model and data of each axis. The present

research applies Universal Robots UR3e as the robotic model.

Setting the print bed

Figure 4.56: Interface setting printing bed.

A print bed is a platform that provides the base for the the accumulation

of printed material. The print bed for a conventional 3D printer is typ-

ically integrated with the other components of the printer. It is usually

located vertically downward of the print-head and has a fixed size based

on the fixed printing reach. However, the 6DOF robotic arm brings more

flexibility than the conventional 3-axis 3D printer, and the position of the
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printibed for 6DOF robot printing can also be defined more flexibly. It

can be located on the robotic arm’s right, left, front, or back to fit compli-

cated environments. Thus the print bed needs to be configred for a specific

print. Figure: 4.56illustrates the interface to configure the printing bed.

The coordinates of four corners are used to determine the print bed for a

specific print. The coordinates can be easily input by manually operating

the robotic arm. After that, the print object can be oriented to the printing

bed by its original reference coordinate – world coordinate and the aimed

coordinate produced by three points on the printing bed. In addition, the

MD slider or X and Y values can easily modify the position of the printed

object on the print bed, which makes it easy to modify the printing position

depending on requirements.

Setting of printing tool (Figure: 4.57)

The TCP also needs to be set for the multi-head extruder. Since there

are three heads, three TCPs must be set. The pre-mentioned 4-Point cal-

ibration approach is used to do this. Switching of the tool is achieved by

setting the corresponding TCP (Figure: 4.57). In addition, there is another

parameter in the TCP interface, namely “Angle of tool”, which controls the

rotation of TCP within the X, Y plane. This parameter does not affect the

position or orientation of the print head. It only affects the “gesture” of

the robotic arm to reach the target coordinates. Figure: 4.58 illustrates

four different “gestures” to reach the same target coordinate. This setting

is meaningful for print reach since the same target coordinate is reachable

by some “gestures” but not by others.
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Figure 4.57: TCP setting.
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Figure 4.58: Effect of the parameter “Angle of tool”.

Figure 4.59: Setting configurations of robotic printing kinetics.
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Kinetic configurations

After configuring the model of the robotic arm, print bed and print tool, the

print kinetics need to be defined. Integration of the target coordinate and

kinetic configurations is defined as Target, which can be applied to control

the robotic trajectory. The kinetic configurations consist of movement type,

zone, printing speed, and wait. The two primary movement types of the

6DOF robotic arm are PTP and Linear. As stated previously, PTP allows

robots to move from point to point in the fastest way. However, the path

between points is random and not predictable. This feature of PTP makes

it not an appropriate movement type for 3D printing due to its poor accu-

racy. By contrast, Linear movement can ensure the paths between Targets

are always straight lines, which is stable and predictable. Combining with

the other configuration – zone (discussed previously), which allows smooth

movement between targets, an accurate but smooth print trajectory can be

achieved. The setting of Linear movement type and Zone value is shown as

parameters – movement type and Zone in Figure: 4.59. Figure: 4.59 also

illustrates the setting of print speed. The set value is 10mm, meaning the

print head moves at a velocity of 10mm/s. Another kinetic configuration

is waiting time, illustrated as parameter “Waiting time” in Figure: 4.59,

which determines the time the robot stops at the set Target. All of the ki-

netic configurations are set with each Target. Kinetic configurations could

be set the same for all Targets by setting them together. They can also

be different by specifying selected Targets with special requirements. For

instance, a robot 3D printer is required to stay at the starting point of

the whole printing toolpath to make sure the material sticks well with the

printing bed. Then, there are no requirements of the wait at all left target

coordinates. Thus the waiting command needs to be only added to the

Target at the beginning point.
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Digital I/O setting

Figure 4.60: Digital I/O setting.

As with the command of waiting time, the digital I/O can also be set as a

command attached to any Target (Figure: 4.60). The set digital I/O is sent

to the I/O board on the controller of the multi-head non-planar extrusion

system. Then it extrudes materials with the corresponding printhead and

velocity under the control of the Arduino. For instance, there are six Digital

I/O pins: Pin 1,2,3,4,5,6 on the robot controller controlling the extrusion

speed of the multi-head extruder. All three print-heads stop extruding

when all of the Digital I/O pins are set as OFF. When Pin 1 is set On, and

all other five pins are set OFF, print head A extrudes materials at velocity

a.

Simulation

After setting all of the parameters, a virtual simulation is used to check

the print path before sending the code to the robotic arm controller. Due
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Figure 4.61: Printing simulation and generating the print file.

to the complexity brought by 6DOF, the collision of the print-head and

printed object, print-head and printing bed, print-head and robotic arm

easily happen. In order to avoid these collisions, a virtual simulation is

essential. Powered by the fast visualisation by Rhino and robot path sim-

ulation component by Robot and KUKA PRC, the virtual simulation of

the whole printing process can be easily conducted by simply right click

on the component “p” (Figure: 4.61). When a collision or other errors

are found by simulation, the program producing toolpath needs to be re-

vised. When the simulation goes through, and no errors are found from the

process, the printing code is ready to save by right-clicking on the saving

component, and then the robot code will be produced under the setting

path (Figure: 4.61)

Printing operation

Reflecting the integrated framework of the non-planar additive manufactur-

ing platform illustrated in Figure 4.1, its working flow is stated as follows:

• 1, The target 3D model is built or imported into the Non-planar

additive manufacturing control system.
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• 2, Parameters controlling printing details are set.

• 3, The control system automatically slices the 3D model and pro-

duces the corresponding printing toolpath following the set parame-

ters.

• 4, Printing simulation is run in the non-planar additive manufac-

turing control system. If any error is found in the simulation, it needs

to check the 3D model or the parameter settings.

• 5, When there is no error during the simulation, the correspond-

ing code fitting the selected robotic arm is generated by the control

system and sent to the controller of the robotic arm.

• 6, Robot moves following the received code.

• 7, At the points where extruding velocity is changed or print-heads

need to be switched, the I/O signal is sent to the controller of the

multi-head non-planar additive manufacturing extruding system.

• 8, The extruding speed of extruding system changes based on the

received I/O data.

4.5 Experiment

Figure 4.62: Sample from a practical printing test by the non-planar addi-
tive manufacturing platform.

A practical printing has been conducted to test the non-planar additive

manufacturing platform. Figure: 4.62 shows the sample from the test.
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The first and second images in Figure: 4.62 illustrate the finished sample’s

perspective and side views. While the third image of Figure: 4.62 shows

the sample during the printing process. The printing test was conducted

by following settings:

• 6DOF robot arm: Universal Robots UR3e.

• Dimension of the sample: height -100mm, width-100mm, length-

100mm.

• The material for printing: 1.75mm PLA filament.

• Extrusion diameter of nozzle: 1.2mm.

• Minimum layer height: 0.5mm.

• Maximum layer height: 0.9mm.

• The layer height of the constant sinusoidal layer: 0.7mm.

• Printing speed: 10mm/s.

• Zone setting: 3mm.

• Maximum slant angle: pi/6.

As shown by Figure: 4.62, the non-planar additive manufacturing platform

successfully manufactured a sample. However, the printing quality is not

enough to conduct further research on mechanical properties tests. There

are poor connections between layers and over extruding on many parts of

the sample. The poor printing quality was speculated by chatter vibration.

During the printing process, it was noticeable that there were frequent

vibrations referred to as chatter vibrations. The structural rigidness con-

tributes to preventing the chatter vibration. Due to the limited access

to the industrial 6DOF robotic arm, the present study applied Universal

173



4.5. EXPERIMENT

Robots UR3e to the printing test. Universal Robots UR3e is a collabora-

tive robotic arm primarily applied to collaboration with humans. So its

design primarily concerns safety, which triggers rigid lower than the indus-

trial 6DOF robotic arm. Thus chatter vibration is usually more serious on

collaborative robotic arms than industrial robotic arms. For many years,

chatter vibration has been a topic of industrial and academic interest in

manufacturing. A great deal of research has been carried out to solve

the chatter problem, including identifying, detecting, preventing, and sup-

pressing chatter (Quintana & Ciurana, 2011). Nevertheless, these studies

are almost always based on the traditional CNC machine tools, and they

are not fully applicable to the robot. Only a few scholars have studied

the chatter problem in the robotic machining process. Pan et al. anal-

ysed the chatter mechanism in the robotic milling process and found that

the chatter type was mode coupling rather than regenerative chatter that

always occurred in traditional CNC machine tools (Z. Pan et al., 2005).

In the robotic turning process, Ozer et al. (Özer et al., 2013) presented

a novel semi-active controller to delay chatter vibrations to improve the

cutting performance and the tool life. Currently, Wu et al. (H. Wu et

al., 2014) introduced two methods to suppress the robot machining chat-

ter: the passive vibration control method and the active vibration control

method. Vibration in assembling electronics was also explored by (Cooper

et al., 2019). However, non-planar additive manufacturing by the articu-

lated 6DOF robot arm just emerged quite a recent year. To my knowledge,

there has not been relevant research on the chatter vibration effect of 6DOF

non-planar additive manufacturing.

Limited by reaching time, the impact of the Covid 19 pandemic and the

access to suitable facilities, the present study established a non-planar addi-

tive manufacturing platform based on a 6DOF robotic arm and successfully
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made an initial printing test. However, future work needs to be conducted

for the other segment: such as testing various robotic arms for less chatter

vibration; printing aesthetic prostheses with a high-performance polymer

like PEEK, continuous fibre printing, multi-material printing (switching

head during printing depending on requirements of material and extrusion

size); conducting a test of mechanical properties; as well as wearing by

users and collecting their feedback.

4.6 Conclusion

3D-printed limb prosthetics offer a significant positive change in the lifestyle

for thousands of people with a disability worldwide. Fused filament fabri-

cation (FFF) has been one of the most widely applied AM technologies to

prosthetics, due to its benefits for customisation low cost and easy accessi-

bility of its facility. However, the weakness in the mechanical strength of 3D

printed objects, by FFF hinders its application to the load-bearing parts

of limb prosthetics. This weakness is mainly triggered by anisotropy, being

strong in the axial directions of the printed filaments but weaker between

filaments and layers. Newly emerged non-planar additive manufacturing is

a potential solution to the anisotropy issue of FFF as mechanical strength

can be increased without increasing weight and compromising geometric

freedom. However, relevant research on this technology is still rare, and

there is no adequate equipment available in the market. Hence to conduct

research in this field, the required hardware and controlling software must

first be developed.

In order to promote relevant research in non-planar additive manufacturing

and then further expand the application of FFF to limb prosthetics, the
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present research explored a solution, which is easily accessible and widely

applicable to various materials and printing sizes, to non-planar additive

manufacturing. (1) It chose the commercial industrial 6DOF robotic arm

as the driving system, since its features of long reach, 6DOF, and various

payloads bring significant benefits to non-planar additive manufacturing.

It also analysed the commonalities of widely used robots in the market e.g.

various models from ABB, KUKA and Universal, to guide the develop-

ment of the non-planar additive manufacturing platform. (2) It developed

a multi-head extruder widely compatible with commercial robotic arms in

the market, with high flexibility to print different materials, and collision-

free (3) It built a controller to control multiple nozzles’ temperature and

extruding status as well as bridge the extruder controller to the control sys-

tem of robotic arm by I/O signal. (4) It created an integrated system for

the application of non-planar additive manufacturing by a 6DOF robotic

arm. Its integrated function consists of slicing 3D models following a non-

planar logic, producing a non-planar additive manufacturing toolpath for a

commercial 6DOF robotic arm and the developed multi-head extruder and

providing an interface for controlling print details and conducting print sim-

ulation. (5) It also conducted a practical printing to test the whole system

revealing that the non-planar additive manufacturing platform successfully

manufactured a sample, although there are still some issues with the print-

ing quality. Futher work may be conducted to keep exploring the balance

of aesthetic prosthetics between aesthetics, weight, mechanical strength, by

the developed muli-head non-planar addtive manufacturing platform.

