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Abstract 
Movement has the power to manifest different tones or qualities through patterns or rhythms 

of variation in its elements, such as trajectory, speed, acceleration and duration. Studies in 

the field of robotics suggest that movement has the potential to elicit a response in people, 

regardless of the formal configuration through which it is manifested, pointing to the 

opportunities that endowing artefacts and surfaces in interior spaces with an inherent 

capacity to move may bring to the conception and implementation of experiences. 

Building on the discovery of heat-responsive, twisted and coiled polymeric actuators in the 

field of material science, and inspired by the expressiveness with which movement endows 

inanimate things, this practice-based, material-led research aims to expand the range of 

kinetic behaviours provided by flexible materials available to the field of textiles. 

The research employs "bricolage" as its methodological framework, deploying making – as a 

way of gaining understanding – as its main exploratory component. Understanding of the 

kinetic potential of the monofilament arises in the interplay between an intuitive, improvisatory 

and open-ended exploratory modality and a structured, targeted and planned one. 

Contemporary neo-materialist discourses, through their conceptualisation of matter as the 

possessor of intrinsic morphogenetic resources, motivate and underpin the creative 

manipulation of the material, foregrounding its active role in the outcomes of practice. 

The research offers a framework for the conception and exploration of the heat-responsive 

kinetic potential of nylon monofilament, articulated through a strategy of sequential 

combination of monofilament transformations, rendering morphologies with kinetic capacity 

not previously revealed, and a principle for the activation of these morphologies, enabling 

them to display changes in shape beyond linear ones. A new transformation technique is 

found through the work, the reshaping of coils, producing morphological structures with 

kinetic capacity. The work provides an initial stage of formalisation of morphology-formation 

processes, supporting future research on these morphologies and their design potential. 

Envisioning kinetic morphologies as active components of flexible material systems, 

approaches to the assembly of kinetic modules into textile-inspired structures are suggested. 

Kinetic monofilament assemblies may eventually become part of responsive and adaptive 

systems populating interior spaces and modulating how these are experienced. 
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Chapter 1: Introduction 
This thesis articulates a material-led exploration into the kinetic potential of nylon 

monofilament. The work builds on the discovery of twisted and coiled polymeric actuators 

(Haines et al., 2014a), a novel type of flexible, yarn-like actuator formed from polymeric 

filaments, with the ability to contract or expand in response to heat. The exploration deals with 

the creative manipulation of nylon monofilament with the aim of revealing new monofilament 

morphologies with the capacity to display heat-responsive kinetic behaviour.  

The research has been conducted as part of the ArcInTex European Training Network (ETN) 

for early-stage researchers. ArcInTexETN aims at “strengthening the foundations of design 

for more sustainable forms of living”, by bringing together the disciplines of textiles, 

architecture and interaction design. Working across the scales of the body, the interior and 

the building, and with a strong focus on exploring potential expressions enabled by material 

and technological developments arising from the sciences and engineering, the network 

seeks to advance programmes, methods and techniques for the design of adaptive and 

responsive environments (ArcInTexETN, n.d.). My role within the ArcInTexETN research 

cluster is located in Work Package 3: “Textile thinking for adaptive and responsive interior 

design - the scale of the interior”.1 My position specifically addresses the design of “textile 

structures for adaptive and responsive interiors”. 

I have approached the exploration of the kinetic potential of nylon monofilament inspired by 

a vision of the opportunities that textile surfaces and artefacts that respond through their 

movement to the conditions of the environment or people's behaviours may bring to the 

modulation of how interior spaces are experienced. Relying on the expressive capacity of 

movement, the outcomes of the work could eventually offer design and art practitioners and 

researchers alternative opportunities to design flexible, responsive and adaptive material 

systems with which to explore experiences in interiors. 

                                                        
1 The term “textile thinking” is not defined in the ArcInTexETN proposal. A commonly agreed definition 
seems not to be currently available, but is being forged through the work of scholars such as Igoe (2010, 
2013), Kane and Philpott (2013), Pajaczkowska (2015), Marr and Hoyes (2016), among others (Igoe, 
2019). I understand "textile thinking" as an embodied way of gaining understanding through the 
engagement with the material world, in the interplay between sensorial and perceptual processing, 
intuition, feelings and rational thinking. 
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1.1. Motivations and overview of the work 
Motion has long been a topic of concern for scientists and philosophers. Based on his 

observations of the natural world, Aristotle came to conceive movement as the “fundamental 

principle of nature”, an insight that played a substantial role in his understanding of matters 

as diverse as the soul (anima) and cosmology. Responsivity – understood as various modes 

of animation, such as “bending, gathering, moving towards or away” – is widely accepted in 

biology as one of the fundamental characteristics of life (Sheets-Johnstone, 2011, pp.xviii, 

44). Hence, movement can be regarded as the “language” of life and the natural world. 

The core inspiration for the work presented in this thesis relies on an appreciation of the 

expressive potential embedded in movement and its capacity to affect those who experience 

it. We are well used to experiencing the expressive qualities of the human body in movement, 

which we deal with in our everyday life through the gestures of others. Dance and 

performance art build their expressive repertoire on the qualities and tones of body motion. 

However, the ability of movement to elicit responses in those experiencing it is not bound to 

the form of the human body. Observing the movement of certain marine invertebrates, such 

as sea slugs, jellyfish or corals,2 can be mesmerising. Likewise, there is a captivating tension 

in the fluid and sinuous movement performed by inanimate, abstract things that has always 

fascinated me. Experiencing these modes of movement has prompted my desire to work with 

materials that are able to change their shape in response to external stimuli, embodying 

lifelike qualities through the motion involved, and conveying a sense of being alive. 

Movement has the power to manifest different tones or qualities through the composition of 

patterns or rhythms of variation in its elements, such as trajectory, speed, acceleration and 

duration. The exploration of movement as an expressive component instantiated through 

artefacts and things has been widely explored in the arts – specifically through kinetic 

sculptures and installations – and also in the fields of interaction design and robotics. In the 

latter, it has been shown that the movements of robots are more important than their 

appearance in eliciting a feeling of “affinity” (Mori, MacDorman and Kageki, 2012) and in 

generating successful social interactions (Saez-Pons et al., 2014), suggesting that movement 

                                                        
2 While the movement of corals is imperceptible to the naked eye, it can be appreciated through video 
time-lapse techniques (e.g., Caters Clips, Rodriguez Canto and myLapse, 2016). 
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has the potential to elicit resonance in people, regardless of the formal configuration through 

which it is manifested. 

This ability of movement points to the opportunities that imbuing artefacts and surfaces of 

interior spaces with an intrinsic capacity to move bring to the conception and implementation 

of experiences in interiors. Textiles have historically formed part of a wide range of surfaces 

and artefacts with which we equip our interior spaces, serving both functional and decorative 

purposes. Being soft and flexible, textiles are easily deformable and adaptable through 

draping, folding, pleating, stretching, etc. Given this capacity to change shape, textiles 

constitute ideal vessels for movement.  

Endowing textile materials with inherent kinetic capacity adds a layer of dynamic expression 

to the palette of compositional elements traditionally used by textile designers – such as 

pattern, form, colour and texture. Movement becomes a dynamic, expressive element 

available to designers to create novel experiences. In an analogy to the way ambient light 

and sound are used extensively to increase comfort and create atmospheres in interior 

spaces, textile artefacts and surfaces with the capacity to reversibly change their shape in 

response to external stimuli may contribute to the creation of atmospheric tones in the interior 

space. 

With the underlying motivation of enhancing the space of expressive possibilities available to 

the realm of textiles for interior design applications, this research originally asked: 

• How can textiles be endowed with the inherent capacity to perform responsive 

movement? 

A review of currently available flexible materials and technologies offering stimulus-

responsive shape change, and the potential to be integrated into textile structures enabled 

me to identify twisted and coiled polymeric actuators (Haines et al., 2014a) – particularly those 

formed from nylon monofilament – as interesting materials with which to conduct the 

exploration. Initially, the research aimed to explore the integration of nylon coils into woven 

and knitted textiles as yarn-like actuators, to investigate the type of behaviours that could be 

designed in textile structures through this integration. A preliminary hands-on engagement 

with the formation and activation of these coils revealed an unexpected heat-responsive 

morphology in the monofilament, resulting from a mistake I made when testing the actuation 
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of a coil. This accidental event broadened my understanding of the potential of the 

monofilament to perform heat-responsive movement, suggesting an opportunity to explore 

the emergence of further monofilament morphologies with kinetic capacity. Hence, the event 

presented an unforeseen way in which to address the original research question, motivating 

a redefinition of the focus of the work, and prompting the following sub-questions: 

• How can heat-responsive kinetic capacity arise in nylon monofilament through its 

morphological transformation? 

• How can this heat-responsive kinetic capacity be manifested? 

By foregrounding the active role that materials play in the emergence of form, the event 

additionally drew my attention to neo-materialist philosophical stances (Coole and Frost, 

2010; Dolphijn and van der Tuin, 2012). Within these, the work of Manuel DeLanda (2002, 

2011) becomes of prime relevance to this research, inspiring and influencing aspects of its 

theoretical, methodological and practical elements.  

1.2. Aim and objectives 
This research aims to expand the range of kinetic behaviours provided by flexible materials 

available to the field of textile design, and by doing so offer new opportunities for the creation 

of experiences in interior spaces. 

Building on developments from the field of material sciences that enable the formation of heat-

responsive coiled actuators from nylon monofilament, the aim of the research is addressed 

through the following objectives: 

• Explore transformations of nylon monofilament through mechanical and thermal 

interventions, with the potential to lead to morphological structures with heat-

responsive kinetic capacity. 

• Explore how the heat-responsive kinetic capacity of the resulting morphologies can be 

manifested. 

• Understand the correspondence between monofilament transformation processes, 

resulting morphological structures and the heat-responsive behaviour they manifest. 

The monofilament morphologies that are revealed are envisioned as active kinetic 

components of flexible material systems, suggesting the following objective: 

• Explore the assembly of individual kinetic modules inspired by textile structures. 
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As the research progressed, the need to reproduce samples and the intention to make the 

revealed morphologies accessible to future exploration prompted a further objective: 

• Formalise the processes of formation for monofilament morphologies with kinetic 

capacity. 

While the work is inspired by an appreciation of the expressive potential of movement, 

designing movement patterns and studying people's experiences of the kinetic behaviour of 

the morphologies is not within the scope of the exploration.  

1.3. Summary of methodology 
This practice-based research uses “bricolage” (Kincheloe, 2001; Denzin and Lincoln, 2011) 

as its methodological framework, supporting and promoting its emergent design and the 

diversity of the perspectives and methods it is inspired by and employs. Relying on my 

background as a textile designer, the research adopts a material-led approach, grounded on 

a neo-materialist ontology articulated through the notions of material tendencies and 

capacities and the conceptualisation of their potential nature (DeLanda, 2002, 2011). 

Making, as a way of gaining understanding (Dormer, 1997) through direct, embodied 

engagement with the world of materials, forces and energies (Ingold, 2013), is adopted as a 

core exploratory component of the bricolage, and deployed in two modalities: one of these is 

intuitive, improvisatory and open-ended, and the other is a structured, targeted and planned 

one. 

The intuitive modality aims to reveal the potential of nylon monofilament to acquire kinetic 

capacity and manifest it, seeking to uncover opportunities for the emergence of not-yet-

expressed kinetic monofilament morphologies. It adopts a bottom-up, “morphogenetic 

approach to making” (Ingold, 2013, p.22), deployed as a spontaneous and improvisatory 

dialogue with the material, relying on my heightened sensorial and perceptual attention to 

material cues. 

The structured modality arises from the need to reproduce the morphologies that emerge 

through the intuitive engagement with the material; it seeks to gain a deeper understanding 

of the processes of formation, with the aim of reaching an initial stage of formalisation and 

making them available to future research. It relies on an increased degree of control over 
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formation operations, supported by tools and devices, and is initiated through a process of 

translation of intuitively executed operations, supported by active documentation (de Freitas, 

2002) and carried out through trial and error, leading to a process of identification of suitable 

formation parameter values, or tuning. 

Even though to some extent these two exploratory modalities imply a chronology – with 

intuitive processes preceding structured ones – in the actual execution of the research, these 

modalities overlap, feeding each other and jointly developing my understanding of the 

material and its kinetic potential further.  

1.4. Thesis overview 

Chapter 2 - Movement, expression and kinetic materials provides the context of this research. 

It first considers the ability of movement to elicit experiences, a key motivation for the work, 

introducing perspectives that have inspired my interest in approaching kinetic materials. It 

goes on to look at examples of the exploration of responsive movement in interior spaces and 

reviews currently available flexible materials and technologies that provide responsive kinetic 

behaviour, the latter leading to the identification of twisted and coiled polymeric actuators as 

relevant materials to address through this exploration.  

Chapter 3 - A material encounter introduces twisted and coiled polymeric actuators and 

describes my preliminary hands-on engagement with their formation and activation. It further 

discusses how this engagement led to the accidental event which, by broadening my 

understanding of the capacity of nylon monofilament to manifest kinetic behaviour and 

foregrounding the morphogenetic potential of matter, shaped the course of the research, 

influencing its theoretical and methodological approach. 

Chapter 4 - Matter and morphogenesis introduces the conceptualisation of matter as the 

possessor of intrinsic resources for the generation of form and structure and locates this view 

in relation to the philosophical stance of the new materialisms. It focuses on the work of 

Manuel DeLanda, outlining in particular the notions of material properties, capacities and 

tendencies, and the “structure of the space of possibilities”, going on to discuss how these 

ideas have inspired my way of thinking about the potentiality embedded in the material and 

the processes through which form arises. 
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Chapter 5 - Methodology discusses the epistemological approach adopted in the exploration, 

influenced by the discourse on the inherent morphogenetic capacity of matter, and considers 

the methodological framework of the “bricolage”. It further examines making and creative 

practice as ways of knowing and introduces the two making modalities adopted in this 

exploration: intuitive and structured. 

Chapter 6 - Revealing monofilament morphologies with heat-responsive kinetic capacity 

presents the outcomes of the intuitive, improvisatory, open-ended approach to the exploration 

of the kinetic potential of nylon monofilament. It describes the transformation processes 

emerging from my direct engagement with the material, giving rise to a set of monofilament 

morphologies with kinetic capacity. The work provides a framework for the consideration and 

exploration of the kinetic potential of nylon monofilament, through the identification of a 

strategy of sequential combination of transformations, and a principle for the activation of 

monofilament morphologies.  