176



Chapter 5

User study

The previous chapters have explored the design and manufacture of person-

alised aesthetic prostheses. In particular, they have introduced algorithms

to generate aesthetic seeds, driven by user interactions such as dancing,

applying these to different physical forms, and driving the additive man-

ufacturing process. This chapter considers the perspective of the users,

evaluating these various innovations from the point of view of the people

who might ultimately use them. It reports a series of workshops conducted

with four disabled dancers and dance researchers, in which they tried out

the interactive technologies, refected on the resulting designs, and through

this revealed insights into the opportunities and challenges of the approach.

5.1 Participants

5.1.1 Background

We have published a paper Beyond Skin Deep: Generative Co-Design for

Aesthetic Prosthetics for CHI 2023, demonstrating the generative co-design
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strategy and user feedback. The study focuses on engaging a small number

of participants in depth over an extended time period for two reasons: It is

generally difficult in general to gain access to larger numbers of professional

disabled dancers as there are not so many of them. The global COVID

pandemic slowed the process down greatly and restricted opportunities to

recruit and engage a wider cohort. In particular, it was not possible to

stage q final more public workshop with a wider selection of dancers as was

originally planned

5.1.2 Participants

We recruited two professional disabled dancers and two dance researchers.

The dancers, referred to as T and W, were both female with many years of

training and professional experience in expressing themselves through im-

provised bodily movements. Both had high amputations on one leg. They

were compensated using industry daily rates recommended by their pro-

fessional body. The two dance researchers, S and K, were also experienced

dance practitioners. They recruited the dancers and contributed insights

into dance and disability from their research. K is also a disabled artist

researcher with lived experience of disability. The relatively small number

of external participants was due to the scarcity of and demand for pro-

fessional disabled dancers, combined with the effects of the global COVID

pandemic which halted our plans for hosting a larger event to gather feed-

back from the wider dance community. However, engaging even just a few

professionals in our design process proved highly illuminating, revealing

unanticipated insights as we report below. We had three HCI researchers:

SB has been focusing on HCI research for many years; M, whose PhD study

is relative to HCI and smart wearable; FZ, the author of the present thesis.
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The two dancers were fully informed about the research. They were asked

to perform a series of improvision, while wearing the ROKOKO Smart Suit,

and interact with the design algorithm by seeing the screen in front. Their

movements and produced designs were recorded and analysed. The research

was conducted in Centre for Dance Research in Coventry University a safe

and supportive environment, with all necessary measures taken to ensure

the physical and emotional well-being of the dancers. The data collected

was be kept confidential and anonymous, and was only be used for the

purpose of the research.

Our decision to collaborate with dancers was influenced by the availability

of experienced collaborators from the Centre for Dance Research at Coven-

try University. The integration of design algorithms with creative human

behaviors necessitates expertise in specific creative domains. Throughout

the research process, two design researchers from the Centre for Dance

Research provided valuable insights on workshop planning, operation, in-

terviews with dancers, and user feedback analysis. They also facilitated

the recruitment of disabled dancers, a relatively rare demographic world-

wide. Another reason for selecting dance as the focus of our study is its

long-standing history as an artistic expression of human movement. Dance

has been used for centuries to convey the artist’s inner world, establishing

a strong connection with their emotional and spiritual experiences.

However, the broader implication here is to seek out equivalent personally

expressive skills in other situations. This might be a recognised artistic skill

such as music, dance, painting, or sculpting, or perhaps some other somaes-

thetic skill that involves an aesthetic bodily interaction (various sporting

skills spring to mind). In turn, this requires developing interaction tech-

niques that embody a deep knowledge of the chosen skill (as we were able

to do by drawing on dancing principles from dance research).
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5.2 Process

Our research unfolded over an eighteen-month period, beginning with a

period of technical exploration that led to the creation of an interactive

generative algorithm called Mogrow. Early experimentation with Mogrow

inspired the idea of interacting by dancing, leading us to recruit the dance

researchers who in turn recruited the professional dancers. Our first joint

workshop occurred in person and explored creative interactions with Mogrow,

delivering a set of designs that we came to refer to as aesthetic seeds. A

second period of technical development then established further algorithms

to apply these seeds to the form of prosthetic greave and to optimise the

results for 3D printing, delivering a portfolio of personalised prostheses de-

signs. COVID intervened at this point, introducing some delay while the

dancers were unavailable and driving us to collaborate online. Our second

joint workshop involved the entire team discussing the final designs and re-

flecting on the wider process. This was preceded by a planning session with

the dance researchers. In the following, Workshop 2a refers to this plan-

ning session while Workshop 2b refers to the final workshop involving the

whole team. Figure 5.1 summary the workshops. As the process evolved

and a tight-knit team emerged, so our roles shifted. The HCI researchers

moved from initially being technology designers to becoming co-design fa-

cilitators. In turn, both dance researchers and professionals moved from

being ’users’ to being co-designers, and ultimately co-researchers (with all

four appearing as authors of the paper).

The workshop 1 was conducted face-to-face and consisted of two parts:

practice and discussion. For the practice, dancers wore a ROKOKO Smart

suit (Smartsuit-Pro Tech Specs, n.d.) and then danced so as to inter-

act with the Mogrow to produce aesthetic seeds. It started with making
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Figure 5.1: Summary of workshops.

dancers to get familiar with the Smart suit. Dancers lost one leg, whilst

the Smart suit was designed to normal body. In consequence, the extra

leg of Smart suit was fold but with sensor of foot swings in air. Then the

virtual 3D model simulating dancers’ motion showed a virtual leg fold and

feet swings in air. This experience appealed to dancers, and they tried to

interacted with their virtual leg which has been missing. This viral inter-

action did not bring discontinuous or clumsy dancing motion, instead, the

motions are smooth. Then dancers started to produce aesthetic seed by

interacting with Mogrow.

There was a projector showing an animation in that a 3D model of vase

gradually generated from a single circle until to a whole vase. Dancers’

motion data was linked with the animation of vase generated. Then, danc-

ing motion could affect the vase generation. Dancers firstly interact with

Mogrow by functional mode. In the functional mode, the movements of spe-

cific body parts were directly mapped to key parameters. Moving the left

hand increased the rate of particle injection. Moving the right hand faster

increased the rate of shrinking. The velocity of the remaining tracking

points on the suit was averaged to derive a general rate of bodily move-
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ment that was mapped onto friction so that moving one’s body faster-

reduced friction which led to less compact wrinkling. Dancers seemed

clumsy throughout the functional mode. Even they got more familiar after

practice, but their motion was still not smooth.

After that, dancers tried to interact with Mogrow by dancing mode, which

was inspired by dance theory. The two dance researchers on the team

guided us to a conceptual framework that articulates ten underlying prin-

ciples of expressive dance movement. We chose one of them “axis”. Line

crossing two shoulders was defined axis one, whilst line crossing hipbone

was defined axis two. The angle between two axis and the speed of angle

changed were also linked to animation of vase generation. Dancers seemed

to get familiar with the dance and interaction behaviours very quick and

started enjoyed the process.

After dancers’ dance and interaction, we conducted a discussion between

dancers, dancer researchers and HCI researchers. The result will be stated

later.

Workshop 2a was a planning workshop for workshop 2b. Since there was

a more than two years gap between workshop 1 and 2, we ran workshop

2a involving two dancers researcher and two HCI researchers to update

the design outcomes during these two years’ time and discuss the plan for

workshop 2b which involved dancers. In the workshop 2a, I updated the

portfolio of prosthetic covers developed from the aesthetic seeds generated

from the workshop 1, and discussed the topics we would talk in the work-

shop 2b. The workshop 2b involved the whole team - two dancers, two

dance researchers and two HCI researchers. It started with my presenta-

tion showing the portfolio of aesthetic prosthetic cover, visual comparison

between the original prosthetics design and the optimised design by the Al-
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gorithm 02 - Optimisation of additive manufacturing, as well as various 3D

printing materials. And then we had a discussion on the topics summarised

from workshp 2b.

5.3 Data capture and analysis

We audio recorded and transcribed the discussions from the three work-

shops. We followed an inductive approach to coding that proceed in five

iterations: (i) the HCI researchers analysed the transcript of the first work-

shop, generating an initial mindmap of tentative themes, quotes and ex-

ample interactions; (ii) this was shared and discussed with the two dance

researchers in workshop 2.a; (iii) refined themes and examples were then

discussed with the two professional dancers in workshop 2.b and the en-

suing conversation was transcribed; (iv) the HCI researchers analysed this

second transcript, further refining and thickening the themes; (v) the find-

ings and themes were written up in the paper which was read and approved

by all parties. Themes concerning visual aesthetics and designing for dis-

abled bodies were evident from the initial workshop, though were greatly

expanded throughout subsequent discussions. The insights that aesthet-

ics might extend to other matters such as form, materials and even the

optimisation of 3D printing emerged from the later workshops, as did our

generalised account of the co-design process.

5.4 Findings

Findings from three workshops are organised by four themes: attitudes to

conventional prosthesis, Mogrow, applying aesthetic seeds to the design of
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prostheses, attitudes to prostheses and disability. The following content

will state them separately in detail.

5.4.1 Theme 1 – Attitudes to conventional prosthesis

Frustration with the conventional prostheses

We discussed three frustrations with conventional prostheses: poor physi-

cal fit, cumbersome design and manufacturing process, as well as missing

agency and autonomy. These are vital to the acceptance of the prosthesis.

Poor physical fit: Personalised prostheses have a better fit to a pa-

tient’s body, which is crucial to patient satisfaction (Berke et al., 2010;

Gailey et al., 2008). However, the traditional method of customised man-

ufacturing prostheses entails plaster casting, which takes much time and

human labour. This inefficiency of customisation of the traditional man-

ufacturing approach brought a significant challenge to benefit prosthetic

users at scale.

Dancers’ feedback indicated that poor physical fit significantly prevents the

acceptance of prostheses.

T: “We all have different bodies. I had a prosthetic once. But it was also quite

based on a normative body and my body was so not normative. So I decided not

to use a prosthetic because it doesn’t work with my body.”

K: “That’s the same for me. I can’t wear a prosthetic because I’ve got too much

arm. There’s not enough room to fit the mechanisms in.”

Dancers show a strong desire not only for customised prostheses to fit their

own body features, but also for extended prostheses matching their per-

sonal requirements exceeding traditional prostheses. They also expressed
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strong expectation that the additive manufacturing technology is capable

to customise their prostheses efficiently.

T: “I think 3D printing enables customisation. This could be a real chance to

exactly make it work for my body. And it’s not just a leg, It’s my leg or crutches.

And my crutches would have a spring, because they are important to take off the

pressure on my shoulders so I can walk and not get pain. And I think this is a

really interesting opportunity here and potential to actually get these 3d printed

prosthetics rather than from the (hospital).”

W: “I wouldn’t want a hand, I’d be really interested in something functional, but

also really beautiful. (Handclap – T). Because there’s no space in-between kind of

a hand or a hook.”

The cumbersome design and manufacturing process is another frus-

tration. Frequent modification of prostheses frustrates dancers. They de-

sire a way to simply modify their own prostheses by themselves. 3D printing

could be a potential approach.

W: “You have to go hundred times to the limb centre, backwards and forwards.

People can’t feel it (the prosthesis), whereas you could feel it. You cannot do

it (modify the prosthesis) yourself and have to rely on somebody taking it away

and coming back. That impacted your work and your mental health. (Yeah.- T)

Whereas if you can keep doing it yourself and getting it right. (Yeah, exactly –

T) Then that’s the best way.”

Missing agency and autonomy may trigger negative feelings towards

assistive tools. Traditionally, the prosthesis was designed by others and

then passed to prosthetic users. There was no initiative of the users in the

process of designing their prostheses.