Chapter 7 - Formalising formation processes for monofilament morphologies with heat-

responsive kinetic capacity constitutes the structured and targeted approach to the 

exploration of the kinetic potential of nylon monofilament. The chapter presents the translation 

of intuitively executed operations into formalised ones, and the tuning of key formation 

parameters through which the exploration is advanced. It discusses morphological variations 

revealed through this working modality and offers insights into the consideration of the 

emergence of distinct monofilament morphologies. The work provides an initial formalisation 

of morphology-formation processes, supporting future research on kinetic morphologies and 

their design potential. Formalised processes are made available through provisional recipes 

(Appendix C), and clip-charts (accompanying material) provide visual descriptions of the 

heat-responsive behaviour of the morphologies.  

Chapter 8 - Kinetic assemblies looks at monofilament morphologies as active kinetic modules 

within flexible material systems. Inspired by textile structures, the work explores strategies for 

the assembly of basic coils, and discusses examples of kinetic assemblies. Relevant 

assembly parameters and their instances are identified, supporting future exploration. 

Chapter 9 - Conclusions presents the original contributions to knowledge that this research 

offers. It summarises the key reflections provided by the emergent nature of the research 
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design, and the interplay between the intuitive and structured exploratory approaches. The 

outcomes of the work are outlined, and directions for further research are suggested. 
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Chapter 2: Movement, expression 
and kinetic materials 
Humans have a long tradition of building things that move. Animated artefacts elicit a sense 

of wonder and fascination that can be seen throughout history in the construction of, and 

admiration for, ancient Egyptian articulated dolls and figurines, ancient Greek animated 

mechanisms (e.g., mechanical theatres), eighteenth-century automata, and in early and 

current examples of kinetic and robotic art (Oh and Park, 2014). 

The ability of motion to elicit experiences, particularly affective ones, constitutes a key 

motivation for this research. Although this represents a background aspect, the first section 

of this chapter presents discussions that have inspired and reinforced my interest in exploring 

a material that is able to change its shape in response to an external stimulus. The second 

section introduces two salient examples of the exploration of responsive movement in interior 

spaces, displayed through flexible materials, suggesting how responsive movement can 

support the transition towards new design paradigms and proposing alternative ways of 

experiencing and relating to the interior environment. The third section scopes currently 

available flexible materials and technologies that offer responsive kinetic behaviour. This 

review led to the identification of nylon twisted and coiled actuators as a relevant material to 

address in this exploration. 

2.1. Perceiving and experiencing movement 
The opportunities that movement offers to generate experiences through the way its elements 

are composed (e.g., speed, acceleration, duration, trajectory, amplitude, etc.), can be found 

at the core of the motivations for this research. This section introduces perspectives that have 

inspired my way of thinking about the expressive potential of movement. 

2.1.1. Amodal perception and affective experience 

In his book The Interpersonal World of the Infant (1985), psychiatrist Daniel Stern examines 

the processes involved in the organisation of experience during the early developmental 

stages of the infant. Considering investigations from Bower (1974) Moore and Meltzoff (1978) 
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and Meltzoff (1981), Stern explains that there are certain qualities of perception that do not 

operate in a particular sensory modality, but which are nevertheless recognisable by all of 

them. These are “abstract representations”, or “amodal” qualities, related to the overall 

qualities of the experience, namely the intensity, temporality and shape of perceptual 

information. Infants are innately able to convert perceptual information gathered through one 

sensory modality into such abstract representations and transfer them into other sensory 

modalities, in what Stern calls “amodal perception” (Stern, 1985, pp.51,152-3).  

Amodal perception participates in the formation of the sense of an emerging self by allowing 

the infant to integrate disparate experiences (Stern, 1985, p.52). Patterns of change in amodal 

qualities of perception over time constitute what Stern calls “activation contours”. Activation 

contours can be shared by very different events; beyond the particular elements involved, 

their configuration, or the context in which the events take place, disparate events that share 

similar patterns of change may be experienced as belonging together (Stern, 1985, p.57).3  

At the level of feeling, activation contours give rise to “vitality affects”. Stern introduces this 

notion to designate qualities of feeling involved in vital processes and everyday actions, 

which, while being affective, cannot be explained through traditional discrete categories of 

affect (i.e., sadness, happiness, anger, etc.), nor can they be fully mapped onto the 

dimensions of “activation” and “hedonic tone” provided by affect models (Stern, 1985, pp.54-

5).  

Vitality affects are best described by dynamic terms such as “‘surging’, ‘fading away’, 

‘fleeting’, ‘explosive’, ‘crescendo’, ‘decrescendo’, ‘bursting’, ‘drawn out’”, etc. They are 

experienced as internal “dynamic shifts or patterned changes”, corresponding to the 

underpinning activation contours. Vitality affects are concerned with how behaviour is 

performed and not with the type of behaviour being performed (i.e., the specific action 

3 Stern explains that: 

…a ‘rush’ of anger or of joy, a perceived flood of light, an accelerating sequence of 
thoughts, an unmeasurable wave of feeling evoked by music, and a shot of narcotics 
can all feel like ‘rushes’. They all share similar envelopes of neural firings, although in 
different parts of the nervous system (Stern, 1985, p.5). 
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involved), and every variation in the performance of behaviour will have its own vitality affect 

(Stern, 1985, pp.54,56-7,157). 

Activation contours – and the vitality affects they give rise to – have a key role in the integration 

of experience in the early stages of the human developmental process. Patterns of change in 

sensation over time, abstracted from specific behaviours or events and represented in an 

“amodal form”, allow the linking (or “yoking”) of different events that share similar activation 

contours. Organisation arises through this process, as disparate perceptions are 

“experienced as correspondent” when linked through similarities in their activation contours 

(Stern, 1985, p.57-8).4 

Vitality affects are also relevant to the process of interpersonal “affect attunement”. 

Attunements are shared vitality affects. Aspects of the behaviour performed by the other 

person are abstracted, matched and then manifested in a different modality, in a continuous 

process of monitoring, translating and matching. The aspects of behaviour that are matched 

are those corresponding to the other person's “feeling state”, which are abstracted from the 

amodal qualities of the perception. Attunements, through vitality affects, constitute a 

continuous sharing of affective experiences through the activation contour of the behaviour 

manifesting them. (Stern, 1985, p.141-2,157). 

Amodal qualities of perception, abstracted as patterns of change in intensity, temporality and 

spatiality (shape), as discussed by Stern, are relevant when considering working with 

materials that are able to perform change over time, particularly those with the ability to move 

or change their shape, as the one addressed in this research. Given the inherently dynamic 

4 Through the example of parental soothing, Stern explains that: 

…in trying to soothe an infant, the parent could say, ‘There, there…,’ giving more 
stress and amplitude on the first part of the word and trailing off towards the end of 
the word. Alternatively, the parent could silently stroke the baby’s back or head with a 
stoke following the same activation contour as the ‘There, there’ sequence, applying 
more pressure at the onset of the stroke and lightening or trailing off towards the end. 
If the duration of the contoured stroke and the pauses between strokes were of the 
same absolute and relative durations as the vocalization-pause pattern, the infant 
would experience similar activation contours, no matter which soothing technique was 
performed. The two soothings would feel the same (beyond the sensory specificity) 
and would result in the same vitality affect experience. (Stern, 1985, p.58). 
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nature of movement, the ability of activation contours, as patterns of change in intensity, 

temporality and spatiality, to denote qualities of feeling within the dimension of affective 

experience – that Stern calls vitality affects – offers a way of looking at the ability of motion to 

generate affective resonance when encountered.   

The correspondence between activation contours and vitality affects has drawn my attention 

to the relevance of the patterns in the elements of motion (e.g., speed, acceleration, duration, 

trajectory or amplitude, etc.) as features of its expressiveness. While the composition of 

temporal and/or spatial elements is widely exploited in the expressive repertoire of dance, 

performance art and music, considering these within the framework suggested by Stern offers 

a way to understand them in relation to affective experience. 

Even though this thesis does not address the experiences generated by the kinetic 

monofilament morphologies introduced through the research, nor the design of their 

expressive motion patterns, Stern's account offers a preliminary and partial explanation by 

which to understand motion's potential to elicit affective experience, which constitutes a key 

motivation underlying my interest in working with a responsive shape-changing material. 

Considering the role of patterns in the elements of motion to this effect has influenced my way 

of thinking about the opportunities that the kinetic morphologies arising from this research 

may offer to future applications.  

2.1.2. Movement expression and experience 

Views from the field of robotics and interaction design have further influenced my 

consideration of the potential of movement to elicit responses in people experiencing it. Mori 

(1970) has proposed that the movement of a robot has a stronger influence than its 

appearance on the level of the “affinity” that humans feel towards it (Mori, MacDorman and 

Kageki, 2012). Furthermore, in a study of non-anthropomorphic robots, “simple and 

consistent” movements that mimic social behaviour were shown to prompt a positive 

perception of the robot’s sociability: the importance of researching “naturalistic movements” 

for this purpose has been suggested (Saez-Pons, Lehmann, Syrdal and Dautenhahn, 2014). 

Given the sense of agency conveyed by non-anthropomorphic robots despite their abstract 

appearance, Bianchini et al. (2016) are drawn to consider movement “as a source of 
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expressivity in itself”. They suggest that when perceiving animated artefacts we are naturally 

drawn to assign them intentionality and even mental states, regardless of their form. Drawing 

from attribution theory,5 Bianchini and colleagues offer three levels at which a human observer 

interprets the behaviour of abstract objects: animacy, agency, and social agency. At the 

animacy level, the object is perceived to “be alive” and be “autonomous”. Autonomous, 

targeted behaviours that are stable and reliable over time may be interpreted as intentional, 

leading to the interpretation of agency in the object. An object deemed intentional may be 

attributed social abilities if it seems to coordinate its behaviours and goals with those of other 

interacting entities. 

In the field of interaction design, Vallgårda et al. (2015) have explored the relationship 

between the expression of shape-changing textile-based surfaces and how these were 

experienced by a group of expert designers. Temporal expressions for the textile-based 

surfaces (corresponding to what they term the “temporal form”6) were composed based on 

the “synchronicity” of two actuators attached to the textile and the “level of control” afforded 

to the participant. The study argues that experiences delivered through temporal forms are 

“richer” than those enabled by static objects, with dynamic expressions eliciting “stronger 

responses”. It also points out the relevant role that “previous experiences” and the empathic 

ability of participants play in the quality of the elicited experience (Vallgårda et al., 2015). 

Distinguishable rhythms evoked associations with both the organic and the mechanical, with 

the presence of small variations increasing the association with “biological or animalistic 

beings”; “slow and steady” rhythms were particularly related to breathing or a heartbeat. Lack 

of control over the shape change motivated participants to attribute “personalities and lives” 

to the devices. Complex and unpredictable motions motivated contemplative behaviours by 

participants, who stopped interacting with the device, apparently drawn by the pleasure of 

watching the surface perform the movement (Vallgårda et al., 2015). Physical manifestations 

of empathic and emotional responses were also reported. “Forceful”, unpredictable 

5 In social psychology, “attribution” is the construct that describes the cognitive process by which 
people explain behaviour observed in others. These processes are oriented towards “finding meaning 
and managing interactions” (Malle, 2004).  
6 Vallgårda et al. (2015) define the “temporal form” as the “computational structure that enables and 
demands a temporal expression in the resulting design”, and constitutes the “overall behavioural 
expression of the computational thing”. 
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behaviours and “delicate and timid” ones both evoked physical responses, but of different 

types. These seemed to be related exclusively to the behaviour of the textile surface, 

apparently independently from participants' level of control (Vallgårda et al., 2015). Surprise 

and frustration were observed in response to movement trajectories that deviated from the 

ones that participants expected. The authors explain that we tend to anticipate a pathway 

when perceiving movement and suggest that favouring or contradicting such expectations 

can be explored as strategies to positively tune experiences or seize attention during an 

interaction, respectively (Vallgårda et al., 2015).  

While motivating my consideration of motion's expressiveness, the perspectives presented 

above have also revealed to me the opportunities that the kinetic monofilament morphologies 

arising from this research could offer. 

2.2. Responsive movement in the interior space 
Movement in an interior space can be implemented through a wide variety of objects, 

architectural elements or decorative features, either with strictly functional purposes or 

encompassing aesthetic enjoyment. This section introduces two examples where responsive 

movement, manifested through flexible elements, is used in the exploration of alternative 

interaction models for interior spaces. 

Ramsgard Thomsen and colleagues explore the implications of bringing responsive 

movement into architectural interiors through a series of interactive installations and 

architectural models that exemplify what they term “Behaving Architecture”. These constitute 

“robotic membranes”, or skins, that bring together textile, scaffolding and computational 

elements forming composite structures that are able to sense their environment and act in 

response (Ramsgard Thomsen, 2007; Ramsgard Thomsen and Bech, 2011). 

The work conceives “self-producing” environments that, rather than attributing their control to 

the occupant of the space, learn and revitalise themselves, forming their own behaviour from 

the interactions they undergo. Through the notion of “pulse” these installations reflect on 

issues related to motion and temporality as they become part of a “language” of architecture 

and design. Considering materials through the notion of “instability”, the performative qualities 

of dynamic, responsive materials are brought to the fore, challenging conventional material 
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practices in the field of architecture (Ramsgard Thomsen, 2007; Ramsgard Thomsen and 

Bech, 2011). 

In their Hylozoic series, Beesley and collaborators create responsive, adaptive and 

generative environments that explore new relationships between the architectural space and 

its occupants. Hylozoism is the ancient understanding that “all matter has life”. These 

environments merge synthetic and organic components and are enabled by advanced 

interactive technologies. With their vision of supporting empathic interactions between 

architecture and its occupants, developing devices and movement trajectories that 

communicate affect constitutes a major concern for the group. This is addressed principally 

though the recognition and expression of affective motion (Beesley, 2014, pp.8,11). 