W: “I think back ten or twenty years, there’s no way we would have been able

to get some crutches or prosthetics that we would be able to design ourselves. I

think that’s really sad.”
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The missing of users’ involvement in the design process of their prostheses

may bring users the feeling that parts of their own body are determined by

others, which triggers a poor sense of identity on their prostheses, some-

times even a sense of offence.

W:“we’ve had to have things that have been told. So you’ve had to have a part of

your body (determined by others). I think T, I feel like your crutches are a part

of your body in that sense. they are an extension of you. So it’s like, they’re a

part of your body that somebody else is telling you what you have to look like.”

The missing of agency and autonomy has frustrated prosthesis users for a

long period. They show strong passion when seeing potential solutions.

W:” It is like that people have been able to buy their own glasses for not long. You

know, it’s been quite new that we’ve been able to do that. All of those kinds of

things that just for 28 years, I haven’t been allowed to do that, allowed to touch,

or body parts or play with them or do anything because you’ve got a sticker that

says this is property of (others).”

Aesthetics of the prostheses

Prosthetic users are seeking potentially diverse aesthetics of prostheses over

the traditional bare pole model.. Some users make an old “NHS” aesthetic

in a new way, for instance, W’s friend recently made a prosthetic leg for her,

which is based on the traditional bare pole model, but with old-fashioned

details and materials, since W prefers organic and natural aesthetic styles,

rather than the metal leg.

W:“That’s designed to be like really old-fashioned. She (my friend) made it like

knee bolts that actually wear all the time. It’s like the NHS model but a really

old prosthetic. Because I don’t particularly really like the metal leg. It’s not the
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fact that I don’t want my leg to be seen. I particularly don’t like the look of them.

And I like organic. Feng is talking about in a way, like an organic, I love words.

I love anything that’s sort of natural things.”

There is a trend of appreciation of metal-looking, digital, and super tech-

nical styles, among younger prosthetic users.

K: “I absolutely think there is an emerging generation of young people who use

prosthetic limbs, who actively seek out the digital, the manmade, the super tech-

nical.”

W: “I think at the moment, my age group and younger women at the moment

quite often like having the metal showing on the leg. I think that’s kind of where

people’s aesthetics is at the moment.”

Some artists who are also prosthetic users have also been exploring the new

aesthetic trend of prostheses, e.g. Victoria Modesta (Viktoria Modesta,

n.d.) explored cyborg aesthetics on her own prostheses.

W: “Victoria Modesta is completely like a cyborg. There’s some huge mean,

massive following in that way. Because I think people are starting to put bits

of different machines in their bodies, I think there are a few sways towards that

way.”

5.4.2 Theme 2 – Mogrow

The visual aesthetics of Mogrow

Our dancers showed appreciation for the wrinkled aesthetic design language

of the Mogrow.

W: “I love the wrinkles because I do think they’re really organic and human.”
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Moreover, dancers indicated the wrinkled patterns represent disabled peo-

ple rather than sleek patterns, which are common in conventional prosthe-

ses, though interestingly, the forms of Mogrow are inspired by the external

nature rather than the human body, which is rejecting a sort of very arti-

ficial, digital, completely manmade aesthetics.

T: “Because I don’t want something sleek, that’s also not what I am. That’s what

I think disabled people are not. (Yeah, we’re wrinkling – W). Yeah, we are. So

we’re so wrinkled.”

Dancers also expressed that the algorithm seems to have a mind of its own

and produces wrinkles corresponding to their motions, which brings more

meaning to the wrinkle patterns.

T: “I quite like the not randomness. Because it seems to have its own brain on

how the wrinkles work. And where are they gonna bend or not? I really like that.

They reminded me very much of myself in many ways. I still felt very much

ownership over what I am.”

Dancing principles and interaction

Dancers showed a strong appreciation for the experience of generative co-

design – especially design by dancing motion.

W:“ I think it’s a really lovely idea to play with your body and make something,

create something from your body, moving. I think it’s a bit confusing at first just

to get our heads around what it was and how to do it, but I think once you really

have it, then you can really start to play with it.”

There was a challenge in interacting with the generative design algorithm

for dancers at the beginning, since this was a new way they had never
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previously experienced. But after spending a short time (like 10 to 20

minutes) on practice, they could understand it and operate very well.

M: “Was it hard? Did it take a lot of physical work to move the suit and get it

to respond?”

W: “Not really. I think it was just the understanding of it. (Yeah – T) In the

beginning, you’d be moving and then you wouldn’t know what thing had made

what happened. I think it just takes time to get used to. But I think when it’s

really clear, you can then (operate). I think when we started to break it down,

then that was clearer and slow it down. It was really clear.”

Two different interaction modes: functional mode and dancing principle

mode were explored in the practice in workshop 1. The dancing principle

mode showed higher acceptance, since the dancing concepts were explored

to fit most of the existing dancing types and obtain a high degree of famil-

iarity with dancers. Whereas the functional mode showed less familiarity

to dancers, since it was developed based on basic motions that are not

common in dancing practice or even in daily life. Dancers’ motions seemed

very clumsy in the functional interaction mode.

W: “I think the axis one (dancing principle mode) seemed to work better.“

T: “I think for me, it worked better in the sense of it (dancing principle mode) felt

more three-dimensional. The first one (functional mode) felt very functional. But

whereas this one (dancing principle mode) where my whole corpus was involved,

felt more dancy, organic, and flavour.”

Dancer researchers indicated another potential reason why dancers prefer

the dancing principle interaction mode: the dancing principle interaction

mode enabled a co-creative interaction way, rather than a direct relation-

ship and response in the functional interaction mode.
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SW: “It’s getting to the heart of some of your questions, in a sense. I think a

dancer’s interest is not so much in if I do this, that happens. It’s a direct response

to me doing this and that’s back to the kind of function (functional interaction).

Most artists are interested in what’s that dialogue that happens and how we work

together in that kind of co-creative way, rather than it being a direct relationship.

It’s a different process; it is not the conductor of the orchestra.”

Improvements in interaction

There was some guidance on improving the details of the interaction mode

for future studies, such as controlling the algorithm at different velocities

and interacting by the motions of raising and lowering.

W: “The speed is the thing that I was struggling with. I think I couldn’t control

it. So I think maybe playing with the different speeds. Personally, I really like

that I could get that (parts of the body e.g. arm or leg) raising and lowering to

make the velocity go out in it.”

The user study also revealed the potential of an alternative co-creative

process. In the workshops, dancers interacted with the algorithm Mogrow

by seeing real-time changes in designs responding to their dancing moves

on the screen, which is like a process of “real-time interaction”. The user

study indicated another potential co-creative process – the dancers conduct

any dancing moves they like, without seeing the changes in design. Then

the design produced by responding to their dancing moves is a substantial

record of the dancing experience. This process is like “recording a dancing

experience”.

K: “It’s fascinating to see the difference between (‘real-time interaction’ and

‘recording a dancing experience’). One is about we are looking at the screen and

we’re liking what we see. The other is about we moved the way we like. (During
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the process), we’re not really relating to what we’re seeing on the screen. But the

screen is reflecting our moving.”

T: “I think that is what we start to do later on in the workshop. We were looking

at the screen and trying to create these shapes while moving, rather than moving

to a specific song we like and ignoring the screen. I think I’d like a combination

of both.”

Non-normative bodies

The non-normative body features of the disabled dancers raise challenges

as well as the potential to the relevant study, in various aspects, such as

motion capture, and dancing framework designed based on the normative

body.

The motion capture technology proved problematic, since the Rokoko smart

suit is designed for the normative body with four limbs, but the dancers

actually have three.

K: “SW and I were briefly talking about a kind of suit that’s modified absolutely

to fit your body. Would you think that would be different?”

T: “Yeah, definitely, It likes costumes. If it fits your body, you look much more

different.”

However, our dancers also recognised that this introduced a degree of cre-

ativity to the process and that it was interesting to have a “virtual limb”

they do not actually have on the screen to control algorithm and conduct

interaction.

SW: “There’s that thing of putting on a normative suit of what that does in your

moving. Putting on a suit feels like putting on a not you. You become something

else. But when it’s not your body as a suit, it kind of feels interesting. I wonder

if that made a difference to how you moved.”
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T: “I don’t think it made a difference to how I moved, but certainly how I felt.

Seeing these four limbs on screen, where I have three, it’s like, what is this? It’s

an interesting aspect maybe to even play with. When I swing my left side, where

I don’t have my left leg, the point (trackers) still works. I could create a speed

that I couldn’t with a leg. So that could be interesting.”

SW: “ It’s almost like a visual prosthetic (yeah – T), you know, it’s like a digital

prosthetics in a way digital processes (Yeah - T).”

The “virtual limb” also has the potential to be extended more broadly, such

as wheelchairs, crutches, and prostheses, which is the potential to obtain a

much more sufficient and personalised interaction mode for each dancer.

M: “So it makes me think of extending the body as well (Yeah – T). Like an

accelerant (sensor) on the end of an extended piece of costume and actually create

a completely different sort of movement like that. That is really interesting.”

W: “Or in the chair? Cause I was thinking about that as well in the chair. It’d

be interesting to be in the chair and then maybe incorporate the chair within it.”

M: “You could put accelerate (sensor) on the chair instead of the suit.”

T: “That’s the thing. Is it more like the sensor you can add to the joints or to

the wheels, or to the crutches? Then, it becomes maybe more me. It’s a tricky

thing. And also probably depends on how I feel on the base.”

The dancing principle interaction mode was developed under the guidance

of the dancing concept “axis”, specifically the relationship between two

axes: the one linking two shoulders and the one crossing the left and right

side of the waist, which suits two dancers’ body features, even they both

have a higher leg amputation. However, other dancing concepts may not

fit disabled dancers, due to their body features. There is a requirement

to develop dancing concepts, depending on specific features of disabled

dancers, so as to guide further HCI study of disabled dancers.
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K: “There’s also something really interesting within this idea of dancing princi-

ples. What I think is worth considering is that actually for the disabled dancer,

normative dancing principles often don’t relate to or fit the body. Because this

notion of access is perhaps really different in a non-conforming body. It just feels

like an opportunity (to develop a dancing framework for the non-normative body)

rather than adapting to normative dancing principles. There’s something really

interesting in that.”

Aesthetic seed

The aesthetic seed is a unique design produced by a specific interacting

experience between dancers and the algorithm Mogrow. It is a tangible

design recording an ephemeral dancing experience.

Dancer researchers stated that this” design by dance” approach trans-

formed the dancer’s personal ephemeral dancing and interacting experi-

ence into something concrete – a personalised design. This whole process

improved the feeling of agency.

K: “Because of the so-called ephemeral nature of dance, it is gone (after dancing).

I am fascinated by the connection (between dance and design). Any dancer will

feel the tangible 3D design that is produced from their dance. As observers of W

and T, when I look at these beautiful designs, I can really remember the way were

moving. If I am making it up for myself. I can kind of create a narrative around:

‘Oh they were doing this kind of movement and I think I am seeing that in this

thing.”

Naming the design produced by Mogrow and dance was also discussed.

Temporarily, these designs were all generally named “aesthetic seeds” by

the thesis author. This name was acceptable to participants.

W: “I love the word that Feng has chosen - the aesthetic seeds that you sort of
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seed something through your own movement. So there is that organic kind of fetal

to it.”

However, there is still a requirement of naming specific designs. Dancers

suggested naming them based on specific experience or movement.

SB: “Would you want to name the designs that you and Mogrow made there?”

SW: “Does the name come with familiarity? They find an identity and find

naming comes because you have a sort of closeness with it or a friendship with

it, maybe.”