Hylozoic Ground (2007-2012) is one of the pieces in the series: it constitutes an “empathic 

organism” in the form of a canopy that responds to the presence and touch of its occupants, 

engaging in “breathing, caressing, and swallowing motions”. Bringing together “textile-based 

sculpture”, mechanics, computation and synthetic biology, the work is formed from a 

multitude of suspended lightweight modules combining kinetic, audio and protocell chemistry 

components that communicate between each other, enabling the emergence of coordinated 

behaviour (Beesley, Gorbet and Armstromg, 2013, p.31; Beesley, 2014, pp.1-9). 

These two examples suggest ways in which responsive motion can support the transition 

towards new paradigms in the conception of interiors, providing alternative ways of 

experiencing and relating to the space. 

2.3. Flexible and responsive kinetic materials and 
technologies 
Scientific and technological discoveries and developments are increasingly providing a 

variety of materials that present an inherent ability to change their volume or structure in 

response to external stimuli such as heat, moisture, light, chemicals, etc. These active, or 
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kinetic, materials are generally considered to be part of the broader category of so-called 

“smart materials”.7  

With the intention of identifying a suitable material with which to conduct this research, this 

section reviews a selection of currently available responsive kinetic materials and 

technologies. The focus is on those that are flexible, offering opportunities to integrate them 

into or combine them with textile structures; that present reversible actuation that is 

perceptible at a macro scale, and that are commercially available or can be obtained from 

commercially available base materials, processed in a studio or workshop environment. 

Materials and technologies reviewed include shape memory alloys, electroactive polymers 

and the principle of differential expansion.8  The review offers a brief introduction to the 

material or technology and identifies examples of their use in textiles or flexible structures, as 

well as their application in interior spaces or architectural design. 

2.3.1. Shape Memory Alloys 

Shape memory alloys (SMAs) are part of the broader category of shape memory materials 

(SMMs), which also include shape memory polymers (SMPs). SMAs, first discovered in 1932 

(Ölander, 1932), are metallic alloys that can be thermally processed to “memorise” a specific 

shape, to which they are able to return in response to a thermal stimulus, or in some cases 

also to a magnetic field. Nickel-titanium compounds (Ni-Ti), commonly known as nitinol,9 are 

currently the most commonly used SMAs due to their superior properties and performance in 

7 While there is not a harmonized definition of what constitutes a “smart material”, these have been 
defined as “materials that form part of a smart structural system […] that has the capability to sense its 
environment and the effects thereof and, if truly smart, to respond to that external stimulus via an active 
control mechanism” (Institute of Materials, Minerals and Mining, 2003, p.9). 
8 Shape memory polymers were also initially considered. These constitute a wide range of polymers, 
offering versatile alternatives for the generation of responsive shape change. However, given the 
processing needed for the polymer to achieve their shape memory effect through extrusion or injection 
moulding (Behl and Lendlein, 2007; Chan Vili, 2007), these were discarded and are not included in this 
review. Shape memory polymers have been integrated into textiles, as extruded filaments used as core 
elements for yarns, in combination with conventional yarns (Chan Vili, 2007), as fabric coatings (e.g., 
Stylios and Wan, 2007), or as membranes for moisture control (e.g., Mitsubishi Corporation Fashion, 
n.d.).
9 The name nitinol combines the chemical symbol for the alloy components (Ni-Ti) with the acronym of 
the place of their discovery in the 1960s (Buehler, Gilfrich and Wiley, 1963), Naval Ordnance Laboratory 
(Mohd Jani et al., 2014). 
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comparison with other SMAs, such as those which are iron-based and copper-based (Mohd 

Jani et al., 2014).  

After being mechanically deformed, SMAs are able to recover their memorised shape when 

heated above a certain temperature. The phenomenon producing this ability is called the 

shape memory effect (SME), and is explained by the capacity of SMAs to be in two different 

solid phases, martensite and austenite, each presenting different crystal structures. The 

martensite structure is stable at low temperatures, while the austenite structure is stable at 

high temperatures. In the martensite phase, the material can easily be deformed into a new 

shape mechanically. When subjected to high temperatures, the SMA is able to transition from 

martensite to austenite, recovering its original form. This transition occurs over a narrow 

temperature range that can be adjusted based on the ratio of each component in the alloy 

(Mohd Jani et al., 2014). As SMAs are electrically conductive, their activation can be induced 

either through external heat sources or by internally heating them through resistive heating10 

(Mohd Jani et al., 2014). 

The thermal treatment through which SMAs memorise their shape, known as “programming” 

or “training”, generally requires very high temperatures, that may reach the area of 500ºC. 

This constitutes an important constraint when combining SMAs with textile materials, given 

that these temperatures are far above those that can be tolerated by natural fibres and most 

man-made ones (Stylios, 2006, p.178). This is usually resolved by training the SMA prior to 

its combination with textile materials (e.g., Chan Vili, 2007; Berzowska & Mainstone, 2008), or 

by building the structure exclusively from SMAs, enabling the SME to be trained in the 

constructed fabric itself (e.g., Stylios & Wan, 2007). 

While most commonly used SMAs are one way, and need to be mechanically deformed to 

revert to the memorised shape, two-way SMAs are able to memorise shapes at both high and 

low temperatures, reversibly transitioning between them in response to temperature 

variations. However, the latter require a more complex training process and present 

performance limitations in comparison with the former (Mohd Jani et al., 2014). 

                                                        
10 Resistive heating, or Joule heating, refers to the generation of heat as a result of an electrical current 
passing through a conductor. 
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SMAs are available commercially in a range of formats, such as wires, strips, thin films, foils, 

tubes and rods (Honkala, 2006, p.92). They have found application in diverse sectors, 

including the automotive, aeronautic and aerospace and bio-medical fields (Boussu & 

Petitniot 2006, pp.134-5), medical equipment and robotics (Mohd Jani et al., 2014), and 

interior design, e.g., for a lamp which opens up when the light is turned on (Nendo, 2006). 

The integration of SMAs in wire form into textile structures has been widely investigated to 

generate shape-changing textiles. In 2001 the Italian company Grado Zero Espace 

developed a woven fabric based on SMAs, later named Oricalco, demonstrating the 

opportunities it offered with a shirt whose long sleeves rolled up in response to a rise in room 

temperature (Grado Zero Innovation, 2017). 

SMA wires can be trained to memorise a coiled shape to generate large contractions in 

response to heat. This shape can be easily straightened at lower temperatures, facilitating 

their integration into structures such as knits, weaves or felts (Berzowska and Coelho, 2005). 

Felt has been used extensively as a base material for the integration of SMAs onto its surface 

through stitching, beading or embroidering (Berzowska and Coelho, 2005; Berzowska and 

Mainstone, 2008; Coelho and Maes, 2008, 2009). The relative stiffness of thick felt can provide 

the necessary counter-force to mechanically straighten coiled one-way SMA-wires after 

activation (Berzowska and Coelho, 2005). Reversible bending motions have been achieved 

by stitching one-way SMA strands to each side of a felt strip, and activating them alternately 

through resistive heating (Coelho and Maes, 2008). 

SMAs that have been trained to revert to their coiled form have also been integrated into 

yarns, by wrapping them around conventional yarns through wrap spinning. Combined with 

other yarns into woven structures, and using floats to minimise physical restrictions on the 

SMA yarn, these create contractions in the resulting fabric, modifying its overall appearance 

(Chan Vili, 2007). SMA wires that have been pre-trained following origami patterns have been 

integrated into woven textiles to achieve specific folds. Upon activation, patterned 

transparency is created on the fabric through the accumulation of a variable number of layers 

(Cabral et al., 2015). SMAs have been knitted together with conventional yarns to enhance 

the aesthetic qualities of garments (Winchester and Stylios, 2003). Knitted structures formed 

entirely from SMAs have been investigated to create a range of shape changes such as 
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rolling, contraction, curling, arching or accordion folding, as well as combinations of the 

former in one knit, by intervening at different structural levels of the knit (Abel, 2014). 

Spatial applications suggested for textiles and flexible structures that integrate SMAs include 

surfaces that offer dynamic permeability for adaptive ventilation, light modulation or 

information display (Coelho and Maes, 2009); woven textiles for dynamic space dividers, wall 

hangings or window blinds, modifying their porosity or transparency when activated either 

passively or through resistive heating, adapting to privacy requirements or modulating 

ambient temperature, light or air flow (Chan Vili, 2007); woven textiles for dynamic light filters, 

adjusting the fabric's transparency when activated through resistive heating (Cabral et al., 

2015), and architectural concepts and interior furnishing features, bringing natural rhythms 

and fluctuations into the interior space through the interaction between stimuli-responsive 

movement and programmed behaviour (Ng, n.d.).  

2.3.2. Electroactive polymers 

Electroactive polymers (EAPs) are polymers that are able to change their shape or volume in 

response to an electrical field, effecting large displacements. Two main types of EAPs exist, 

electronic and ionic: they differ in the mechanism driving their activation (Bar-Cohen, 2002). 

In electronic EAPs the shape change is driven by electrostatic forces generated by inducing 

high electrical fields (>100 V/µm), and the displacement is maintained under electrical 

stimulation. Electronic EAPs include dielectric EAPs, electrostrictive elastomers, electro-

viscoelastic elastomers, piezoelectric polymers, ferroelectric polymers and liquid crystal 

elastomers (Bar-Cohen, 2002). In ionic EAPs, the shape change is activated by the migration 

of ions in response to electrical stimulation. They consist of two electrodes and an electrolyte, 

and need to be operated in wet conditions, unlike electronic EAPs, which work satisfactorily 

in dry settings. Ionic EAPs generally deliver a bending actuation and their activation requires 

low voltages (1-2V). However, the induced displacement is not easily maintained under 

electrical stimulation. Ionic EAPs include carbon nanotubes, conductive polymers, electro-

rheological fluids, ionic polymer gels and ionic polymer-metal composites (Bar-Cohen, 2002). 

The type of displacement that EAPs perform is generally determined through their geometry, 

by which bending, stretching and contracting behaviours are easily achieved. In particular, 
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bending motions can display large, readily visible amplitudes, although delivering low forces 

is what limits their application. Since EAPs are not usually commercially available, information 

on the base materials and fabrication processes that are required for the main EAP types has 

been made available to encourage and support EAP research (Jet Propulsion Laboratory, 

n.d.; Bar-Cohen, 2002).

Dielectric elastomers (DEs) are probably the EAPs that have been most explored in design-

related contexts. They constitute flexible and lightweight actuators and can be built from 

commercially available components. In recent years tutorials for their fabrication have been 

made available to the design community (e.g., Materiability, 2017). These are generally 

formed from elastomeric transparent films (generally acrylic- or silicone-based), coated on 

both sides with carbon black or graphite particles, forming two flexible and elastic 

electrodes11 (Ritter, 2007, pp.66-7). Three-dimensional DEs are obtained by pre-stretching 

the elastomeric film and attaching it to a flexible frame. The frame's geometry determines the 

resulting three-dimensional shape, after the film's stretch is released (Kretzer, 2017, p.132). 

The project ShapeShift exploits the flexibility, lightness and transparency of DEs, together 

with their ability to perform smooth changes in shape, to propose a self-supporting kinetic 

structure, formed form assembled DE modules that may function as a building skin. The form 

and movement possibilities of the dynamic structure are determined by the geometry of the 

individual DE modules and their arrangement and interconnections (Kretzer and Rossi, 2012). 

Reef constitutes an active ceiling feature for the domestic interior: individual DE modules of 

different sizes, hanging in a cloud-like arrangement from a support surface, open and close 

in response to the speed of exterior winds, realising natural rhythms and flows in the interior 

space (Mossé, Gauthier and Kofod, 2012). 

11 This layered structure allows the composite to function as a flexible capacitor: when a voltage is 
applied, the capacitor is charged, and the electrodes are pulled together by the electrostatic attraction 
forces generated by the electric field that is produced, pressing the elastomeric film in the direction of 
its thickness. This results in an expansion of the layered structure in its width and length. Short-circuiting 
the electrodes makes the electrostatic forces disappear, allowing the elastomeric film to return to its 
initial shape (Lochmatter, in Ritter, 2007, p.66).  
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The combination of DEs with textiles was probed at the Animated Textiles workshop (2012).12 

The geometries of DEs were explored, and those that were successful were used in 

combination with woven and knitted lightweight fabrics. Considerations for the combination 

included the amount of force generated by the actuators and how the textile components 

could amplify the effect of their motion (Kretzer, 2017, p.137). Pleated weaves and rib knits 

were used to accompany and enhance the movement performed by the three-dimensional 

forms of the DEs (Materiability, 2012). 

2.3.3. Principle of differential expansion 

Differential expansion guides responsive, reversible changes in shape at a macro scale in a 

wide range of composite materials, both natural and man-made. Composites are materials 

comprising two or more components, strongly bonded together, each with an area 

distinguishable from the others (Hashin, 1983). When the components of a composite expand 

at different rates in response to surrounding conditions (e.g., variations of temperature or 

moisture), mechanical displacements may result from the specific arrangement of the 

components, their relative orientations, and the overall contour of the composite. Typical 

component arrangements are planar, layered structures, where different materials with 

different expansion rates occupy each side of the composite sheet or film. When one side of 

the film expands, the film bends or curls, closing onto the opposite side (Kapsali, 2009, 

pp.111-2).  

This principle can be found in thermo-bimetals, which are composites made from two or more 

metals with different thermal expansion coefficients, bonded together in laminar form. These 

materials have been known since the Industrial Revolution, and are currently widely applied 

as thermostats or electrical control components (Ritter, 2007, p.54). Doris Sung Studio 

explores the use of thermo-bimetals to create self-actuated architectural shells, providing 

adaptive shading and ventilation in response to surrounding temperature fluctuations. A 

range of exciting functional possibilities for these materials is also demonstrated through “self-

assembling”, “self-propelling” and “self-energising” structures (Doris Sung Studio, n.d.). 

                                                        
12 The Animated Textiles workshop was organised by Manuel Kretzer and Ivana Damjanovic and hosted 
by Delia Dumitrescu at the Swedish School of Textiles in Borås, Sweden, in 2012 (Kretzer, 2017, p.137). 
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A similar mechanism of differential expansion can be found in the hygroscopic shape change 

that takes place in plants, enabling functions such as seed and spore dispersion.13 Probably 

the best-known hygromorphic mechanism is the opening and closing of pine cone scales in 

response to moisture levels in the environment (Dawson, Vincent and Rocca, 1997). This 

mechanism has been translated into textile technology, principally for thermal-comfort 

management, implemented in the form of layered composite fabrics and also as bicomponent 

fibres with different configurations (Kapsali 2009, pp.89-104). It has also inspired material 

developments in architectural design (Menges and Reichert, 2012; Holstov, Bridgens and 

Farmer, 2015), shape-change composites (e.g., Erb et al., 2013) and soft actuators (e.g., 

Taccola et al., 2015).  

Climate-responsive material systems for architectural design have been developed, 

exploiting the anisotropic swelling and shrinking of wood in response to ambient relative 

humidity. Menges and the team at the Institute for Computational Design, University of 

Stuttgart, apply computational design and digital fabrication processes to physically 

programme weather-responsive reversible shape change into veneer composite elements, 

and to coordinate individual behaviour in the structures into which these are assembled. The 

architectural potential of this technology has been exemplified through 

HygroScope: Meteorosensitive Morphology (2012) – a museum installation – and HygroSkin: 

Meteorosensitive Pavilion (2013; Menges and Reichert, 2015). 

Jane Scott employs the moisture absorption properties of natural and regenerated cellulose 

fibres (e.g., cotton, flax, viscose) to design shape-changing knitted textiles for architecture. 

These fibres swell when exposed to humidity, which increases their volume and density. 

Combined with dimensionally-stable fibres (e.g., synthetic ones), changes of shape are 

created in the knits (Scott, 2012). Reversible transitions between two- and three-dimensional 

surfaces can be programmed by determining the composition of the component fibres, the 

density and direction of twist in the yarns, the knit structure and the overall shape of the knitted 

13 Tissue cells present anisotropic swelling and shrinking in response to moist conditions, determined 
by the orientation of cellulose fibrils within these cells. Different fibril orientation in successive, strongly 
connected tissue layers causes these layers to swell and shrink in different directions upon water intake 
or drying, generating a bending motion that opens and closes a plant's organ (Burgert and Fratzl, 2009). 
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piece. Pre-defined patterns are dynamically revealed in the knits in response to moisture 

levels in the environment (Scott, 2015). 

Based on the differential expansion of materials, “programmable materials” is a method 

developed at MIT's Self-Assembly Lab (Tibbits, 2014) to encode responsive shape change 

in diverse technical and conventional materials (Papadopoulou, Laucks & Tibbits, 2017, 

pp.128-130). Relying on multi-material 3D printing, which allows the simultaneous deposition 

of different materials, assembling them intimately, the method was initially demonstrated with 

a rigid polymer and a soft hydrophilic one, which expanded by 150% in contact with water, 

achieving a series of transformations across dimensions.14 Responsive shape change in the 

composite is programmed by determining material properties in coordination with the 

geometry and position of each component (Tibbits, 2014). The method has since been 

applied with other “active” polymers, responding to heat, light or moisture, in combination 

with materials such as 3D-printed wood, carbon fibre or textiles; general principles, 

applicable across materials and integration methods, have been identified (Papadopoulou, 

Laucks & Tibbits, 2017, pp.128-130).  

In programable materials, textiles are generally used as a dimensionally stable component, 

bonded to an “active” material (primarily polymers). The fabric's binding, the extrusion and 

deposition directions for the active material and the overall shape of the composite are key 

parameters determining the responsive transformation of the composite (Papadopoulou, 

Laucks & Tibbits, 2017, pp.134-141). A window-cover element, presenting slits that open and 

close in response to ambient light, demonstrates a potential application of these textile-based 

composites in interior spaces (Self-Assembly Lab - MIT, 2018).15  

Hydrophilic biological nano-actuators (Bacillus subtilis natto) have also been used to create 

layered composite films that change shape in response to variations in ambient relative 

humidity. Relying on curved and angular bending, a range of transformations result from 

different arrangements and geometries of the layered components (e.g., the expansion and 

                                                        
14 The rigid material provides the structure while the soft, active one enables the actuation upon swelling, 
making the rigid material bend, which, in turn, limits the folding angle.  
15 The Active Textile demonstrator was developed by the Self-Assembly Lab, MIT, in collaboration with 
Steelcase and Designtex, and exhibited at The Senses: Design Beyond Vision Exhibition at the Cooper 
Hewitt, Smithsonian Design Museum in 2018. 
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contraction of linear and surface structures, changes in surface texture, and three-

dimensional folding; Yao et al., 2015). In Second Skin, the technology is used in combination 

with a textile substrate, wherein triangular slits curl up in response to moisture, increasing the 

air permeability of the fabric, intended to be used for active-wear (Yao & Ishii, 2019, p.55). 

This review provides an overview of the type of opportunities that currently available, flexible, 

responsive and kinetic materials and technologies offer for the creation of flexible structures 

and their application in interior spaces. These materials and technologies offer different 

ranges of possibilities for integration into textiles, primarily related to their presentation format. 

Linear formats, such as SMAs in wire form, or spun SMPs (e.g., Chan Vili, 2007) offer the 

possibility of integrating these materials into yarn structures or using them as yarn-like 

elements in the construction of textile structures, allowing an intimate level of integration. 

Materials in planar formats, such as that of DEs, on the other hand, call for combinations 

based on the attachment of the active material to the textile structures. Strategies based on 

the principle of differential expansion, working on the notion of the programmability of the 

kinetic effect, afford wide versatility in terms of applicable base materials and the 

manifestation of the kinetic behaviour.  

Scoping the field of flexible responsive materials and technologies has ultimately enabled me 

to identify a novel type of heat-responsive material: twisted and coiled polymeric actuators 

(TCPAs; Haines et al., 2014a). I have selected these actuators to conduct this exploration, 

given their novelty and the combination of properties they offer, as will be discussed in the 

next chapter, in which TCPAs are introduced. The chapter further presents my initial hands-

on involvement with the formation and activation of these actuators. 
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Chapter 3: A material encounter 
Twisted and coiled polymeric actuators are introduced in the first section of this chapter, with 

a focus on suitable materials and methods for their formation, the mechanism driving their 

heat-responsive actuation, their thermally-induced activation, and related research and 

applications. The selection of these actuators to undertake this research, in particular those 

formed from nylon, is discussed. The second section of the chapter describes my initial 

hands-on engagement with the formation and activation of nylon coils, leading to the 

unexpected emergence of a new heat-responsive morphology in the monofilament. By 

broadening my understanding of the potential of nylon monofilament to manifest kinetic 

behaviour, and by foregrounding the active role that the material played in the emergence of 

form, this event significantly shaped the way in which the research evolved.  

                       
Figure 1. Twisted and coiled polymeric actuators (source: Haines et al., 2014a).   

 

3.1. Twisted and coiled polymeric actuators  
Twisted and coiled polymeric actuators (TCPAs) were introduced in 2014 in the field of 

material science by Haines et al. (Figure 1). They are flexible, lightweight, heat-responsive 

actuators with a yarn-like configuration, that are formed by twisting and coiling polymeric 

monofilaments or multifilament yarns. Depending on their geometry they are able to either 

contract or expand in the direction of their length in response to heat, displaying large and 

fast linear strokes and exerting large forces in relation to their volume. TCPAs were developed 

Redacted image 
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as artificial muscles for their use in actuator textiles with the ability to produce mechanical 

work or modify their porosity (Haines et al., 2014a). The coiled form brings a high degree of 

elasticity to otherwise non-elastic filaments, also modifying their visual appearance, which 

becomes more complex and detailed. 

3.1.1. Precursor filaments and actuation mechanism 

Highly drawn semi-crystalline polymer filaments presenting large anisotropic thermal 

expansion16 constitute suitable materials for the formation of TCPAs. These can be found in 

off-the-shelf polymeric filaments, particularly those offering high-strength applications such 

as sewing threads and fishing lines (Haines et al., 2014a,b). 

Haines and colleagues explain that the thermally-induced torsional and tensile actuation that 

highly drawn semi-crystalline polymer filaments are able to perform when twisted relies on the 

ability of these twisted filaments to reversibly untwist when exposed to heat, enabled by their 

large thermal expansion anisotropy. In these filaments, polymer chains are oriented in the 

direction of the filament's length. With the insertion of twist, these chains are reconfigured 

helically around the filament's longitudinal axis. When exposed to heat, the helically oriented 

polymer chains contract, generating combined changes in the length, diameter and amount 

of twist of the filament. Contraction of the helically oriented polymer chains and expansion in 

diameter both result in the untwisting of the twisted filament, giving rise to its torsional 

actuation when the filament is twisted but not coiled, and to a change in the length of the 

coiled filament, as fibre untwisting causes a change in the bias angle of the coil17 (Haines et 

al., 2014a,b). 

A range of different polymers in monofilament, multifilament and braided presentations have 

been investigated to form coiled actuators: e.g., nylon 6, nylon 6.6, polyethylene, PVDF, 

Kevlar, polypropylene and polyester (Haines et al., 2014a), Spandex (Cho et al., 2017; Yang 

                                                        
16 A property is anisotropic when it “var[ies] in magnitude according to the direction of measurement” 
(Oxford Dictionary of English, 2010, 2013). In the case of the anisotropic thermal expansion of highly 
drawn polymers, the filament presents different rates of thermal expansion in the direction of the length 
of the filament and the direction of its width, which for nylon monofilament manifests as thermal 
contraction in its length and thermal expansion in its diameter (Haines et al., 2014b). 
17 The bias angle of the coil is the angle formed between the coiled filament and the cross-section of 
the coil (Haines et al., 2014a). 
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et al., 2017; Kim et al., 2018a), linear low-density polyethylene (LLDPE) (Hiraoka et al., 2016); 

two-way shape memory polymer based on cross-linked poly(ethylene-co-vinyl acetate) 

(cPEVA) (Fan & Li, 2017) and polyethylene terephthalate (PET) (Park et al., 2017). From these 

materials, nylon 6 and 6.6 are within those presenting larger actuation strokes when formed 

into coils (Haines et al., 2014a), while offering simple processability into coiled form and ready 

commercial availability.18 This makes nylon a convenient material to explore in this research. 

3.1.2. Formation and activation 

Given that TCPAs are currently not commercially available, investigations with these actuators 

require researchers to form them. Two basic methods have been described for the formation 

of TCPAs, relying on the insertion of twist into the monofilament: twist-induced coiling and 

mandrel coiling (Haines et al., 2014a). 

Twist-induced coiling consists of inserting twist into the filament until a critical point of twist 

density is reached, at which point a coil spontaneously forms in the filament. Adding twist 

beyond this point allows the coil to spread along the monofilament's length. To successfully 

coil, the monofilament needs to be under an appropriate tension, which is specific for each 

monofilament type. If the tension is too high, the monofilament breaks, whereas if the tension 

is too low, the monofilament entangles itself, and the coil is not formed. Twist insertion is 

generally carried out in a vertical set-up: the monofilament strand hangs vertically with one 

end attached to the twist insertion device (e.g., a stepper motor, or any rotary device), and is 

kept under tension by attaching a weight to the opposite (lower) end, which is prevented from 

rotating. Twist-induced coils respond to heat by reversibly contracting in the direction of their 

length when these are activated from an initial stretched state and both ends are prevented 

from rotating (Haines et al., 2014a,b).  

Mandrel coils are obtained by inserting twist into the monofilament until the coil starts forming, 

subsequently winding it over a mandrel (i.e., a metal rod) and heat setting the structure before 

removing it from the mandrel. By enabling the independent determination of the twisting and 

                                                        
18 For example, Spandex is reported to offer larger actuation strokes and lower activation temperatures 
than nylon (Yang et al., 2017), but due to its elasticity, the formation of coils is not as simple as with 
nylon (see e.g., Kim et al., 2018b); and cPEVA is reported to perform larger actuation strokes than nylon 
at lower temperatures (Fan & Li, 2017), however this polymer was custom-synthesised.  
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winding directions, this procedure allows the formation coils presenting two different 

behaviours: expansion and contraction (Haines et al., 2014a). Haines and colleagues (2014a) 

explain that twist insertion makes the monofilament chiral.19 They identify coils resulting from 

the same twisting and winding direction as homochiral, where the chirality of the monofilament 

matches the chirality of the coil; whereas heterochiral coils are those resulting from opposite 

twisting and winding directions, where the chirality of the monofilament and the coil are 

opposed. Homochiral coils respond to heat by contracting in the direction of their length – 

like twist-induced coils do, given that these are homochiral – whereas heterochiral coils 

respond to heat by expanding in the direction of their length. Mandrel coiling additionally 

allows the forming of coils with larger diameters than those resulting from twist-induced 

coiling, determined by the diameter of the mandrel used (Haines et al., 2014a). Figure 2 

summarises the formation and thermally-induced actuation of twist-induced and mandrel 

coils, based on the principles described by Haines et al. (2014a). 

 
Figure 2. Formation of twist-induced and mandrel coils and their heat-responsive actuation; based on 
descriptions by Haines et al. (2014). 
 