T: “Yeah. I think the name probably could come from that experience or move-

ment, that made me feel a certain way. And I really liked that and I want to give

it name, because it reminds me of that (experience or movement). I think for me,

would be easier to name it in the process or after the process, or as you said, SW

afterwards, when you know, the relationship develops with the prosthetic leg,”

5.4.3 Theme 3 - Applying aesthetic seeds to the de-

sign of prostheses

Connection between users and designs – aesthetic seeds and pros-

theses

Dancers confirmed their feeling of ownership and agency in the aesthetic

seeds, since they saw the real-time reflection of their own dancing motions

on the screen. One noteworthy point is that they emphasised the feeling

of ownership and agency through the dancing principle interaction mode.

T: “I did very much feel that (agency) in the second round (dancing principle

mode). Because I could see the result quickly on the screen. When I spiral, it

creates (forms). I can see it spiralling. Or when I go up faster, I can see wrinkles

growing. I felt very much ownership of what I created.”

194



5.4. FINDINGS

However, the dancers did not feel the reflection of their dance on the designs

of aesthetic prostheses produced by extending the aesthetic seeds.

SB: “In any of the designs (both “aesthetic seeds” and design of aesthetic pros-

thetic cover), does it feel like they do embed any kind of personal movement or

process you went through? Does it draw any memories about actual movements?”

W: “Not so much the leg (design of aesthetic prosthetic cover). The designs before

(aesthetic seeds) draw back memories.”

One possible reason for losing the feeling of agency in the prosthesis design

is that, due to the effect of the Covid pandemic, the process of extending

these aesthetic seeds to the prosthetic cover design was conducted without

the involvement of dancers, so dancers could not reflect their interacting

experience on the prosthetic designs.

W: “I think because we were seeing that (real-time procedure of producing aesthetic

seeds by dancing-interaction) when we were doing it. When we were seeing that

image (aesthetic seeds were shown to dancers in the third workshop, which is

three years later after producing these aesthetic seeds) coming up on the screen,

we could see what we were doing. So I feel more of a connection there.”

SB: “Yeah. So you generated it (“aesthetic seed”), you saw that image and then

there’s that recognition, that was me dancing, but not when it’s been transformed

again.”

Fortunately, dancers also indicated the potential to re-establish the missing

emotional connections.

T: “I can’t recognize which of the seeds (aesthetic seeds) has been taken (to pro-

duce a particular prosthetic cover design). For example, if I know that was the

“aesthetic seed” number one of Tanya in that prosthetic leg. And then I can make

that connection again probably. Just like we decided on which vase we like best

and things like that (after the dancing workshop, W and T chose their favourite

aesthetic seed (vase shape). There’s much more emotional connection to it.”
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Thus, the aesthetic seeds produced through the dancing principle mode

strongly reflected the dancers’ interacting experiences and brought feelings

of agency and personalisation. However, the design of the aesthetic pros-

thetic cover extended from the aesthetic seed failed to reflect the danc-

ing–interaction experience, which has the potential to be improved by

building emotional connections.

Materials and personal aesthetic taste

Material is important for designs since different materials usually invoke

various additional feelings. There are plenty of 3D printing materials in

the market. Figrue 5.3 illustrates some examples of 3D printing materials,

which have been shown to dancers in workshop 2b. Prosthetic designs

with different materials and various 3D printing materials were presented

to users in workshop 2b. And the discussion was conducted on the topic of

materials after the presentation.

The discussion on materials with users started with transparent mate-

rial, through which the metal bar and mechanical components are visible.

Dancers showed a strong appreciation for this.

T: “I was very intrigued by the see-through or the glass one (prosthetic cover

produced by the present design approach) (Figure: 5.2).”

One reason for dancers’ appreciation for the transparent prosthesis is that

the transparent cover consists of wrinkled geometry, through which the

inner structure is visible, but reshaped by the wrinkled transparent cover.

This phenomenon not only brings a daedal visual of the inner structure

and sufficient potential to be applied to the stage interacting with light.
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Figure 5.2: Prosthesis with see-through material.

T: “The glass one (Figure: 5.2) breaks up the sleek line of the red metal. I really

liked that, It seems to be moving differently in itself. Then I can imagine when

the light breaks in, you can play so much with that, especially in a performance

or a setting or something like that.”

Another reason is that the transparent prosthesis mixes the function of the

prosthesis and art. It emphasises simultaneously function and aesthetics,

rather than simply pretend human limb.

K: “Does it feel important that you can sense the workings, the functionality of

the prosthesis, and what’s happening in the prosthetic leg? So it’s not pretending

to be a normal leg, but you also have a sense of the functionality because you can

see the workings. Does that feel important or even a thing?”

W: “I think it’s nice to have that extra side to add an art piece on top of the

function. So it’s like a mix of two. So it’s really nice to have that mix.”

Then the discussion transferred to various 3D printing materials, which

was conducted after I showed images of various possibilities in workshop
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Figure 5.3: Other 3D printing materials.
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2b. W showed appreciation for most of the organic materials from nature,

rather than the materials similar to the human body.

W:” I think everybody’s so different on what they like, aren’t they? But for me

personally, it will be organic ones. I love silk, wood, stone, all of those kinds of

ones. I love all of them.”

SB: “Yeah, natural organic materials, which come up in the conversation a few

times, seemed to me about organic materials in the natural world, beyond the

human body. If I got that right, is there a particular reason why is that attractive,

as kind of an area to find materials?”

W: I may personally think Because the body is an organic thing, that (natural

organic materials)’s what I just sort of like. I’ve actually worn prostheses with

pretend skin. But I’m not so interested in wearing that.

W also showed interest in replacing prostheses made of different materials

for different occasions, e.g. one that can be lighted up for clubbing and one

showing normal materials for daily work.

W: “I do like the one that changes colour. In the sense that you can have two

different (prosthetics). It can give a different life. If you’re going to go out

clubbing, then you can go (with the luminous one). And you can wear a prosthesis

made from normal-looking material for daily work.”

The perception of materials appears to be subjective. K showed strong

interest in glazer materials but rejected materials appear comedic.

K: “I think this is really interesting that we don’t have the exact same perception,

the same experience of it. I really like all that glitter ones (Figure: 5.3). And

there’s something just ringing a bell for me, this is perceptual and it’s also totally

subjective. I’m aware of something in me that slightly avoids anything that might

appears comedic. I’m saying I do not want to go against things and stand out.

Cause I’d be contradicting myself, (if do so). I actually think it’s about one’s own

perception.”
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The feedback on more 3D printing materials showed the preference for the

materials for building prostheses is subjective. W showed primarily interest

in organic materials, rather than mechanical-looking materials,whereas, K

showed interest in both glazer and organic materials. However, K was con-

cerned more about the agency of the design and materials of the prosthesis,

but tried to avoid “against anything”.

Feedback on the design modified by the algorithm 03: optimisa-

tion of additive manufacturing

The algorithm 03 – optimisation of additive manufacturing was developed

to modify the prosthetic cover design extended from the aesthetic seed,

to improve the manufacturing efficiency. Specifically, it eliminates over-

hanging parts that require printing supporting structures during additive

manufacturing, which took much time and materials. However, simultane-

ously, the appearance of the modified design needs to be as same as possible

as the original design. The result of the experiment stated in Chapter 3

has demonstrated that algorithm 03 efficiently reduced the material and

time consumption of manufacturing. To evaluate whether the algorithm

keeps the original pattern, participant’s feedback was collected as follows:

Feng: “Can you tell difference between these two designs?” (prosthetic cover de-

signs with and without revision by the algorithm 03 - efficiency of additive man-

ufacturing.)

W: (shook her head).

Thus, algorithm 3 improved the additive manufacturing efficiency, and si-

multaneously saved the aesthetic details.
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5.4.4 Theme 4 – Attitudes to prostheses and disabil-

ity

Compared with traditional prostheses, the generative co-design and man-

ufacturing approaches of the present study are distinct in the following

aspects. The design approach enables customising aesthetics of prostheses

with users’ involvement in the design process, which brings the feeling of

personalisation, agency, and ownership to the designed prosthesis. More-

over, the additive manufacturing approach enables the customisation of the

prosthesis, based on an individual’s body features or specific requirements

for augmented prostheses. These features expand participants’ attitudes

toward the prosthesis and even disability.

Form and function

Unusual forms of augmented prostheses bring new constraints and oppor-

tunities for movement. The augmented prostheses explored by the present

study do not have to be the leg shape. Its shape could be flexible based

on specific requirements. This randomness in the geometry of augmented

prostheses brings new constraints and opportunities. It requires consid-

eration of specific shapes, characteristics and feelings. This phenomenon

also triggers reconsideration of the relationship between the prosthesis and

its user – does the prosthesis move the user, or does the user move the

prosthesis?

T: “When we talk about dance and movement, this is a movement investigation:

how does that prosthetic leg or whatever I’ve created now, move me rather than

how I can move it? It’s based on shape, based on characteristics and how it feels.

I think it’s beautiful. And with that, massively long stage, it makes you want to

move a certain way and its choreography. And for me, that crib choreography is
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beautiful.”

Prostheses with unusual forms are potential to be applied as an element of

performing disability. K introduced a relevant social activity.

K: “There’s an amazing Canadian visually impaired artist. He does a live-work -

social interactive piece. He has a cane, which is meters and meters long. When

he walks around the streets, wherever he gets, people are pushed out of the way.

It is real amplification of what people look at. He gets assistive aid is so big that

people can’t ignore it.”

There is a fine line between an art piece and a functional piece of prosthesis.

It firstly shows in design. The prosthesis for performance does not have

strict requirements of functional consideration. So, its geometry could be

random for performance. But the design of the prosthesis having functional

requirements has a limitation on geometry.

W: “If we were thinking down the performance way, we don’t need to consider

functional and disfunctional. So you could completely make something that’s

really funny to play with. There are lots of different tangents that you could go

down in that way. But for functional, I think if it was for a crutch or a leg, it

has to stop at some point to be functional. Because if it goes with bits pointing

out and going all over the place, then you wouldn’t be able to walk at all with it.

So it has to have a limit.”

A fine line between an art piece and functional piece of prosthesis is also

shown in physical features such as weight. User feedback indicates the

weight makes a significant difference on prostheses, when considered func-

tional or dysfunctional. For instance, some material is too heavy to be

appropriate for functional prostheses, e.g. wood, for which the application
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of alternative 3D printing materials show similar texture may be the al-

ternative solution for a functional prosthesis. Correspondently, an artistic

prosthesis has randomness in material choice.

W: “Weight makes quite a big difference with prostheses, especially with the ar-

tificial leg, The wooden leg (from the project of alternative limbs) is really heavy

to wear. So it’s very much an art piece rather than a functioning piece. I think

there’s such a fine line between an art piece and a functioning piece. you curb

things that you’d really want to have, like I would love to have a wooden leg. But

I just wouldn’t be able to walk with it. Cause it’s just too heavy. But, as you said,

you could make different materials that look like wood, so that’s really great.”

Expanded roles of the prosthesis

The present study brings many innovative factors to the prosthesis by ap-

plying the generative co-design approach and additive manufacturing tech-

nology to the process of prosthesis customisation, which triggers prosthesis

users to reconsider the role of the prosthesis, like jewellery and costume.

The shifting of the role of the prosthesis also means shifting attitudes to-

ward disability.

Jewellery: Dancers showed high appreciation for the role of jewellery.

One reason is that they thought dance goes well with jewellery.

W: “I feel like jewellery and dancing really go well. I do not know if there’s

something. (Yeah, Why is that? That is so interesting – K). That is really lovely

together. (Is it about fluidity or person? I don’t know, it is fascinating! - K) . I

mean, creating jewellery with your body would be amazing. (Yeah, really I think.

– K). Actually, everybody would love to do it. (Yeah.- K, Yeah, - T).”

K: “I’ve said to you (W) for ages, that I’d really like to get a brace, something

that’s there, but that it’s very difficult to find such a thing. So it’d be really

interesting to make it.”

203



5.4. FINDINGS

The other deeper reason might be that creating designs of the prosthesis

with their own body and motion brought feelings of personal identity, just

like the feeling that jewellery brings to humans.