                                                        
19 A structure is chiral when it is “asymmetric in such a way that the structure and its mirror image are 
not superimposable” (Oxford Dictionary of English, 2010, 2013, chiral entry). A typical example of a 
chiral object is a hand. 
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Coils need to be thermally annealed to release mechanical stress, generated as result of twist 

insertion (Saharan and Tadesse, 2016), and in the case of mandrel coils also to heat set their 

structure. This is generally carried out under vacuum or argon to avoid the oxidation of the 

monofilament. Suitable annealing temperatures are determined above the maximum 

temperature required for the reversible actuation of the coil, and below the melting point of 

the monofilament (Haines et al., 2014b).20 

Twist-induced coils can be made into two-ply (Figure 1) and three-ply structures (e.g., Hiraoka 

et al., 2016; Saharan et al., 2017; Simeonov et al., 2018), increasing their strength and ability 

to actuate against larger weights, to the detriment, however, of the size of their stroke 

(Saharan and Tadesse, 2016). Plying is also used to balance the residual torque resulting in 

coils due to twist insertion, preventing their tendency to untwist, particularly when thermally 

activated under loads (Haines et al., 2014a). Spiralled geometries have also been explored 

by annealing a highly twisted filament on a flat spiral mould. The spiralled shape increases 

the size of the actuation stroke by combining contraction and expansion behaviours in one 

structure (Haines et al., 2016).21 

The size of the actuation of TCPAs follows a non-linear relation to temperature, presenting 

small strokes at lower temperatures and large strokes at higher temperatures, with the change 

occurring around the glass transition (Tg) temperature of the polymer.22 Twist-induced coils 

from nylon 6.6 are reported to reach actuation strokes of up to 34% when activated between 

20 Maximum activation temperatures used in the study by Haines and colleagues (2014) were 180ºC for 
nylon 6 and 240ºC for nylon 6.6. Typical melting points for nylon 6 are 220-260ºC, and for nylon 6.6 257-
270ºC (Wypych 2016; pp.216,222). Reported exposure times range between 30 minutes (e.g., Kianzad, 
Pandit, Bahi et al., 2015) and 2 hours (e.g., Haines et al., 2014b).  
21 The spiralled form prevents adjacent rings from coming into contact during activation, allowing them 
to pass through each other, thus changing the chirality of the structure (Haines et al., 2016). 
22 Glass transition temperatures of polymers are not fixed values: these vary, for example, with the 
amount of moisture in the polymer as well as it is processing. As reported in one handbook, glass 
transition temperatures for nylon 6 are 50-75ºC (experimental; dry) and for nylon 6.6 are 56-70ºC (dry) 
(Wypych, 2016, pp.217,222). In the study by Haines et al. (2014b), the glass transition temperature of 
a non-twisted nylon 6.6 monofilament of 0.127mm diameter was 70ºC, and increased to 89ºC when the 
monofilament was coiled. Other studies have found the glass transition temperature of a coiled nylon 
6.6. filament to be between 40ºC and 50ºC (Kianzad, Pandit, Bahi et al., 2015). 
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20ºC and 240ºC, and a homochiral mandrel coil from nylon 6 showed contractions of up to 

49% (Haines et al., 2014a). 23,24

The thermally-induced actuation of TCPAs has been investigated and implemented under a 

wide range of media and heat sources: e.g., hot air (e.g., Haines et al., 2014a; Cherubini et 

al., 2015), hot water (e.g., Haines et al., 2014a; Wu et al., 2015), a 250W light bulb, 

electromagnetic waves from a conventional microwave oven (Haines et al., 2014b) and a 

Peltier device providing both heat-activation and active cooling (Atikah et al., 2017). If 

coupled with conductive materials, TCPAs can be activated through resistive heating. This 

has been achieved by combining TCPAs with conductive yarns as separate components of 

textile structures (e.g., Haines et al., 2014b; Bredies, 2107, pp.125-165), or by integrating 

conductive elements into the coils themselves through a range of strategies, as it is further 

outlined in Appendix A, section A.4).  

While the contraction or expansion of a coil can be considered to be fast, its cooling down is 

much slower, constraining the speed at which actuation cycles can be performed (Karami 

and Tadesse, 2017a; Takagi et al., 2017). Active cooling solutions beyond the above-

mentioned Peltier device include cool air (Yip and Niemeyer, 2015; Takagi et al., 2017) and 

cold water (Wu et al., 2015). 

3.1.3. Research and applications 

In the years since their introduction, TCPAs have received widespread attention within the 

material science and engineering communities, with research efforts covering the 

characterisation of suitable precursor fibres (Aziz et al., 2017); the investigation of the 

influence of formation (Saharan and Tadesse, 2016) and annealing parameters (Li et al., 

2018) on the performance of the actuators; the study and characterisation of their thermal and 

mechanical behaviour (e.g., Cherubini et al., 2015; Kianzad, Pandit, Bahi et al., 2015; Swartz 

et al., 2018) and its modelling (e.g., Sharafi and Li, 2015; Yang and Li, 2016; Masuya et al., 

23 Contractions were measured as a percentage of the coil’s length when stretched under a specific 
load (Haines et al., 2014a). 
24 The maximum stroke for each coil is achieved under a specific load, or “optimal load”, corresponding 
to the lowest one that prevents adjacent coil rings from touching each other over the tested temperature 
range (Haines et al., 2014b). 
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2017); as well as the study of their controllability and the development of control systems (Yip 

and Niemeyer, 2017; Jafarzadeh, Gans and Tadesse, 2018; Suzuki and Kamamichi, 2018). 

TCPAs have also been investigated as sensors (van der Weijde et al., 2017) 25  and 

electromagnetic energy-harvesting devices from low-grade temperature fluctuation (Kim et 

al., 2015). 

TCPAs have found application in prototypes and demonstrators for the actuation of 

biomimetic robotic components (Kianzad et al., 2015; Wu et al., 2015, 2017, 2018; Cho et al., 

2016; Wu, Chauhan and Tadesse, 2018a), devices for prostheses and orthoses (e.g., Hiraoka 

et al., 2016; Saharan et al., 2017) and automated functions such as opening and closing a 

window shutter (Haines et al., 2014b).  

In the construction of actuator textiles, TCPAs have been used, for example, as warp elements 

in woven structures, combined with conductive and conventional yarns in the weft to effect a 

linear contraction that can be triggered through resistive heating, and two-ply twist-induced 

coils have been braided on their own into a tubular form that contracts linearly, changing the 

size of its open areas when externally activated (Haines et al., 2014a,b). Supporting the use 

of coiled actuators in textile structures, the formation of twist-induced coils has been achieved 

in a continuous process, providing continuous coils with a separation between consecutive 

rings, what allows them to perform heat-responsive contractions without the need of 

mechanically stretching them, as well as continuous coils with an integrated conductive wire. 

“Prestretched” coils have been processed through conventional sewing, weaving and knitting 

machines (Haines et al., 2016). 

As this review shows, TCPA-related research has been conducted predominantly in the areas 

of material science and engineering, with few examples of design-led explorations to date. 

One such example is the Manyforms project, developed at the Institute for Advanced 

Architecture of Catalonia (IAAC), where twist-induced coils are used to actuate a dynamic, 

shape-shifting architectural system capable of performing three-dimensional movement in its 

tendril-like components (IAAC, 2016a). Parallel explorations approach the construction of 

two- and three-dimensional structures in which yarns are interlaced with coiled actuators 

25  Detecting deflection and force through electrical impedance in a mandrel coil with integrated 
conductive wire (van der Weijde et al., 2017). 
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wrapped around rigid tubes, used to supply heat (IAAC, 2016b). However, as in many 

applications of TCPAs in robotics, these examples make use of the linear actuation of these 

coils and integrate them into rigid shells or structures in such a way that their inherent flexibility 

and pliability is not exploited. 

Bredies (2017) has explored the integration of twist-induced coils in the context of textile 

design, with the aim of implementing a “textile robot”.26 The coils were integrated into the weft 

of single and multilayer woven structures. While the functional implementation of the textile 

robot was not successful (p.161), Bredies offers a reflection on her experience as textile 

designer working with these materials, which is of value to designers undertaking work with 

TCPAs. In particular, she discusses the challenge of achieving the contraction of the coils 

and preventing their torsional actuation when integrated into the woven structure, where the 

effect of the latter overtakes that of the former, prompting her to note the relevance of the 

conditions under which coils are activated in order for these to perform successfully 

(pp.140,163). 

This section has introduced TCPAs, with a focus on suitable materials and methods for their 

formation, their heat-responsive actuation and the mechanism driving it, and an overview of 

research undertaken with these actuators. The relatively scarce number of current examples 

of design-led investigations of TCPAs that the review shows, together with the flexibility and 

yarn-like configuration of these materials, the large actuation strokes they perform in response 

to heat, and the possibility of forming them through relatively simple methods from off-the-

shelf polymeric filaments, have drawn my attention to these materials, suggesting their 

exploration from a textile design perspective as an exciting challenge to undertake. 

Furthermore, this review has enabled me to identify monofilaments from nylon as a suitable 

material for coil formation within this research, given that these offer large actuation strokes 

while at the same time being easily processable into coils, and constituting a cost-effective, 

commercially available option. 

                                                        
26 The project was carried out in collaboration with a textile technology researcher, a computer scientist 
and two material scientists. 
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The next section introduces my initial hands-on engagement with the formation and activation 

of nylon twisted and coiled actuators and describes how this led to an unexpected outcome 

that shaped the course of the research. 

3.2. Engaging hands-on with the formation and activation 

of nylon coils27 

My goal at the outset of this research was to explore how nylon twisted and coiled actuators 

(NTCAs) could be integrated into woven and knitted textiles, thereby enabling me to explore 

movement as a dynamic compositional element in textile structures. 

In order to carry out this exploration, I needed to obtain a number of coils. To this end, and 

since nylon coiled actuators are currently not available commercially, I set out to learn how to 

form them. The aim of the initial stage of the exploration was to familiarise myself with the 

methods and techniques for the formation of the NTCAs described in the literature. With a 

basic understanding of these procedures at the time of this exploration, I improvised a 

twisting and coiling set-up in the studio (Figure 3, left). Using a mini-drill (Figure 64, left) to 

insert twist into the monofilament and a heat gun (Figure 64, right) to heat treat the coils, as 

well as to activate them, I successfully reproduced the two basic types of coils described in 

the literature: twist-induced and mandrel coils (Figure 4; Appendix A, section A.1). I tested 

the heat-responsive behaviour of the coils by activating them from a stretched state, hanging 

them vertically from one end and attaching a weight to the opposite (lower) end, which was 

prevented from rotating (Figure 3, right).  

While testing the activation of the homochiral mandrel coil from a stretched state in the vertical 

set-up, I inadvertently overloaded the coil. Instead of contracting in response to heat, the coil 

responded by shifting the orientation of its rings, giving rise to a new morphology in the 

monofilament (Figure 5; movie 1). This morphology is formed by loops, inherited from the 

rings of the previous coil, arranged helically around the longitudinal axis of the structure 

(Figure 6). Most importantly, this looped morphology also responds to heat: when activated 

27 The event described in this section forms the basis of the content presented in the paper Kinetic 
morphologies. Revealing opportunities from mistake (Piñeyro, 2019). 



34 

locally – i.e., only one area of the sample at a time – under a small tension and with both ends 

tethered, its loops rotate around the longitudinal axis of the structure, rotating back in the 

opposite direction when the heat is directed to a different area of the sample. 

Figure 3. Working set-ups for twist insertion (left) and activation of coils (right). 

Figure 4. Twit-induced coils (left) and a mandrel coil (right). 

monofilament: 0.11mm Æ 

0.16mm Æ 

0.25mm Æ 

0.45mm Æ 

0.7mm Æ 

monofilament: 0.7mm 
Æ 
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Figure 5. Heat-responsive looped morphology being revealed in the monofilament (top).28 Heat-
responsive rotation of the morphology's loops (bottom; overlaid stills from video); see movie 1. 
 

The emergence of this unexpected heat-responsive morphology in the monofilament 

significantly shaped the way in which this research evolved. First, seeing this morphology 

perform a different movement from those I had observed in previous activations of coils and 

was expecting to be displayed by this coil motivated me to consider that other structures, 

                                                        
28 All images presented as sequences in this thesis are frames taken from video recordings. 



36 

beyond the basic coiled ones, formed through twisting, coiling and subsequent 

transformations, could also display movement in response to heat.  

Hence, by broadening my understanding of the potential of nylon monofilament to perform 

heat-responsive kinetic behaviour this event prompted me to wonder in which other ways the 

basic coiled structures could be transformed in order to create novel monofilament 

morphologies with heat-responsive kinetic capacity, and thus what type of kinetic behaviour 

such morphologies would be able to display. These questions, together with the unavoidable 

resemblance of the revealed morphology to some fancy yarn structures (e.g., looped yarns; 

Figure 7), pointed to the possibility of shifting the level of the structural hierarchy of textiles 

(Lomov, Huysmans and Verpoest, 2001; Kapsali et al., 2013) on which the research had been 

focusing – i.e., departing from the level of the fabric towards the levels of the fibre and yarn. 

Figure 6. Heat-responsive looped morphology resulting from reshaping a mandrel coil. 

 Figure 7. Illustration and photograph of a looped fancy yarn (source: Gong & Wright, 2002, p.41). 

As mentioned at the beginning of this section, the rationale for this exploration at the time of 

its conception was to learn how to form twist-induced and mandrel coils in order to explore 

how they could be integrated into constructed textiles. The emergence of the looped 

morphology in the monofilament suggested in turn the opportunity of exploring ways of 

revealing potential heat-responsive monofilament morphologies with distinct aesthetic 

qualities and kinetic capacities. In this way, this event presented an opportunity to address 

the initial question that had motivated this research in an unforeseen way, prompting the 

Redacted image 

Redacted image 



 37 

redefinition of the focus and objectives of the research, which in turn shaped the rationale and 

methods of subsequent stages of exploration.  

The unexpected emergence of the looped morphology in the monofilament influenced the 

research in another meaningful way. It made explicit a tacit understanding I had acquired 

through extensive handling of materials and tools and exploration of the transformation 

processes of materials in my practice as textile designer: it foregrounded the active role that 

materials play in the emergence of form.  

Working in direct engagement with materials through my textile design practice, I have often 

experienced the compliance and resistance of materials to my actions. As makers, we have 

ideas, intentions, desires, expectations and goals, but form arises from the set of properties 

of a material and the forces and energies with which it interacts (Ingold, 2010), revealing to 

us what it is able to do and what it is not. The outcomes of practice may be thus considered 

as those which emerge from the interaction between practitioner and materials.  

Identifying and explicitly acknowledging the active role of the material in the emergence of 

unexpected and innovative outcomes from my practice through this event drew my attention 

to the notion of morphogenesis, 29  as conceived by neo-materialist perspectives within 

contemporary philosophical discourses. Morphogenesis describes the idea that matter is 

inherently active, possessing its own intrinsic resources for the generation of form and 

structure. The notion offers an alternative way to think about the emergence of form, 

overcoming the predominant hylomorphism,30 which denotes a passive, inert matter on which 

form is imposed (Deleuze & Guattari, 1987, pp.475-6; DeLanda, 2004; Ingold, 2013, pp.20-

1). 

DeLanda (2004, p.21) explains that understanding matter as complex, non-linear systems, 

with their own morphogenetic and self-organizing capacities, allows us to look at the 

generation of form and structure “as something that may come from within the materials, a 

form that we tease out of those materials as we allow them to have their say in the structures 

                                                        
29 Morphogenesis: from Greek morphē (form) and genesis (generation, creation) (Oxford Dictionary of 
English 2010, 2013, morphogenesis and genesis entries). 
30 Hylomorphism: from Greek hulē (matter) and morphē (form) (Oxford Dictionary of English 2010, 2013, 
hylo- and hylomorphism entries). 
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we create”. Ingold (2010), following Deleuze and Guattari (1987) in their critique of the 

“hylomorphic schema” (Simondon, 1992) as a paradigm for the generation of form, suggests 

that we should “replace it with an ontology that assigns primacy to the processes of formation 

as against their final products, and to the flows and transformations of materials as against 

states of matter”. 

These ideas, discussed further in Chapter 4, together with the bottom-up nature of the 

accidental event, suggested an opportunity to explicitly allow the material's morphogenetic 

potential to manifest itself and attain a central role in the design-making process (Chapter 5). 

With this motivation, I approached a subsequent stage of exploration with a focus on 

processes of transformation of the monofilament rather than on the creation of predefined 

forms (Chapter 6). Neo-materialist ontological perspectives thus inspired facets of the 

methodological approach subsequently adopted in the research. 

Lastly, the relationship between morphology and movement is at the core of the ideas 

motivated by this event and underlines my approach to the kinetic potential of nylon 

monofilament. Morphology – i.e., form and structure – and movement are inherently related. 

Sheets-Johnstone explains that in living organisms, their anatomical configuration determines 

the type of movements it can perform, stating that “given a particular morphology, certain 

movement possibilities obtain and not others”. Sheets-Johnstone calls these “movement 

dispositions” and explains that they “exist because, whatever the range of possibilities, 

certain kinds of movement are more congenial and efficient given the body one is” (Sheets-

Johnstone 2011, pp.18-20 italics in original). A corresponding relation can be seen between 

structure and possibility for shape change in things. The ways in which a thing’s form can be 

changed is reliant on the characteristics of the structure that is enabling it as a whole – i.e., 

its constituent material, the form of its parts and the way these are connected.  

The idea that the type of movement a nylon coil performs is related to its geometry is contained 

in the sheer description of homochiral and heterochiral coils and the distinct behaviours they 

perform (i.e., linear contraction and expansion, respectively). However, it was only through 

the emergence of a new heat-active form in the monofilament that the potential encompassed 

by the modification of the morphology of the coil for the generation of alternative behaviours 

permeated – although still intuitively – my understanding. 
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Reflecting on this accidental event and considering its physical outcomes in light of the 

direction that the exploration eventually took made explicit the productive nature of this event 

and its role in steering the course of the research.  

This chapter has introduced existing research and understanding concerning the formation 

and actuation of twisted and coiled actuators. It has further described my initial hands-on 

involvement with these materials and discussed the way in which it influenced the course of 

the present research. The next chapter considers the conception of matter as inherently active 

and possessor of intrinsic morphogenetic resources through contemporary neo-materialist 

perspectives, particularly through the work of Manuel DeLanda (e.g., 2002, 2011), and 

discusses how these ideas have inspired theoretical and methodological considerations 

within this research. 
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Chapter 4: Matter and morphogenesis 

This chapter introduces the conceptualisation of matter as possessor of intrinsic 

morphogenetic resources and locates this view in relation to the philosophical stance of the 

new materialisms. Within these perspectives, the work of Manuel DeLanda, and in particular 

his reworking of Gilles Deleuze's ontology of dynamic processes, has become a major 

inspiration to this research. DeLanda's notions of material properties, capacities and 

tendencies are outlined, and the way in which these have inspired my way of thinking about 

the potentiality embedded in the material and the relevance of the processes through which 

form arises is discussed. 

4.1. New materialisms 
A shift from the modern understanding of matter as something that is passive, inert and to be 

acted upon has been taking place in philosophical thinking during the latter half of the 

twentieth century, and has recently permeated scholarly discourse more broadly through a 

range of orientations brought together under the overarching terms of “new materialisms” or 

“neo-materialisms”. These terms were first used, independently, by Manuel DeLanda and 

Rosi Braidotti in the late 1990s to designate a philosophical stance that seeks to restore the 

balance between nature and culture, the material and the immaterial, and does so by 

overcoming the dualist structures that underpin modern and post-modern humanist thinking 

(Dolphijn & van der Tuin, 2012, p.93). 

The plurality of approaches and perspectives that new materialism comprises share an 

interest in rethinking the way in which matter and processes of materialisation are 

conceptualised and investigated (Coole & Frost, 2010, p.2; Dolphijn & van der Tuin, 2012, 

p.93). Such perspectives have risen in response to a contemporary acknowledgement of the 

relevant role that matter and material processes play in shaping our understanding of the 

world and of our own existence, thus moulding our relationship to others and to the material 

world (Coole & Frost, 2010, p.3). 
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In the history of Western philosophy, materialist orientations have constituted a peripheral 

tradition. Previous materialist perspectives, such as the work of Benedict Spinoza, are 

reworked in neo-materialist accounts through contemporary scientific understanding to 

create new concepts and terms to map contemporary attitudes and challenges (Dolphijn & 

van der Tuin, 2012, pp.110-11; Coole & Frost, 2010, p.4).  

The modern understanding of the natural world as “quantifiable and measurable”, explained 

through Euclidian geometry and Newtonian physics, builds on the seventeenth-century 

Cartesian conception of matter as being dimensionally defined, homogeneous and inherently 

inert. In this view, physical objects are understood to be delimited, they need to be acted 

upon by external forces to move, and this motion follows a linear causality. Strongly shaped 

by this perspective, ordinary contemporary Western understanding of the material world is 

predominantly one of “solid, bounded objects” whose behaviour can be explained by the 

basic and constant laws of motion, thus being “predictable, controllable, and replicable”  

(Coole & Frost, 2010, p.7). 

Neo-materialist thinking sets out to overturn this way of thinking about matter by challenging 

the conceptual structures that underpin modern and postmodern humanist thinking, namely 

the anthropocentrism and dualism on which they are grounded. Cartesian dualisms are 

founded on the opposition, or dichotomy, between pairs of terms, such as mind-body, culture-

nature, subject-object. New materialism recognises the limitations that such structures lay on 

thinking, and regard dichotomies and oppositions as contrasting considerations of the same 

idea, thus being only partial and existing within one system of thought (Dolphijn & van der 

Tuin, 2012, pp.97-8). Rather than avoiding or rejecting dualist structures, neo-materialist 

thinking seeks to overcome them by conceptualising difference through an “affirmative 

relation” from which new concepts and frames of thought emerge (Dolphijn & van der Tuin, 

2012, pp.86,126-36).  

Neo-materialist approaches do not intend to prioritise matter over immaterial things, but to 

bring the debate on matter to the fore, reassessing its very nature and reconsidering the 

human position within the material world. In doing so, they create depictions of matter as 

productive and generative, inherently active and vital, supporting accounts of dynamic 
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processes of materialisation in which humans are fundamentally involved (Coole & Frost, 

2010, pp.2-3,8). 

The philosophy of Gilles Deleuze, sometimes in his work with Felix Guattari, permeates and 

underpins much of the neo-materialist discourse. His ontology of dynamic processes, where 

matter is conceptualised as being the possessor of immanent resources for the generation of 

form and structure through self-organising principles, is of particular interest to this research. 

Manuel DeLanda (2002) has set out to rework Deleuze's ontology, and it has been primarily 

through this lens that I have engaged with these ideas. The next section introduces the key 

notions of DeLanda's recasting of Deleuze's ontology and discusses how these ideas have 

influenced my consideration of the role of the material in my practice and motivated my 

reflection on the potentialities embedded in the material I am working with, promoting my 

focus on processes of transformation.  

4.2. Material properties, capacities and tendencies 
Building on Deleuze's notion of the “multiplicity” as a “diagram” or “abstract machine” guiding 

morphogenetic processes, and his use of the notion of “singularity” as one type of immanent 

morphogenetic resource (DeLanda, 1997; 2002, pp.1-14), DeLanda explains the identity of 

“emergent wholes” or “assemblages” focusing on the processes that lead to their emergence, 

through the notions of properties, capacities and tendencies (DeLanda, 2011, pp.3,185).  

“Properties” constitute the characteristics of the whole, and arise from the specific 

arrangement and behaviour of the whole's parts (e.g., atoms, molecules, etc.). “Capacities”, 

on the other hand, are potentialities, enabled by the set of properties of a whole in interaction 

with other entities. DeLanda explains the differences between properties and capacities 

through the example of a knife: when the metallic atoms of a knife’s blade are arranged into 

a triangular shape in its cross-section, the knife has the property of sharpness; a sharp knife 

will then have the capacity to cut.  

While properties are always actual, capacities become actual only when they are exercised 

(e.g., the knife can cut or not cut) and will continue to be potential if they are not actualised. 

Furthermore, capacities become actual as two-way events (e.g., “to cut - to be cut”), thus 

being relational: for the knife to exercise its capacity to cut, there must be another entity with 
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the capacity to be cut (DeLanda, 2002, p.67, 2011b, p.3-4). These are thus “capacities to 

affect and be affected”31 (DeLanda, 2004, p.19).  

Properties and capacities also present an ontological relation: while capacities arise from the 

whole’s properties, these properties arise from interactions between the parts of the whole, in 

which they engage in exercising their capacities. In the example of the knife, while its capacity 

to cut arises from its property of sharpness, its sharpness arises from metallic atoms 

exercising their capacity to bond with each other (DeLanda, 2011, p.4). 

“Tendencies”, or “singularities”, constitute the states to which a material entity or system tends 

in the long term under specific conditions. Tendencies are ontologically similar to capacities 

in that they constitute potentialities of the whole and they also become actualised as events. 

However, like properties, tendencies become actualised through the interaction of the whole’s 

parts when exercising their capacities (DeLanda, 2011, p.4).  

Phase transitions constitute one type of singularity in physical systems. These are changes in 

the state of a whole or a system occurring at critical points of certain parameters: e.g., water 

changes from liquid to solid and from liquid to gas at specific critical temperature thresholds 

(DeLanda, 2002, p.10-11;). Other types of singularities are the manner in which a system may 

tend to flow (e.g., “uniform, periodic, turbulent”), also arising at specific critical thresholds 

(DeLanda, 2011, p.5); or the tendency of a system to reach certain energetic conditions (e.g., 

the minimisation of energy; DeLanda, 2002, p.7). 

Tendencies differ from capacities in that the former are “finite” (i.e., material entities may tend 

to be in a limited number of states, or tend to flow in a given number of ways), while the latter 

can be “innumerable” (i.e., capacities to affect depend on the capacities of any number of 

other entities to be affected; DeLanda 2011, pp.4-5).  

Capacities and tendencies determine the “structure of the space of possibilities” of an entity 

or a system (DeLanda, 2011 p.5; italics in original). In Deleuze's ontology, the structure of 

possibility spaces is defined through the notion of the “multiplicity”. Multiplicities constitute 

topological spaces of multiple dimensions (or “manifolds”), where dynamic processes giving 

                                                        
31 DeLanda's term “capacities” corresponds to Deleuze’s notion of “affects” (DeLanda, 2004, p.19). 
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rise to the physical world are represented. “State spaces” are one such type of space, 

representing the possible states in which a system may find itself. The number of dimensions 

in the manifold can be determined by the number of relevant parameters along which the 

system changes. Instantaneous states of the system in time are represented as points in the 

manifold, with successive states tracing a “trajectory”. Singularities thus constitute 

“topological forms” in state space, acting as “attractors” for a system's trajectories, denoting 

its long-term tendency. Hence, singularities structure spaces of possible states (DeLanda, 

2002, pp.2-8). Capacities also structure spaces of possibilities, but given their “innumerable” 

nature, they constitute more complex spaces which are less studied (DeLanda, 2011, p.20). 

The ontological relevance of singularities and multiplicities in the conception of a 

morphogenetic model for the generation of form, based on dynamic processes driven by 

matter's immanent resources, relies on their “independence” from specific “mechanisms”. 

Given that multiplicities shape processes, their physical instantiations may take very different 

forms, resembling neither each other nor the singularity that shapes their emergence 

(DeLanda, 2002, pp.8,14).32 Hence, a range of morphogenetic processes in physical systems 

share a common representation or “diagram” in state space, which Deleuze and Guattari refer 

to as “abstract machines” (DeLanda, 1997). Ontologically, multiplicities, together with the 

capacities and tendencies that structure them, pertain to the category of the “virtual”, 

corresponding to that which is part of the reality of an entity or system without being actualised 

(DeLanda, 2011, p.24). 

Intensive properties 33  play an important role in morphogenetic processes, given that 

singularities such as phase transitions in physical systems take place at critical thresholds of 

intensive properties, changing the system's state. Differences in intensive properties (or 

                                                        
32  DeLanda exemplifies this “mechanism-independence” of multiplicities and singularities with the 
spontaneous formation of varied physical forms as a result of a system's components attempting to 
minimise free energy. Soap molecules tend to minimise surface tension by forming a spherical shape, 
whereas salt molecules tend to minimise bonding energy by forming a cube. Such a point of minimal 
energy towards which the two systems tend, would be represented in state space by a “single point 
attractor”, structuring the state space for these two distinct mechanisms. Hence, a “topological form” 
(i.e., a singularity represented by “a point in a manifold”) can be said to describe a process leading to 
“different physical forms” presenting “different geometric properties” (DeLanda, 1997, 2002, pp.7-8). 
33 In thermodynamics, properties are classified into extensive and intensive. Intensive properties are 
those whose values remain constant in matter when an amount is divided (e.g., pressure, temperature, 
density); whereas extensive properties are those whose values result accordingly divided in each part 
(e.g., mass, volume; Van Wylen, 1963, p.16, cited in DeLanda, 2002; pp.62-3). 
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“intensities” in Deleuze's terminology) within one entity also drive morphogenetic processes 

(DeLanda, 2002; p.64).  

DeLanda states that all materials, even those exhibiting very simple behaviours, possess 

intrinsic capacities and tendencies, and, referencing Deleuze, he explains that: 

…if the material in question is homogeneous and closed to intense flows of energy, its 
singularities and affects will be so simple as to seem reducible to a linear law. In a 
sense, these materials hide from view the full repertoire of self-organizing capabilities 
of matter and energy (DeLanda, 2004, p.19). 

While the morphogenetic capabilities of matter are best manifested when complex (i.e., 

heterogeneous) materials find themselves in far-from-equilibrium conditions (i.e., when 

intensive differences are operative, not cancelling themselves; DeLanda, 2004, p.19), all 

materials may exhibit their intrinsic morphogenetic potential when open to intense energy 

flows. 