K: “I think that’s fascinating. It goes back to ownership and autonomy. There’s

something about identity, about creating something, and particularly about a dis-

abled identity. So recently, I just bought a solid silver hand. That I sometimes

wear on a necklace, and actually, it’s got so much meaning for me.”

Costume: Another potential role of the designed prosthesis is costume.

The designs produced by the present design approach brought a feeling of

autonomy, which is vital for disabled dancers but has been overlooked by

the conventional costume.

K: “Are our voices included in the design? I think there’s a really distinct differ-

ence (between users’ voices are included and not). I’m interested in the question

of, is it a costume? It’s really great to have those conversations about how a

particular costume works for your body, versus someone just layering stuff on.”

Augmented prosthesis beyond the body: Our dancers showed interest

in the topic of the visibility or invisibility of prostheses. The form of the

prosthesis does not have to look like parts of the human body. It could

be either merged together with the environment e.g. installations on stage

to be invisible or enlarged to emphasise the disability. The visible and

ivisibility of the prosthesis might vary for different roles, such as users and

spectators. Thus, playing with its visible and invisible is the potential to

enrich the innovative and artistic expression of the prostheses.

T: “I’m not wearing a prosthetic, but I have my mobility aids and assistive tools

e.g. my crutches. I’m really interested in the way, how I walk with my crutches

and make the mobility aids invisible. It lets the body appear in a different way. If
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you would like to let prosthesis disappear in a way, on stage and in a performance

setting, I think you could do amazing things with that and play with this idea of

making things visible or invisible. For instance, for the one having that visible

disability, it’s very visible and visceral, It’s very there for me. But for someone

who is not having it, it’s not visible.”

The politics of the body

A third strand of the prosthesis more than function and aesthetics is pro-

posed by the user study as politics, which concerns how disability is per-

ceived.

K: “There seems to be something about politics. I was imagining there’s some-

thing that could attach to my left hand and be massive, like really long and curl

around my body. I could push it across the stage. It takes up space and there’s

something fundamentally political about that. It just feels like a little extra thing

than aesthetics and function. So it’s not a function of how is this limb enabling

me to do something nor an aesthetic thing of how it’s conforming to a human

limb. But this third strand, this political strand is actually this kind of resisting,

not being seen. There’s something very specific about the experience of having a

missing limb. But for me, there’s something about how that’s perceived. I love

this idea of just decorating my left hand in a way that invites looks.”

The autonomy of the prostheses also reflects the politics of the body. The

feeling of autonomy and ownership of the prostheses is vital, since missing

autonomy of prostheses triggers users to feel having part of their own body

given and determined by others, which might be a primary reason why

many disabled people reject using prostheses. However, this phenomenon

has been overlooked in a long term in designing and manufacturing pros-

theses.

K: “I’m finding it so interesting. W and T, you’re both nodding towards a situa-
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tion of (ownership & autonomy). That autonomy in the (present designs) seems

to make a really big difference to how you relate to them. And that made me think

that it feels so important, vital even, for this relationship with one’s own assistive

tools or prosthetics. It’s neither something basically medical models of disability,

nor something that’s being handed to you. It’s kind of you’re in control of it.”

The personalised prosthesis embedded with a specific interacting experi-

ence brought users’ feelings of autonomy and ownership, which gained an

appreciation of dancers.

T: “I think to have this option of putting a layer on it, makes it (prosthesis) even

more (interesting). It’s a bit more of my taste, just like that part is connected

to the experience I had. We had these shapes we created, that had been already

attached to a specific experience. How amazing they are!”

Another politics of the body and prosthesis raised in the user study is

appropriation. Dancers proposed the question of who has the ownership of

the prosthesis, which is vital.

T: “I do hear a discussion on appropriation: who is allowed to wear a prosthetic;

who creates a prosthetic and then use it in art; and who makes lots of money out

of it. I think it’s a very important question. It also gets political, isn’t it? Is

it (prosthesis) part of the disability culture that we create here? Or is it an art

piece? To whom does it belong?”

Conventionally, the ownership of the prosthesis design usually belongs to

designers or creators, rather than the users. This phenomenon may trigger

problems for the prosthesis users since the disabled sometimes see the pros-

thesis as part of their own body. Then it would be strange that part of their

own body is owned by others. It opens up all relevant ethical questions.
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SW: “It gets a bit complicated. W, I think you were saying earlier that the pros-

thetic is never yours. It’s always owned elsewhere. We’re not used to the idea

that we don’t own our bodies and performance. But the prosthesis has a different

relationship to our body, since who made it claims its ownership. It’s a tangles

situation in a way. It’s quite interesting though. I think it opens up all sorts of

ethical questions as well,”

To summarise, this chapter demonstrates the user study. User feedback

plays a significant role in the evaluation of outcomes of the design and

manufacturing phases. The next chapter will synthesise all research out-

comes consisting of the design and manufacturing phases with results of

user feedback and conduct analysis.
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Framework

The previous chapters have explored the generative co-design and non-

planar additive manufacture of personalised aesthetic prostheses. In par-

ticular, they have introduced algorithms to generate aesthetic seeds, driven

by user interactions such as dancing, applying these to different physical

forms, optimising these forms for efficiency of additive manufacturing; de-

veloped a non-planar additive manufacturing platform for manufacturing

aesthetic prostheses, enabling mechanical performance without concession

to aesthetics and weight; as well as reported a series of workshops, through

which dancers tried out the interactive technologies, reflected on the result-

ing designs and evaluated the various innovations on design and additive

manufacturing approaches. This chapter aims to bring all outcomes to-

gether through a framework.

Figure: 6.1 summarises the framework, which integrates design, manufac-

turing and user evaluation perspectives into a workflow for creating per-

sonalised aesthetic prostheses. It consists of three main phases: a design

phase, a manufacturing phase and a user evaluation. This section will

summarise the outcomes for each phase in five subsections, illustrated in
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Figure: 6.1. The user evaluation was conducted to evaluate the innovations

in the design and manufacture of aesthetic prostheses. Thus, the outcomes

of user evaluation will be separately stated in the corresponding design and

manufacturing subsections.

Figure 6.1: Generative co-design & non-planar additive manufacturing pro-
cess of the aesthetic prosthesis.
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6.1 Choose a desirable design aesthetic

Outcomes

The framework starts with “Choose a desirable design aesthetic” by select-

ing the corresponding algorithm, which is also the first step of the design

phase. In the present research, one example generative co-design algorithm

- Mogrow - has been developed to be the chosen algorithm. It produces

designs with curved and organic aesthetic styles inspired by the beauty

of nature (Franke, 1997) and Birkhoff (1933)’s aesthetic formula. It can

produce massively various aesthetic designs without the involvement of

professional designers.

Evaluation

Aesthetics of Mogrow: Mogrow is capable to produce aesthetics with high

acceptance by dancers. The user study indicated that both the two dancers

showed appreciation for the organic and wrinkled designs produced by the

algorithm Mogrow. They also stated that the aesthetics of other generative

design algorithms are also interesting, when designs produced by other

generative algorithms are shown to them.

Aesthetics of generative design: This phenomenon further indicates that

the application of generative design is potential to produce acceptable per-

sonalised aesthetic designs.

Expand the application of generative design: Most conventional studies

of generative design focused on the improvement of design efficiency and

shape optimisation (Chase, 2005; Cleveland, 2010; Gu & Behbahani, 2018;

Kielarova et al., 2013; Krish, 2011; Lin & Lee, 2013; Rodrigues et al., 2015;

Shea et al., 2005; Singh & Gu, 2012; Troiano & Birtolo, 2014). There is a
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significant gap in applying the generative design approach in the practice

of producing aesthetic designs. This thesis fills this gap by establishing the

generative design algorithm Mogrow and applying the produced aesthetic

designs to specific products.

Massive customisation of aesthetic designs: Rather than customised manu-

facture, customisation of aesthetic design is another significant challenge of

customisation, which was usually overlooked. It took too many resources of

professional designers to benefit users at scale. This phenomenon is signifi-

cant in designing aesthetic prostheses. The generative design has been seen

as an efficient solution for customised product development, since the ap-

plication of the power of computers enables to perform creative tasks more

efficiently than the conventional approaches (Gabriel et al., 2016; McK-

night, 2017). Moreover, the present study demonstrates generative design

is potential to produce acceptable aesthetic designs by dancers. Thus, it

is feasible to produce massive customised aesthetic designs for every pros-

thetic user, which bridges the gap between the limited resource of profes-

sional designers and the massive requirements of aesthetic customisation

in the process of designing prostheses.

Expansion

Figure 6.2: Designs by generative design approach (Fractal Wallpaper, n.d.;
Hansmeyer & Dillenburger, 2017)

Each generative design algorithm usually carries a particular aesthetic style

(Fractal Wallpaper, n.d.; Hansmeyer & Dillenburger, 2017; Schumacher,
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2017). Figure: 6.2 illustrates designs from various algorithms. The de-

sign by the algorithm based on Fractal shows regular, repetitive, but si-

multaneously high complexity by multiple iterations of a similar pattern

(Figure: 6.2a). Figure: 6.2b demonstrates a design by the algorithm de-

veloped from flocking. It carries a flowing aesthetic. The design shown in

Figure: 6.2c takes a high-resolution aesthetic that human designers could

hardly achieve. It is produced by a single volume that spans millions of

branches, growing and folding repeatedly. It should be noted, that the over-

all integrated design and manufacture workflow illustrated in Figure: 6.1

would be equally applicable to any other design aesthetic selected.

6.2 Personalise the design by adding per-

sonal experience

Outcomes

After selecting the algorithm, the next step is to “personalise the design

by adding personal experience”, in which skilled and expressive consumers

interact with the selected design algorithm to add personality to their de-

signs. As stated in the literature, Blom (2018), personal experience can

significantly increase the feeling of self-identity with a design.

How to embed a user’s personal experience into their prostheses design is

the aim of this step in the design process. The co-designer is the dancer,

who can expressively interact with the environment and algorithms through

dance. In the algorithmic approach used in this research, motion capture

technology is used to generate data that represents the users’ dancing. This

data is used as input to Mogrow which then produces the corresponding
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aesthetic design. Thus, a co-design approach combining the users’ personal

interaction experience with the Mo-grow algorithm enables their dance to

be embedded into a unique aesthetic design. This unique aesthetic design

at this stage is best termed an aesthetic seed as it has not yet been applied

to a particular object. i.e. Rather than create a specific design, Mogrow

creates an aesthetic seed which is an aesthetic archetype. The dancer’s

involvement in the early stage of the design process represents how co-

design theory was applied to this study. A workshop was conducted with

two female lower-limber amputated dancers to produce the aesthetic seeds.

The first rows of Figure: 6.3 & 6.4 illustrate these aesthetic seeds by

two dancers: T and W They consist of multiple closed curves and show a

continuous transformation from bottom to top. These aesthetic seeds will

vary with different dancers and with different interactive experiences with

the same dancer. Thus each aesthetic seed represents a dancer’s particular

personalised interactive experience with Mo-grow.

Evaluation

The artistic expression of dance: Researchers have explored the dance as

an instrument for artistic expression, which exploits the aesthetic, expres-

sive and creative qualities of the body (L. A. Blom & Chaplin, 1988; Loke

& Robertson, 2011; Schiphorst, 2011; Zhou et al., 2021). This artistic ex-

pression has been expanded to accompaniment to human dancers such as

visualisation, costumes, or mechanical bodies which respond to the per-

formance’s human dancer (Karpashevich et al., 2018). The present study

firstly further expands the artistic expression of dance as the form of prod-

uct designs, which indicates a new field of dance artistic expression.