4.2.1. Exploring properties, capacities and tendencies  

There are a number of implications in the ideas presented above for the attempt to explore 

the kinetic potential of nylon monofilament, as this research sets out to do. Acknowledging 

the immanent power of matter to participate in the generation of form, Deleuze and Guattari 

point out, suggests that “this matter-flow can only be followed”:  

At any rate, it is a question of surrendering to the wood, then following where it leads 
by connecting operations to a materiality instead of imposing a form upon a matter 
(Deleuze and Guattari 1987, pp.476-7; italics in original). 

While my experiential understanding of this idea preceded my encounter with the 

philosophical discourse on the inherent activity of matter, it has nevertheless been through 

the latter that the relevance of this aspect of my work has become explicit, motivating me to 

overtly favour the material's expression within my practice. Becoming acquainted with notions 

concerning the inherent morphogenetic resources of matter has furthermore provided a 

framework for reflection on the active role that the material plays in my practice, strongly 

supporting my ability to articulate it.  

The conception of the virtual (i.e., that which is real but not actual), through the notions of 

capacities and tendencies, offers a fertile way of thinking about the possibilities that already 

form part of the material's reality and envisioning how these may become expressed. My role 
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as designer-maker thus becomes one of allowing these potentialities to be manifested and 

exercised. Thinking of the material in terms of its potential, and in particular, considering the 

innumerable and relational nature of capacities, motivates me to imagine the wide variety of 

entities (human and non-human) that in interacting with the material and exercising their 

capacities may affect it, and in turn, those which may be affected by the material exercising 

its own capacities.  

When considering the material in these terms, the issue of scale comes to the fore. Nylon 

monofilament, at the macro-scale at which I work with it, has certain properties, capacities 

and tendencies. However, it is composed, at a micro-scale, by polymer atoms and molecules, 

which have their own intrinsic capacities and tendencies. New properties, with associated 

potentialities, may arise in nylon monofilament at the macro-scale from micro-scale 

components exercising their capacities and manifesting their tendencies. These potentialities 

thus also become part of the reality of the material. In this regard, the explanation of the 

mechanism driving the actuation of nylon coils, as described by Haines et al. (2014; Chapter 

3), which takes place at this micro-scale and relies on the ability of the polymer chains to 

untwist under high temperature, supports and informs such a way of thinking.  

 Even though my engagement with the material takes places at the macro-scale, these 

understandings motivate me to imagine and speculate on what goes on “inside” the 

monofilament, as it becomes affected, through my interventions, by energies and forces; and 

how new structural properties with associated (kinetic) capacities arise in the monofilament 

from the actualisation of the capacities and tendencies of micro-scale components in 

response to such interventions. 

Capacities associated with emerging properties in the monofilament may affect entities 

interacting with the material on larger scales (e.g., me as practitioner, other materials, tools, 

or someone observing it move), and in turn the monofilament, with its new properties, may be 

affected by other entities in different ways. The material may be then envisioned as part of a 

network of human and non-human entities, operating across scales, affecting and being 

affected through their interaction. 

The top-down approach to the generation of form that the hylomorphic model postulates is 

overcome through the ideas outlined in this chapter by shifting the focus away from the final 
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product (i.e., resulting forms) towards the processes that give rise to those forms. The bottom-

up nature of this alternative morphogenetic model is implied in the accidental event leading 

to the emergence of the heat-active looped morphology in the monofilament (Chapter 3). 

Experiencing this event, together with an enhanced awareness of this alternative model for 

the generation of form, underpins my motivation to approach the exploration of the material's 

potential by focusing on processes of transformation of the monofilament rather than on 

predefined forms to be created in the monofilament. Form becomes that which results from 

the transformation process; a potential that becomes expressed through consecutive 

operations and interventions, rather than a predefined goal.  

Focusing on processes of transformation renders intensive properties and critical points of 

intensities relevant in allowing the tendencies of the material to be manifest. Nylon 

monofilament can be regarded as a homogeneous, engineered industrial material, with a 

known and predictable behaviour. However, opening the material to “intense flows of energy” 

carries the potential to enable its tendencies to be actualised, leading to the emergence of 

formal properties. Temperature constitutes an intense flow of energy, intervening in both the 

formation and activation of nylon coils. Critical points of intensity are present in the emergence 

of the coiled shape in the monofilament during the formation of twist-induced coils, given that 

this arises beyond a critical point of twist density.34  

The shift in the understanding of matter as an active entity that neo-materialist perspectives 

introduce permeates two parallel aspects of this research: one is related to methodological 

concerns, as will be further discussed in the next chapter, influencing my relation to the 

material I set out to explore in my role of designer-maker-researcher; the other is related to 

the role of the (transformed) material, and particularly its capacity for movement, as part of 

further assemblages, emerging both in the context of the studio where the material is explored 

and eventually in further contexts where the material could find itself. 

 

                                                        
34 Twist density – i.e., the number of turns per unit length – can be seen as an intensive property, since 
when dividing a monofilament segment with a specific twist density (e.g., 1000 t/m) in two, the 
concentration of turns in each part does not change after the division is made (i.e., both parts maintain 
1000 t/m). 
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Chapter 5: Methodology  
This chapter considers the influence that the philosophical discourse on matter's inherent 

activity and morphogenetic resources has on the epistemological approach adopted in the 

exploration of the kinetic potential of nylon monofilament, underpinning and motivating the 

practical work. The notion of “bricolage” is considered to describe the adopted 

methodological approach, supporting and promoting the emergent and interdisciplinary 

nature of the components of this practice-based research. The chapter goes on to discuss 

making and creative practice as ways of knowing and introduces the two making modalities 

adopted in this exploration, one being intuitive, improvisatory and open-ended and the other 

structured, targeted and planned. 

The neo-materialist view towards which the accidental event described in Chapter 3 drew my 

attention, through the philosophical discourse on the intrinsic activity of matter that it entails, 

provides an ontological perspective that both underpins and motivates the epistemological 

approach that this exploration adopts.  

DeLanda states that ontologically enhancing the world’s properties with capacities and 

tendencies entails an epistemological change that does away with “passive observation”. 

Referencing Ian Hacking’s work Representing and Intervening (1983), DeLanda explains that 

in such an understanding of the world,  

… gaining knowledge about objective entities involves creating representations of 
them as possessors of a set of properties, as well as performing interventions on them 
with the aim of forcing them to manifest their tendencies, or of getting them to interact 
with a variety of other entities so that they exhibit their full repertoire of capacities 
(DeLanda, 2013, p.viii; italics in original). 

Shaping my approach to material exploration through such a conceptualisation of matter, and 

in particular considering the potential and relational nature of material capacities, the space 

for creative material inquiry is expanded. Exploring a material with the purpose of revealing 

its potential becomes thus about “performing interventions” that would allow its tendencies to 

be manifested, and instantiating “other entities” – operating across scales – which can affect 

the material in relevant ways, consequently allowing not-yet-actualised material capacities to 

be exercised. Equipped with these conceptualisations, the present research becomes 

concerned with exploring:  
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• how mechanical and thermal interventions in nylon monofilament can allow the material 

to manifest its tendencies, giving rise to morphological properties carrying kinetic 

capacity; and  

• what entities and interactions allow for such kinetic capacities to be displayed.  

Not-yet-actualised kinetic capacities emerging in nylon monofilament through this exploration 

are expected in turn to eventually offer opportunities to affect entities interacting with the 

material in unforeseen ways.  

5.1. A bricolage approach to material exploration 
The design of this exploration is not firmly defined in advance; rather, it arises through the 

exploration itself, as it evolves. While I move towards an aim – and above all, I am moved 

towards it by the strong motivation of experiencing the material's motion – the direction of 

travel shifts and adjusts itself as the inquiry progresses. With every experience, inspiring 

concept and piece of information I stumble upon in my search, the specific questions I ask 

and the way in which I decide to approach them are moulded, reshaped, varying in 

consistency and flavour, but always offering a wider and richer view of the focus of my 

exploration. 

Cross-disciplinarity is a core constituent of the ArcInTexETN programme. It lies in its 

foundations and motivations; its research programme encourages the exploration of the 

“possibilities and consequences” of new materials and technologies introduced by the natural 

sciences and engineering “for the design of our future living environments” (ArcInTexETN, 

n.d.). While partly inherited from this context, inhabiting disciplinary boundaries is inherent to 

the nature of this exploration. It builds on the discovery of nylon coiled actuators, originating 

in field of material science, and borrows techniques and methods linked to this development 

in order to take them out of the context of the material science lab and place them in the 

environment of the design studio, with the intention of interrogating them from a textile design 

perspective. Furthermore, the direct encounter with nylon coiled actuators through practice, 

as described in Chapter 3, while revealing a previously concealed potential of these 

actuators, motivated me to delve into the philosophical discourse on matter's inherent activity, 

offering inspiring and fertile conceptualisations of materials and processes which have not 

only permeated the practical approach to the exploration but have also supported reflection 
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on and articulation of the work. Hence, the building blocks and resources brought into this 

exploratory work are varied, and stem from diverse fields and domains of knowledge. Figure 

8 provides an overview of the components of this research. 

The notion of “bricolage” (Lévi-Strauss, 1962) offers a methodological framework (Kincheloe, 

2001; Denzin & Lincoln, 2011) suitable for celebrating both the synergies and tensions which 

arise between the diverse components of the research, while at the at the same time 

supporting the emergent nature of its design. Bricolage methodologies have been introduced 

in the social sciences to describe approaches that bring together multiple and diverse 

methods, theories and philosophical understandings to advance an inquiry (Kincheloe, 2001, 

p.682). 

Bricolage approaches to research respond to an acknowledgement of the limits of the 

objectivity and universality of knowledge, as traditionally claimed by the hard sciences, as 

well as the recognition of the reductionism that may arise from single-method, discipline-

bounded approaches (Kincheloe, 2001, p.681-2). Hence, bricolage operates across 

disciplinary boundaries, allowing new connections and synergies to be created between 

different ways of seeking and generating knowledge.  

The particular components with which the bricolage is constructed are carefully chosen from 

those available to the researcher, in conscious consideration of what best serves the research 

situation (Kincheloe, 2001, p.686). The bricolage is thus deeply influenced by the 

circumstances and context of the research and has an emergent nature.  Bricolage welcomes 

the creation of new conceptual and methodological instruments, if required by the research 

situation (Denzin & Lincoln, 2011, p.4), thus being overtly articulated around “notions of 

eclecticism, emergent design, flexibility and plurality” (Rogers, 2012). 

“[L]earning from difference” is one of the cornerstones of a methodological bricolage. 

Tensions, frictions and synergies exposed through the dynamic interaction between the 

multiple and diverse components are encouraged and praised in the practice of bricolage, 

for they are capable of contributing broader, more complex understandings (Kincheloe, 2001, 

pp.686-7). Hence, the nature of the knowledge arising from a bricolage approach is shaped 

by the particular combination of viewpoints from which the bricolage is constructed, as well 

as the way in which the dynamic interaction between these is addressed (Kincheloe, 2001, 
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p.682). A bricoleur acknowledges the complex dynamics embedded in the act of 

researching, and concedes that knowledge is “always in process, developing” (Kincheloe, 

2001, p.688). 

The notion of bricolage has made its way into design as a suitable metaphor to describe its 

activity (Louridas, 1999), and into conceptualisations of the practice of interaction design 

(Vallgårda & Fernaeus, 2015); both build on the original use of the term by Lévi-Strauss 

(1962). Furthermore, bricolage methodology has also been applied in practice-based design 

research in textiles (Philpott, 2011). 

5.2. Making and knowing 

Making constitutes one of the key components of the bricolage through which this material-

led research is advanced. The motivations underlying this methodological choice are 

intimately linked to my background as textile designer-maker and to the programmes in which 

this research is located – i.e., ArcInTexETN and Textiles at the Royal College of Art. Ultimately, 

however – although tacit at the outset of the research – this choice responds to my intrinsic 

way of learning about and understanding the world. 

Making, as performed in the crafts, relies on perceptual involvement with materials and tacit 

processes of materialisation of human values and emotions (Niedderer & Townsend, 2014). 

Making has been described as a way of thinking through materials and processes (Ingold, 

2013), and a way of understanding how things work (Dormer, 1997, p.18). It constitutes a way 

of learning by doing, learning through one’s own experience.  

The knowledge that is both applied and acquired through making is partly explicit – i.e., 

related to technical parameters of materials and processes – but to a greater extent it is 

implicit, or tacit (Dormer, 1997; Niedderer & Townsend, 2014). Tacit understanding is gained 

intuitively through perceptual processes arising from practice and experience; it manifests as 

skill or know-how in the practice of a discipline, and by definition cannot be verbally 

articulated (Polanyi, 1966).  

 Not being explicitly communicable, tacit knowledge presents a challenge when used in 

research since – evading explicit justification and discussion – it falls outside the traditional 
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criteria for rigour in research, which rely on propositional (explicit) knowledge (Barrett, 2007; 

Niedderer & Roworth-Stokes, 2007; Niedderer & Townsend, 2014). However, used as a 

research method, creative practice presents opportunities to precisely make such tacit 

knowledge explicit, providing understandings that would otherwise be inaccessible to 

research (Niedderer, 2007, in Niedderer & Roworth-Stokes, 2007; Barrett, 2007).  

Creative practice has emerged in the past two decades as an alternative paradigm for the 

generation of knowledge, and presents characteristics which are distinctive from those of 

models traditionally used in scientific and humanities research (Barrett and Bolt 2007, 2013). 

Barrett suggests that the main strengths of research through creative practice should be seen 

precisely in what makes it different to traditional research approaches, namely its reliance on 

personally situated and experiential knowledge, the emergent character of its methodologies 

and the interdisciplinary location of its field of inquiry (Barrett, 2007, p.1-13). Barrett further 

points out the critical role of theoretical and philosophical frameworks to contextualise the 

knowledge that is revealed and acquired through practice, stressing the intimate connection 

that theory and practice have in practice-based research (Barrett, 2007, p.1). 