Motion capture: The technology of motion capture technology has been

applied to research of dance, for instance, “kinaesthetic creativity”, which
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explores the emergent and dynamic relations between the moving body and

interactive technology during creative processes such as movement ideation

(Hsueh et al., 2019; Svanæs, 2013). This study reveals there is a signifi-

cant research gap in the application of motion capture technology to dance

research for the non-normative body. It also indicates the potential of

applying extended motion capture technology, which not only tracks the

human body but also extended body parts like wheelchairs, crutches, pros-

theses or anything else users see as their body extension, showing strong

potential to rich and personalise the interaction mode, in the HCI study of

disabled dancers.

Dancing principle: Raheb, Whatley and Camurri (2018) proposed dancing

principles broadly suitable to various dance genres, such as contemporary

dance, ballet, Greek folk, flamenco and so on. This study applies the danc-

ing principles as guidance of interactive manner for dancers to interact with

design algorithm and indicates that the application of the dancing principle

improves the efficiency and pleasure of the dancers’ interacting experience.

On the other hand, these dancing principles were designed based on the

normative human body. The present study expands the application of the

dancing principles to the dance study on the non-normative body and indi-

cates it is essential to tailor the dancing principles to fit the non-normative

body.

Co-design: This is also a co-design process enabling users’ involvement in

the early stage of the design process, which enriches the research of the

topic – co-design & prosthesis, like Blom (2018)’s study indicated that

co-design embodied a deeper, richer expression of the individual identity

of the amputees beautifully and intricately. Moreover, the conventional

approach to enabling the prosthetic users’ involvement in the co-design

process primarily relies on conversation through which, users and designers
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directly discuss feelings and aesthetic preferences. This process requires

the deep involvement of professional designers, which brings significant

challenges to massive benefits, due to the limited resource of professional

designers. The present study enables the users’ involvement in the co-design

process through the interaction between dance and generative co-design

algorithm, which is capable to produce aesthetic designs automatically,

without the involvement of professional designers.

Expansion

The present study only applied one of the ten dancing concepts based on

the normative body. The exploration of the modified dancing concepts con-

sidering special body features of disabled dancers and application of more

dancing concepts will be potential to enable the personalised interacting

mode (interacting motion package) in the HCI research based on dancers’

personal body features and dancing habits.

Moreover, the extended motion capture technology is potential to bring

more flexibility to this interacting motion package.

6.3 Extension – apply the personalised aes-

thetic seed to a particular conceptual

design of the product

Outcomes

The next step of the design phase is to apply the aesthetic seed to a spe-

cific product, which is defined as “extension”. In this study, the objects

selected to illustrate this design step were a vase and an aesthetic prosthesis
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Figure 6.3: aesthetic seeds, vase designs and designs of aesthetic prosthesis
cover by the dancer T.
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Figure 6.4: aesthetic seeds, vase designs and designs of aesthetic prosthesis
cover by the dancer W.
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cover. The vase was generated by simply joining lofted curves consisting

of aesthetic seed. The aim of this exercise was to quickly show how the

aesthetic seed can be extended to a specific product design. The second

rows of Figure: 6.3 & 6.4 illustrate vase designs extended from dancers T

and W’s aesthetic seed. The next development of this design step focused

on the aesthetic prosthesis cover design. Algorithm 02: leg sculpting was

developed for this purpose. It applies a personalised aesthetic seed to a

prosthesis cover design and simultaneously customises the design function-

ally based on the user’s personal features. The bottom rows of Figure: 6.3

& 6.4 demonstrate these prosthesis covers’ design.

Evaluation

Functional customisation: Enabled by 3D scanning of the sound limb and

generative design algorithm, this step achieves automatic customisation of

the prosthesis design fitting personal body features, without the involve-

ment of the professional designers. As demonstrated above, the customised

design has been overlooked but is quite essential to the process of pros-

thesis customisation, since the relevant study of prosthesis customisation

primarily focused on the manufacture, but the fact is that the process of

customised design usually requires many resources of professional designers

triggering it fails to benefit prosthesis users at scale. This study developed

an approach to automatically customising the prosthesis based on personal

body features, which significantly improves the efficiency of this customis-

ing process and potentially benefits prosthesis users at scale.

Aesthetical customisation: At the same time as functionally customising

prosthesis design based on personal body features, the unique aesthetic

style embedding the personal experience on the aesthetic seed produced

at the previous step is transferred to the design of the prosthesis. This
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embedded personal experience enables a deeper, richer expression of the

individual identity of the amputees beautifully and intricately. Thus the

prosthesis is both functional and aesthetic customisation for its users, which

both functionally and psychologically benefits prosthesis users.

Refreshed attitude to the prosthesis: Due to the significant changes com-

pared with the conventional design process of prostheses, the design ap-

proach of the present study triggered dancers to shift their attitude to-

ward disability and reconsider the role of their prostheses by bringing the

feeling of personalisation, agency, ownership and autonomy to the design

and enabling customisation based on their body features and specific re-

quirements. The shifting of the role of the prosthesis also means shifting

attitudes toward disability, which is potential to improve the psychological

feeling of prosthesis users and open a broader scope to the relevant study.

Expansion The aesthetic seeds are also potential to be extended to other

designs by developing corresponding algorithms based on specific require-

ments, like souvenirs produced by a meaningful dancing show on the stage,

crutches or wheelchairs, or any other designs, on which dancers would like

to implant their marks, particular experience or personality.

6.4 Revision – modify the conceptual design

to the requirements of the manufactur-

ing

Outcomes

Modifying the conceptual design to produce the final design for manufac-
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ture is the final step of the design phase. Specifically, the optimisation of

additive manufacturing efficiency (from a design perspective) is the aim of

this step. Algorithm 03 – optimisation of additive manufacturing was devel-

oped to reduce material consumption and manufacturing time by eliminat-

ing overhanging parts, thus removing the need for a supporting structure

in the additive manufacturing process.

Evaluation

Improving the efficiency of additive manufacturing without compromising

aesthetics: Most of the conventional research on the improvement of addi-

tive manufacturing by optimisation of supporting structure, has a prerequi-

site – reversing the original design (Jin et al., 2015; Masood, 1996; Mohan

Pandey et al., 2003; Thrimurthulu et al., 2004; Z. Zhao & Laperrière, 2010),

which may be triggered by the separation of the design and manufacturing

processes. For that, most designers or engineers normally search solutions

in their own field. The application of generative design and additive manu-

facturing bridge the design and manufacturing into an integration process.

The produced design could be directly applied to produce data for addi-

tive manufacturing, which drove me to consider breaking the prerequisite

reversing the original design, and exploring the question: is that feasi-

ble to eliminate supporting structure for time and material consumption

during the process of additive manufacture by slight changes to the design,

especially when the design details primarily relate to aesthetics? The print-

ing experiment in Chapter 3 and the user evaluation of the aesthetics of

the designs revised by algorithm 03 optimisation of additive manufacture

demonstrate that algorithm 03 efficiently improves the printing time and

consumption of materials and simultaneously keeps the original aesthetics

of the conceptual designs.
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Expansion

This algorithm is applicable to more 3D geometries by slicing the 3D model

into equidistant contours, scanning and modifying the overhanging parts

and creating the new 3D model, for which all overhanging parts have been

eliminated by these revised contours. It is also applicable to various ad-

ditive manufacturing technologies more than FFF, such as Selective Laser

Sintering (SLS), Stereolithography (SLA), Direct Metal Laser Sintering

(DMLS) and so on, since most additive manufacturing technology has the

requirement of printing supports in the overhanging parts.

6.5 Manufacturing

Outcomes

After the design phase, it comes the manufacturing phase. Beyond im-

proving manufacturing efficiency through design optimisation explored in

the design phase, this phase primarily focuses on improvements within the

manufacturing scope. It explores an additive manufacturing approach ca-

pable to balance the requirements of mechanical properties, weight, and

aesthetics for prostheses, as well as users’ attitudes towards common ma-

terials in the market for FFF.

Aesthetic designs usually require a high degree of geometric freedom than

functional designs, which easily conflicts with the requirements of physi-

cal factors of a prosthesis, e.g. mechanical properties and weight. Thus,

an important aspect of this project is to investigate manufacturing meth-

ods that are suitable for both the structural and aesthetic demands of the

designs. Following a study of potential manufacturing methods, a com-
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mercial 6DOF robot arm was selected as the most appropriate platform for

the non-planar additive manufacturing of aesthetic prostheses, enabling

the required mechanical performance without concession to aesthetics and

weight. Based on the 6DOF robot arm, the present research developed

a non-planar additive manufacturing platform consisting of a slicing and

controlling system and a multi-head extruder. The platform can broadly

work with the various 6DOF commercial robot in the market and potential

to adapt various applications of non-planar additive manufacturing.

Moreover, users’ attitude towards common materials in the market for FFF

has also been explored. It indicates that users show subjective on materials

building their prosthesis, and various 3D printing materials show potential

to suit different users. For instance, one participant was fond of most of

the organic materials from nature, rather than materials similar to the hu-

man body or shiny-looking materials like metal. Correspondingly, another

participant was interested in glazer materials but rejected materials appear

comedic. The application of transparent material even inspired deeper con-

sideration of the expressions of prostheses. Rather than simply mimicking

a human limb, transparent material emphasising simultaneously function

and aesthetics attracted all participants.

Evaluation

Establishing a non-planar additive manufacturing platform: non-planar

additive manufacturing has been demonstrated broad improvements for the

conventional additive manufacturing technology, such as supporting-free

printing (Lin & Lee, 2013; Wu et al., 2017; Xu et al., 2019; H. ming Zhao et

al., 2018), improving printing efficiency (Huang et al., 2016), significantly

increasing the strength of prints (Allum et al., 2021; Fang et al., 2020a;

Pelzer & Hopmann, 2021), improving the printing quality by eliminating
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the staircase effect (Etienne et al., 2019; Llewellyn-Jones et al., 2016).

However, there are still significant challenges to conducting multi-axis non-

planar additive manufacturing, such as a lack of standard hardware and a

corresponding control system. The present study fills this research gap by

establishing a non-planar additive manufacturing platform broadly suitable

for various non-planar additive manufacturing applications.

Improving strength by eliminating anisotropy: The Anisotropy of mechan-

ical property – strong along with the axial directions of filaments but weak

in other directions – can be observed in all models fabricated by FFF (Ahn

et al., 2002). It is also a significant challenge for additively manufacturing

prostheses. Maroti et al. (2019) explored anisotropic mechanical properties

in additive manufacturing of upper limb prosthetics and indicated special

care should be taken in designing the printing processes, because the me-

chanical properties of the manufactured objects are significantly influenced

by the orientation of printing. However, there is quite rare relevant re-

search on improving the mechanical property by eliminating the effect of

anisotropy. Fang et al. (2020) presented an algorithm for non-planar vol-

umetric slicing and showed that printing non-planar layers oriented along

stress lines without increment of the material could increase the strength

of prints by more than 6x. The present study enriches the relevant research

by establishing the non-planar additive manufacturing platform as well as

slicing software to produce printing paths following sinusoidal geometry,

which is also theoretically potential to improve mechanical properties of

prints by eliminating the effect of anisotropy and without increment of

material and weight.

Mitigating contradictions of mechanical properties, weight, and aesthetics,

in manufacturing aesthetic prostheses: As analysed in the literature review,

mechanical strength, weight and freedom of morphology for aesthetics are
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three primary factors for manufacturing prostheses. Prostheses usually re-

quire high mechanical strength to support the human body, especially for

the lower artificial limbs, and light weight to minimise the muscular effort

for locomotion (Gailey et al., 1994; Lewallen et al., 1986; Macfarlane et al.,

1991; Martin & Morgan, 1992; Winter & Sienko, 1988). Meantime, higher

freedom of morphology enables broader space for the aesthetic considera-

tion of design. However, balancing them faces significant challenges. The

often-used conventional approaches to strengthen 3D printed objects with-

out changing the materials are modifying the geometry of the design (Stava

et al., 2012) (Zhou et al., 2013), which easily leads addition of weight and

limitation to the freedom of morphology relating to aesthetics; and opti-

mising infill patterns or increasing infill rate (Lu et al., 2014; Wang et al.,

2013; Zhang et al., 2015), although which will not affect the morphology

of the prints, it easily increases the weight of the prostheses. As stated

in the last paragraph, the non-planar additive manufacturing platform en-

ables the improvement of mechanical properties only by changing printing

orientation without morphological changing of the prostheses and addition

of the infill rate. Thus it is therictically a potential solution to balance

the prosthesis requirements on mechanical strength, weight and freedom of

morphology for aesthetics.

Attitudes towards additive manufacturing materials: Material is a signif-

icant manufacturing factor that influences users’ feelings about physical

products. However, prosthesis users’ psychological feeling has been over-

looked in the research on manufacturing prostheses by additive manufactur-

ing technology. This study explores the feeling and preferences of disabled

dancers specifically on various commercial 3D printing materials of FFF,

and demonstrates that dancers show a general interest in various commer-

cial 3D printing materials, and simultaneously subjectivity in the preference
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of materials. It also indicates that the feelings on additive manufacturing

material also reflect the deeper consideration of function, aesthetics of pros-

theses and even attitudes on disability and self-identity.

Expansion

The developed non-planar additive manufacturing platform requires exper-

iments of printing practice and mechanical evaluation of the manufactured

samples. There are several potential expansions as follows: the whole sys-

tem works with most of the commercial 6DOF robotics, which enables flex-

ibility of upgrade based on various applications; the multi-head extruder

was designed with three heads and compatibility with various FFF ad-

ditive manufacturing facilities which enables additive manufacturing with

multiple materials and resolutions; the mechanical parts of the platform

are designed as to be potential to work with additive manufacturing of

fibre reinforced polymers, which is the potential to further improve the

weight-strength ratio that enables lighter prostheses with enough mechan-

ical properties.

On the other hand, the user study on additive manufacturing materials

was conducted by presenting images of various materials and discussing

participants’ feelings. The physical products with various materials enable

users to feel them physically, which may bring deeper and broader feelings

to various materials.

Conclusion

Having introduced our process, we now offer two more general reflections

on it. First, our process shows how customisation and personalisation can

be combined in co-designing physical projects. Previous research within

marketing and business studies has argued that customisation typically in-
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volves consumers making explicit choices when tailoring a product, whereas

personalisation is more algorithmic and data-driven (Arora et al., 2008;

Sundar & Marathe, 2010). Customisation is typically applied to tailor

physical products, even if it is delivered through digital means such as web-

sites, whereas algorithmic personalisation dominates the world of digitally

native products such as search engines and social media. Previous HCI

research introduced the idea of customisation maps to explain how differ-

ent stakeholders in a product (manufacturers, distributors, prosumers and

consumers) might customise both its physical and digital aspects, though

did not discuss algorithmic personalisation (Benford et al., 2018). Our co-

design process complements this by showing how people may employ both

explicit choices and algorithms to tailor a physical product. This might

potentially also involve multiple stakeholders.

While we have presented our process as being broadly linear, we recog-

nise that there are likely to be aspects of circularity in practice. Design

processes are often iterative, co-design involves dialogue, and aspects of

visual appearance, materiality and form are often hard to separate cleanly

in practice, all of which suggest feedback loops between the different stages

of the process. There is also likely to be back pressure from later stages

to earlier ones, for example, some generative algorithms may be easier to

optimise for particular kinds of manufacturing than others which will make

them better initial choices as design partners. We have also not considered

the possibility of ‘closing the loop’ by gathering data from actual product

use that might then be fed back into further design cycles. Aesthetic seeds

might be generated from everyday use rather than specific design sessions.
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Conclusion

This thesis explored the personalisation of aesthetic prostheses from both

perspectives of design and manufacture. From the design perspective, it

explored the generative co-design approach, which combines the advantages

of generative design – enabling the efficient exploration of many designs,

with collaborative design – enabling users’ involvement in the design pro-

cess so as to embody a deep expression of individual identity within the

designed prostheses. Three algorithms were established for design perspec-

tive. Mogrow is a generative co-design algorithm driven by motion capture

technology so that dancing can generate personalised aesthetic seeds. Leg

sculpting is a generative design algorithm that applies an aesthetic seed to a

specific product, a prosthesis cover that is personalised to fit users’ unique

body features. A final algorithm optimises the design of the prosthesis

produced by leg sculpting to be manufactured without printing supports,

significantly improving the efficiency of additive manufacturing without

compromising aesthetic details. From the manufacturing perspective, ad-

ditive manufacturing was selected as the basic strategy due to its advan-

tage in customisation. The personalised design of the aesthetic prosthesis
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requires a high degree of geometric freedom, which challenges the require-

ments of mechanical properties such as strength, degree of stiffness, and

weight. Thus, this thesis also established a non-planar additive manufactur-

ing platform based on the 6DOF robotic arm as a manufacturing approach

that can accommodate tradeoffs between visual aesthetic, form, weight,

material and the mechanical properties of aesthetic prostheses. Evaluation

on design and manufacture was collected by three workshops from disabled

dancers.

7.1 Answer the research questions

This thesis has answered six research questions:

Is generative co-design a feasible approach to efficiently producing aesthetic

designs that are acceptable by dancers and applicable to prosthetic designs?

Conventionally, generative design has been primarily applied to the im-

provement of design efficiency and shape optimization (Chase, 2005; Cleve-

land, 2010; Gu & Behbahani, 2018; Kielarova et al., 2013; Krish, 2011; Lin

& Lee, 2013; Rodrigues et al., 2015; Shea et al., 2005; Singh & Gu, 2012;

Troiano & Birtolo, 2014). There is quite limited research on applying the

generative design approach to aesthetic designs as part of product design.

This thesis explored the application of the generative design approach to

produce designs of aesthetic prostheses, which enriched the relevant re-

search that applies generative design to product designs with aesthetic

concerns.

Co-design enables the involvement of non-designer users in the design pro-

cess. It has been also applied to investigate the design of prostheses, and

228



7.1. ANSWER THE RESEARCH QUESTIONS

demonstrated that the application of the co-design approach to the pros-

thetic design embodied a deep and rich expression of the individual identity

(Blom, 2018). This thesis extended prior research by applying the strat-

egy of co-design to embody personal identity with personalised prosthetic

design by applying generative design toolkits, which enables the produc-

tion of massive various designs through interaction between dancers and

generative design algorithm.

The present research established a generative co-design strategy by com-

bining generative design and co-design approaches. It achieved person-

alised aesthetic designs without the involvement of professional designers,

which brings the potential to address the challenge that limited resources of

professional designers hinder the massive benefit of personalised aesthetic

designs. The user evaluation has demonstrated that both the final design

and the design experience of the established generative co-design strategy

gained positive feedback from users.

How can dancers effectively interact with generative co-design to produce

personalised designs?

Co-design enables non-designers’ involvement in the design process by toolk-

its to enable users’ interaction through non-designing activity. More than

that, the present study considered dancers’ most highly trained and at-

tuned mode of personal expression as being dance. Therefore, I explored

collecting the dancing data by motion capture technology to interact with

generative co-design algorithms. In this process, non-normative bodies also

need to be considered. While employing motion capture to interact with

Mogrow by dancing was generally well received, we immediately encoun-

tered challenges arising from the assumptions inherent in the ROKOKO

suit that users have four limbs and move in conventional ways, assump-
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tions which permeate both the physical design of the suit and its underlying

software model and virtual representation of the moving body.

The other challenge we faced was how to achieve interaction by dance.

Motion capture can only capture basic motion data e.g. relative position,

velocity, acceleration, on multiple tracking points (17 trackers in this case).

But they are not directly applicable as dancing motion input. Then we ap-

plied one of the dancing concepts by Raheb, Whatley and Camurri (2018) –

axis. The user evaluation suggested that the dancing principle mode might

achieve higher acceptance since the dancing concepts were explored to fit

most of the existing dancing types and obtain a high degree of familiarity

with dancers.

How can the resulting designs then be applied to diverse forms of prosthe-

ses?

Different from the conventional design strategy – facing single and specific

design, the design strategy of the present study aimed to establish a per-

sonal design system, which focuses on applying the generative co-design

strategy to abstract a personally aesthetic archetype (aesthetic seed) and

expand it to various specific designs, while retaining the aesthetic details of

this aesthetic archetype. For instance, an aesthetic seed is might produced

by capturing a dancer’s performance in a significant stage show. This aes-

thetic seed then becomes a tangible record of this dancing experience that

otherwise passes in a flash. Then this aesthetic seed is extendable to vari-

ous specific designs e,g, prostheses, vases, jewellery, or souvenirs for gifting.

All of these specific designs will keep the aesthetic details of the original

aesthetic seed, which can reflect the dancers’ memory of that important

stage show. Rather than a single specific design by conventional design

strategy, this personal design system can produce massive various person-
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alised aesthetic designs without the involvement of professional designers,

which is potential to achieve massive benefits.

The process of extending the aesthetic seed to various specific designs is

achieved by a generative design approach which needs to be customised

by specific requirements for a particular design, specifically a prosthetic

cover in this research. In this process, customisation based on personal

ergonomic data is quite important, since the prosthesis usually needs to

be customised based on specific personal body features. Thus, the present

study developed a generative design algorithm – leg sculpting with the

interface of inputs of personal data, e.g. shape and size. Simultaneously,

leg sculpting also kept the original aesthetic details of the aesthetic seed,

by slicing both the aesthetic seed and the aimed reference leg shape with

equidistant contours and scaling the size of the contours consisting of the

aesthetic seed to match the corresponding contours on the reference leg

model.

How can the resulting prosthetic designs be made viable for additive man-

ufacture without compromising their aesthetics?

For a long time now, aesthetic design has been affected or limited by man-

ufacturing technology. For instance, the design language of most buildings

is linear, due to the limitations of construction technology. Although there

are some nonlinear architectural designs e.g. designs from Zaha Hadid

Architects, their cost is too high to be expanded broadly, due to the low

efficiency of manufacturing non-linear architectural designs by conventional

construction technology. Thus, to obtain the massive benefit of a new de-

sign strategy, efficiency and limitation of manufacturing technology also

need to be considered.

Additive manufacturing has been seen as an ideal manufacturing approach
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for geometrically complex design, due to its advantage that manufacturing

complex geometry does not take significantly longer time or materials than

a simple one. However, it has its own limitations, notably requiring print-

ing supporting structure for the overhanging parts, which usually results

in a significant increment of manufacturing time and material consumption

and also significantly affects manufacturing efficiency. One of the aims of

the present research is to enable mass-scale personalised aesthetic design.

Thus exploration of improving manufacturing efficiency is essential. My

strategy was to slightly modify the details of aesthetic design to remove

the overhanging parts which require supports, and simultaneously keep the

original aesthetic details. This was attained by a generative design al-

gorithm – optimisation of additive manufacturing. The process starts by

slicing the conceptual design of the prosthetic cover into contours at 1.5 mm

intervals (the layer height of our target additive manufacturing machine).

We determined a maximum overhang angle limit of 55 degrees, above which

a supporting structure would need to be introduced. Our algorithm then

iteratively traverses the 3D model in both top-down and bottom-up di-

rections, incrementally adjusting overhanging contours to be less than the

55-degree threshold. The experience was conducted to compare the time

taken and material consumption for the modified design and the original

design. It demonstrated that The printed version of the optimised designre-

quires 63.5% of the printing time and 67.6% materials of the original. The

user evaluation indicated that there is no noticeable aesthetically difference

between the optimized and the original design.

How can additive manufacture accommodate tradeoffs between visual aes-

thetic, form, weight, material and mechanical properties of aesthetic pros-

theses?

Mechanical property is a primary factor for prostheses. In order to strengthen
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3D printed objects without changing the material, most of the conven-

tionally existing methods in the literature on additive manufacturing are

based on two approaches: modifying the geometry of design (Stava et al.,

2012) (Zhou et al., 2013), as well as optimising infill patterns and rate (Lu

et al., 2014) (W. Wang et al., 2013) (Zhang et al., 2015). However, in

manufacturing aesthetic prostheses, these two approaches have significant

limitations. Modification of design geometry can conflict with the require-

ments of aesthetics, since aesthetic design usually requires a high degree

of geometric freedom. In turn, increasing infill patterns and rates may

bring extra weight, which is another sensitive factor for prostheses. It is

agreed by most prosthetists that the weight of prosthetic devices should be

as light as possible, once the requirements of the safest, efficient and most

functional componentry possible are matched (R. S. Gailey et al., 1994;

Lewallen et al., 1986; Macfarlane et al., 1991; Martin & Morgan, 1992;

Winter & Sienko, 1988). Thus, three factors: mechanical property, weight

and aesthetics are all significantly important for manufacturing prostheses,

but to some extent are contradictory to each other.

The existence of anisotropy in mechanical properties – with greatest strength

in the filament direction and weakest strength between layers in the build

direction (Maroti et al., 2019) on the manufactured objects by Fused Fil-

ament Fabrication (FFF), which is wildly applied in manufacturing pros-

thesis, brings more challenge but also opportunities to accommodate the

tradeoffs between the prementioned three factors. A new research trend of

additive manufacturing – non-planar additive manufacturing has been de-

veloped to address anisotropy, which also has the potential to accommodate

the tradeoffs between mechanical properties, weight, and aesthetics by ar-

ranging printing orientation based on the force undertaken by the printed

objects to increase its mechanical properties without changing geometry
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nor increase of infill.

In order to achieve manufacturing prostheses by non-planar additive man-

ufacturing, the platform for non-planar additive manufacturing practice is

essential. However, the relevant research is still in its infancy. There is

no existing platform in the market for non-planar additive manufacturing.

In order to bridge this gap, the present research established an integrated

non-planar additive manufacturing platform based on an industrial 6DOF

robotic arm, consisting of a multi-head extruder and controlling system.

The reason to choose the commercial 6DOF industrial robotic arm has been

analysed by previous contents: easy accessibility, reliability, flexibility with

working range and payload, and affordability. The established non-planar

platform had broad applicability to most models of the commercial 6DOF

robotic arm from brands of ABB, KUKA, and Universal, as well as to the

various materials, both of which will benefit others’ future relevant work.

Limited by time and accessibility to the proper facilities, the manufactured

sample by the non-planar additive manufacturing platform was not suit-

able for the test of mechanical properties. However, this thesis explored the

non-planar additive manufacturing platform through the whole flow from

theoretical research, hardware and software development, and manufactur-

ing practice, and demonstrated that the platform had theoretical support

and was fully functional. The remaining task of the mechanical property

test of the manufactured sample can be conducted by switching to the right

facility quickly.

How does the integrated flow of design and manufacturing prosthetic pros-

theses incorporate aesthetics?

The aesthetics of prosthetics runs more than skin deep, reaching beyond

decorative appearance to include form, function, impact on embodied ex-
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perience, and statements about body image. ’Beyond skin deep’ can be

considered literally in terms of prosthetics which have skin but also in-

ternals, and metaphorically in terms of meaning more than just a focus

on visual beauty. This provides a concrete instantiation of the principles

considered by the wider HCI literature on aesthetics.

Figure 7.1 also shows how various aesthetics are embedded throughout this

design process:

1, Choose a generative design algorithm: The established algorithm

by this research – Mogorw was inspired by the aesthetic theories of the

beauty of nature (Franke, 1997) and Birkhoff (1933)’s aesthetic formula

to explore the aesthetics produced by generative design. The outcomes

indicate that the aesthetics produced by generative design obtain high ac-

ceptance by dancers. While we have only described one such algorithm,

Mogrow, it would be entirely feasible and sensible to create a suite of such

algorithms, each with its own distinctive design style. There are, for exam-

ple, examples of algorithms that paint or post-process images with various

recognised visual styles style (Fractal Wallpaper, n.d.; Hansmeyer & Dillen-

burger, 2017; Schumacher, 2017). Choosing an algorithm is like choosing

to work with a particular designer whose style one appreciates.

2, Choice of expressive skilled interaction: Deciding how to in-

teract expressively with the algorithm is an important aesthetic choice.

Our dancers appreciated being able to interact through a highly tuned,

hard-earned skill that enabled them to express themselves aesthetically.

In response, we developed an interaction technique that was attuned to

this skill, in this case by drawing on deeper knowledge of dance princi-

ples. In terms of Hsueh et al.’s (2019) taxonomy for kinaesthetic creativity

reviewed above, our approach falls under the category of ‘control’ where
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Figure 7.1: Aesthetics throughout the whole design and manufacture pro-
cess.
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dancing is used to control a system, though arguably also includes aspects

of ‘co-creating’, though in this case between human and algorithm, rather

than between two humans mediated via the algorithm as they discuss. The

broader implication is to seek out equivalent personally expressive skills in

other situations involving other kinds of human co-designers. This might

be a recognised artistic skill (e.g., music, dance, painting, sculpting, po-

etry) or more broadly any kind of somaesthetic skill that involves a finely

tuned bodily interaction (e.g., sports). Our example involved the inter-

active control of a generative algorithm to sculpt its output in real-time.

However, we acknowledge the potential to feed algorithms with examples of

existing images, pre-recorded music and other creative outputs in an offline

mode. Whatever the skill chosen and interaction technique supported, we

argue that harnessing people’s own aesthetic skills can empower them as

co-designers alongside the algorithm, rather than requiring them to adapt

to its creative process as would be the case if they use some kind of direct

manipulation interface to control its various parameters.

3, Choose an aesthetic seed: The idea of capturing particular moments

of expressive interaction as abstract representations called aesthetic seeds

was one of the key ideas to emerge during our process. Our dancers appre-

ciated being able to interpret the seeds even after some considerable time

had passed, re-interpreting them in terms of their movements. Indeed, this

appeared to be easier with the abstract form of the seeds rather than cases

where they had been applied to the form of a prosthetic cover. Choosing an

aesthetic seed extends beyond the visual beauty or otherwise of the design

to encompass memory, sense-making and personal connections. Aesthetic

seeds might then be best generated from meaningful interactions, but also

readily associated, for example being presented alongside photos, videos

and so forth that help make these meaningful connections.
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4, Choose the physical form of the product: Our dancers highlighted

various aesthetic choices when choosing the physical form of the product,

in this case, the shapes of the prosthetic covers onto which the aesthetic

seeds were mapped. Shape, size and weight all affected the aesthetics of

their bodily movement with the product, in this case, dancing, both in

terms of constraining movement, but also opening up new possibilities.

For example, the idea of wearing an unusually shaped prosthetic such as a

spike to enable a new kind of expressive movement becomes feasible when

such products can be rapidly co-designed and manufactured.

5, Constrain and optimise the produced conceptual design: A key

aspect of our approach is that the resulting products can be rapidly and

cheaply manufactured using automated manufacturing techniques such as

additive manufacturing. However, this may require optimising the design

to the particular requirements of the chosen manufacturing technique, in

our case by reducing overhanging elements in the design so as to reduce the

time and materials required. Such changes might potentially significantly

affect the resulting design and so should be open to scrutiny and perhaps

control by human co-designers.

6, Choice of materials: Choosing a material for the product also in-

volved aesthetic choices in terms of its look and feel, in our case with our

dancers preferring organic materials, but also further highlighted the mat-

ter of visibility through the use of transparent materials that both partially

cover and partially reveal the inner workings of the product.

7, Choice of the manufacturing process: As demonstrated above,

personalisation goes throughout the design process, which correspondingly

requires customisation in the manufacturing process. As stated in the liter-

ature review, additive manufacturing technology has been demonstrated to
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be an efficient solution for customised manufacturing. Therefore, additive

manufacturing is the primary manufacturing approach here. Since various

additive manufacturing technologies suit different requirements, this step

requires a choice of suitable additive manufacturing technology. Specifi-

cally, aesthetic prostheses usually have requirements simultaneously in a

high degree of geometric freedom for aesthetics, strong mechanical prop-

erties to support human body weight, and lightweight for easy movement,

three of which are usually contradictory. In order to accommodate trade-

offs between visual aesthetic, weight, and mechanical properties of aesthetic

prosthetics, the present study established a non-planar additive manufac-

turing platform

All of the above jointly answer research question 6: How does the inte-

grated flow of design and manufacturing prosthetic prostheses incorporate

aesthetics?

7.2 Limitations of the research

There are some limitations in the present research:

• Limited by time, only one generative design algorithm – Mogrow

was developed for this stage. Thus, users did not have a chance to

choose generative design algorithms based on their aesthetic prefer-

ences.

• The Covid pandemic prevented on-site workshops, which triggered

poor involvement of dancers in the following design process by apply-

ing aesthetic seeds produced by the first workshop to the prosthesis

designs. This situation reduced the dancers’ feeling of agency in the

prosthesis designs.
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• Significant research gap, limited time and resources of facilities trig-

gered an uncompleted manufacturing loop. This research on the man-

ufacturing part initially aimed to manufacture the aesthetic prosthe-

sis with the non-planar additive manufacturing approach to achieve

proper mechanical properties without compromising aesthetics. How-

ever, the significant research gap that there is no existing system for

non-planar additive manufacturing, limited time and access to proper

facilities obstructed the research progress. As a result, the aim of the

manufacturing part was compromised to developing a non-planar ad-

ditive manufacturing system, which is potential to support relevant

future research broadly.

• Due to the limited number of dancers with amputation, there were

only two participants for this user study. Both of them are female and

have the same lower limb’s amputations. This small number of users

of the same gender and amputation may limit the representativeness

of the collected user feedback. The study search conducted in-depth

engagement with users within three years to reduce the negative im-

pact.

• Due to the limiting factors on manufacturing, no physical prostheses

or prosthesis covers were manufactured. Thus the users’ feedback

was limited to designs. Future work is required to manufacture the

physical prosthesis, test its mechanical properties and collect users’

feedback.

7.3 Future work

More work needs to be conducted in future:
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More algorithms: Since each generative design algorithm usually carries

a particular aesthetic style, and the present research only demonstrated

a single algorithm Mogrow, it is essential to develop more algorithms for

users’ various aesthetic tastes.

More creative activities applied to interact with the generative

design algorithms: The present study applied to dance as an interactive

activity in the co-design process. The broader creative activities include

recognized artistic skill (e.g., music, dance, painting, sculpting, poetry),

more broadly any kind of somaesthetic skill that involves a finely tuned

bodily interaction (e.g., sports), as well as other creative outputs in an

offline mode (e.g., existing images, pre-recorded music) are potential to be

explored for future study.

Wider application to designs: More than prostheses and vases in the

present research, the aesthetic seeds have the potential to be extended

to other designs by developing corresponding algorithms based on specific

requirements, like souvenirs produced by a meaningful dancing show on the

stage, crutches or wheelchairs, or any other designs, on which users would

like to implant their marks, particular experience or personality.

Broaden the application of the algorithm - Optimisation of ad-

ditive manufacturing: Time and material consumption hinder the effi-

ciency of additive manufacturing more than FFF, which was demonstrated

in the present thesis. It also affects the efficiency of most other addi-

tive manufacturing technology such as SLS, SLA, DMLS and so on. It is

potential to be applied to accommodate tradeoff between manufacturing

efficiency and aesthetics in the practice of manufacturing aesthetic designs

by various additive manufacturing technology.

Continue the manufacturing experiment with high precision 6DOF
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robot: Manufacturing high-quality samples by the established non-planar

additive manufacturing platform with high precision 6DOF robotic arm are

essential to evaluate whether the non-planar additive manufacturing tech-

nology can accommodate tradeoffs between three primary contradictory

factors of manufacturing prostheses – mechanical property, weight and aes-

thetics.
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