As a mode of inquiry, creative practice relies on the application and generation of experiential, 

tacit knowledge, and provides ways of making it accessible thorough documentation and 

reflection. Such a shift towards the acceptance of experiential knowledge as a legitimate type 

of understanding for its application and apprehension in research can be seen to be enabled 

by the contemporary move away from the prevailing Cartesian dualism towards an 

acceptance of the body and experience as sources of knowledge (Barrett, 2007; Niedderer 

& Townsend, 2014). 

The emergent nature of the methodologies used in research through creative practice is 

linked to the subjective nature of the approach (Barrett, 2007). Drawing on Heidegger’s notion 

of “praxical knowledge” and Ihde’s elaboration of the idea through the concept of “technic”, 

Barrett explains that the nature of knowledge acquisition is inherently emergent, as it arises 

from our physical involvement with the world, only subsequently evolving into ideas and 

theories. Barrett further suggests that since the “material processes” through which 

knowledge emerges are based on the tacit dynamics of practice, the specificities of such 

processes cannot be defined in advance (Barrett, 2007, p.6). 
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Grounded in theories of experiential learning (Kolb, 1984, cited in Barrett and Bolt, 2007), or 

“learning by doing”, creative practice as a form of inquiry follows a model of knowledge 

production based on action and reflection on that action (Barrett and Bolt, 2007). 

The early stages of this exploratory research already enabled me to explicitly appreciate the 

generative potential of my practice, motivating me to seek it further as a pathway towards the 

emergence of new understandings concerning the kinetic potential of nylon monofilament. As 

presented in Chapter 3, the looped kinetic morphology that unexpectedly emerged in the 

monofilament through hands-on engagement with nylon coils had a profound influence on the 

redefinition of the focus and objectives of the research. Furthermore, this event not only 

pointed to the relevance of considering the philosophical discourse on the inherent activity of 

matter and its morphogenetic resources in the conceptualisation of elements of the 

exploration, but also suggested an opportunity to explore design-making strategies inspired 

by the bottom-up, processual nature of the emergence of the accidental morphology in 

subsequent stages of hands-on involvement with the material, as will be described in the 

following section of this chapter. The emergent nature of knowledge was also exemplified 

through the understandings stemming from this event, which were made explicit through 

reflection on the practice itself, as well as on its outcomes, and articulated through concepts 

and notions which the philosophical discourse on the morphogenetic potential of matter 

provided. Hence, the outcomes of this event influenced and shaped the conception of 

subsequent stages of exploration.  
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[Ingold, 2013]
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5.3. Intuitive and structured practice 
My practice in this exploratory research adopts two distinct modes, one of which is intuitive, 

improvisatory and open-ended – addressed in Chapter 6 – and another which is structured, 

targeted and planned in advance – addressed in Chapter 7. These two modes arise in 

response to different motivations, and serve different purposes within the exploratory process. 

The intuitive, unbounded exploration follows directly from the emergence of the accidental 

morphology, described in Chapter 3, and aims at revealing the potential of nylon 

monofilament to exhibit its kinetic capacity. As such, it seeks to uncover opportunities for the 

emergence of monofilament morphologies carrying kinetic capacity. The structured 

exploration arises from the need to reproduce the morphologies that emerged; it seeks to 

acquire a deeper understanding of formation processes, with the aim of reaching an initial 

stage of formalisation.  

Likewise, these two modalities differ in the type of understanding which they put to work and 

which they generate, as well as in the way making is implemented – varying in the degree of 

constraints applied and the extent to which it is guided by perceptual processes or by values 

provided or determined in instruments and devices.  

What these two modalities share, however, is their emergent nature: the particular methods 

through which the practice is carried out in each modality arise from the interaction with the 

material, processes and tools, and are shaped by this interaction, evolving in the pursuit of 

broadening and deepening understandings that emerge in the interplay between intuitive and 

structured approaches to the material.  

5.3.1. Intuitive, improvisatory and open-ended exploration 

This making modality constitutes a spontaneous and unbounded dialogue with the material 

that arises from direct engagement with nylon monofilament and techniques for its 

transformation into the coiled form. It relies on my previous experience of handling materials, 

tools and processes and hinges on enhanced attention to sensorial inputs and perceptions.  

In this modality, I provide a premise, an intention, as a trigger to initiate the transformation of 

nylon monofilament. However, it is in intuitive and spontaneous dialogue with the material, in 
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that space between my intentions, desires and expectations – instantiated through forces and 

energies – and material flows, that form emerges in the monofilament.  

The exploration thus consists in “try[ing] things out” in the material “and see[ing] what 

happens” (Ingold, 2013, p.7) – seeing which forms it adopts and how it performs and behaves 

– and incorporating this information into subsequent actions. It is a process of experiential 

learning carried out through acute sensorial awareness and perception of material cues.  

Ingold proposes to think of making as a “confluence of forces and materials” through which 

form is generated, i.e., to regard making as a “morphogenetic” process (Ingold, 2013, p.22). 

By abandoning control over the making process, and allowing forces, energies and material 

flows to come into play, my practice adopts such a “morphogenetic” approach to making. 

Improvisation and spontaneity are core elements of this making modality. Being perceptually 

receptive, I perform interventions in the material, continuously adjusting my actions to its 

response, and anticipating how this response may evolve, as the material is mechanically and 

thermally affected. Such a process of improvisation has been described by Schön as a form 

of “reflection-in-action”, where practitioners are “thinking what they are doing and in the 

process evolving their way of doing” (Schön, 1983, p.56). Intuition and surprise have also 

been described by Schön as components of the process of reflection-in-action: 

When intuitive, spontaneous performance yields nothing more than the results 
expected for it, then we tend not to think about it. But when intuitive performance leads 
to surprises, pleasing and promising or unwanted, we may respond by reflecting-in-
action (Schön, 1983, p.56). 

Building on Deleuze and Guattari's argument, mentioned in Chapter 4, Ingold suggests that 

improvisation happens when we “follow the materials”:35 while responding to matter that is 

active, in constant fluctuation, we improvise in an attempt to align our actions to the occurring 

variations, and in anticipation of what is going to happen next (Ingold, 2010). Hence, this 

process involves “continual correction, in response to an ongoing perceptual monitoring of 

the task as it unfolds” (Ingold, 2006, pp.76-7, in Ingold, 2010). In Ingold's view, making in an 

intuitive, improvisatory mode constitutes a way of “thinking through making”, where 

                                                        
35 Ingold reworks Deleuze and Guattari’s assertion that “matter-flows can only be followed” (Deleuze 
and Guattari, 1987, p.477; italics in original) into “a simple rule of thumb: to follow the materials” (Ingold, 
2010; italics in original). 
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… the conduct of thought goes along with, and continually answers to, the fluxes and 
flows of the materials with which we work. These materials think in us, as we think 
through them (Ingold, 2013, p.6). 

Working in such a spontaneous, improvisatory and unbounded way, surrendering control, as 

practitioner, over the making process and relying on a close perceptual dialogue with the 

material, creates the space within my practice for the material – an element external to myself 

– to express itself within the making. Hence, by allowing another “voice” to come into play in 

the making process the potential for unexpected, generative outcomes to emerge from my 

practice is broadened (Piñeyro, 2019). 

The rationale for the exploration in this modality is inspired by the bottom-up, unbounded 

nature of the accidental event leading to the emergence of the looped morphology in the 

monofilament. Rather than predefining goals in terms of the specific forms to be created in 

the monofilament, this exploration sets out to reveal relevant ways of intervening in the 

monofilament and affecting it through forces and energies, comprised of mechanical 

transformations and thermal treatments, which have the potential of leading to unforeseen 

form-features with kinetic capacity. Hence, the focus is on processes of transformation rather 

than on achieving specific forms. The underlying aim of uncovering the monofilament's 

capacity to display heat-responsive kinetic behaviour additionally motivates me to explore 

relevant ways in which emerging morphologies can interact with heat, instantiated in a variety 

of forms. 

Making techniques focus on the twisting, coiling and reshaping of coils (through various forms 

of stretching) and heat setting processes. Visual methods such as photography and video 

recording are used to document the resulting physical samples, their kinetic behaviour and 

specific instances of the explored transformation processes. Writing is used to document 

transformation processes through recollected descriptions, supported by the visual material 

gathered and the physical samples produced. The use of these methods and the way they 

support reflection and analysis is addressed in Chapter 6. 

The impossibility of spontaneously reproducing the emergent morphologies in a consistent 

way when working intuitively motivated me to undertake a structured and targeted exploration 

with the aim of further describing and formalising formation processes for kinetic 
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morphologies, so that these would become available for further use, both within and beyond 

this research.  

5.3.2. Structured, targeted exploration 

While transformation processes are not scripted in advance when engaging with the material 

intuitively, analysis of, and reflection on, this engagement provide initial descriptions of 

transformations and enable the identification of relevant transformation parameters, which 

become the basis for the structured exploration. Likewise, while the intuitive approach holds 

no expectations regarding resulting forms, once revealed these become sorts of “blueprints” 

or models, providing referent forms which the structured exploration addresses. Hence, this 

modality approaches known processes and forms and expected behaviours, seeking to gain 

deeper understanding of each of them and their relation. 

With the intention of achieving a higher degree of accuracy and repeatability in the execution 

of operations, I incorporated a set of tools and devices to the working set-up that allowed me 

to determine and record values for formation parameters. The formalisation of formation 

processes was subsequently carried out through two intimately linked processes:  

• translation of intuitively executed operations – relying entirely on perceptual 

assessment of material cues and performed with the initial set of tools – into an 

execution supported to a large extent by values provided by or determined through 

tools and devices; 

• tuning of formation parameters, consisting of the identification of parameter values 

producing morphologies with the capacity to perform reversible heat-responsive shape 

change, with readily perceptible amplitude and speed. 

These processes make use of a range of methods, including close reading of related 

literature, recreation of transformation processes supported by active documentation (de 

Freitas, 2002), identification of parameter values through trial and error and testing. The 

translation and tuning processes, and the methods they involve, are further described in 

Chapter 7 and Appendix B. 

The structured exploration offers a way to address questions that arise during my intuitive 

engagement with the material. It provides insights into the morphologies that intuitively 

emerged, and a deeper understanding of the processes they result from. While for each 

morphology, the two exploratory modalities inevitably imply an initial chronology, these do not 
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constitute distinct stages of a linear process but instead often overlap, running parallel to 

each other at several points in time. It is in the interplay between these intuitive and structured 

modalities that a broader understanding of how nylon monofilament may acquire and exhibit 

its kinetic capacity has emerged from this research. 

This chapter has introduced the methodological approach to the exploration of the kinetic 

potential of nylon monofilament, articulated through the notion of bricolage. It has described 

the epistemological implications of the neo-materialist ontology inspiring the work and 

considered aspects of research through creative practice relevant to this research. Lastly, 

the intuitive and structured exploratory modalities deployed were introduced. The next 

chapter addresses the intuitive approach to the exploration of the kinetic potential of nylon 

monofilament. 
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Chapter 6: Revealing monofilament 
morphologies with heat-responsive 
kinetic capacity 
This chapter presents the intuitive, improvisatory, open-ended approach to the exploration of 

the kinetic potential of nylon monofilament. It introduces the identification of a strategy of 

sequential combination of transformation techniques, emerging from my direct engagement 

with the material and eventually incorporated as the main exploratory route. Transformation 

processes giving rise to a set of monofilament morphologies with kinetic capacity, some of 

them not previously revealed, are described, as well as the heat-responsive behaviour of 

these morphologies under specific conditions. A principle for the activation of monofilament 

morphologies is further identified. 

6.1. Morphogenetic approach to the transformation of 
nylon monofilament 
This exploration is motivated by the accidental emergence of the looped kinetic morphology 

in the monofilament (Chapter 3). Prompted by the questions triggered by this event, I set out 

to explore relevant ways in which basic coiled structures can be modified through mechanical 

transformation and thermal treatments, with the expectation that new monofilament 

morphologies with kinetic capacity would emerge. Relying on the underlying idea that the 

type of movement that a monofilament morphology performs is related to its structural 

features, as discussed in Chapter 3, I expected different morphologies to be able to display 

alternative heat-responsive behaviours. 

Focusing on processes of transformation, specific monofilament forms are neither predefined 

nor expected. Rather, these emerge in the interplay between the material, forces and 

energies, the latter two instantiated through my interventions, driven by intentions, desires 

and expectations. Similarly, while building on existing modification techniques used for the 

formation of basic coils – i.e., twisting, coiling, heat treatments – transformation processes are 

not scripted in advance but arise from spontaneous interaction with the material, forces and 

energies involved. 
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Working in an intuitive, spontaneous and improvisatory way leads to the emergence of an 

initial set of monofilament morphologies with heat-responsive kinetic capacity. Recollection of 

transformation processes and analysis of resulting samples enabled me to identify a common 

strategy giving rise to these morphologies: the sequential combination of transformations, 

such as twisting, coiling and stretching of coils. While combinations of transformations are 

already present in the accidental event that motivates this exploration, as well as in the two-

ply twist-induced coils already described in the literature (see Chapter 3), it is through the 

emergence of further examples that I am able to identify the combination of transformations 

as a generative exploratory strategy with the potential to give rise to further morphologies with 

kinetic capacity. Thus, this combinatory strategy stems from the exploration itself and 

becomes gradually incorporated into its premise, ultimately guiding most of the 

transformation processes explored. 

In discussing playful, unbounded studio practice, Philpott explains that its potential to lead to 

innovative outcomes relies on the ability of the practitioner to mute the fear of failure and 

regard “mistakes as springboards” capable of opening up new cycles of work (Philpott, 2011, 

p.48). The exploratory nature of my engagement with the material, together with the lack of 

expectations regarding particular forms, diluted the sense of failure, promoting a risk-taking 

attitude that made space for mistakes and chance to arise within my practice, becoming 

creative opportunities. Working with a low-cost, readily available base material contributed to 

removing the unease or anxiety created by the possibility of damaging samples. Allowing 

unrestricted time for the making sessions reinforced a focus on the process rather than on its 

outcomes, and a dedicated working space provided freedom and a boundless context in 

which improvisatory practice could arise. 

6.1.1. Methods, materials and tools 

The twisting and coiling set-up, materials and tools described in Chapter 3 (Figure 3) and 

Appendix A, section A.1, were further used in this exploration. The heat-responsive behaviour 

of the emerging morphologies was explored using hot air applied with a heat gun, hot water 

and a hot plate. Several activation set-ups – understood in this thesis as combinations of the 

disposition or arrangement of the sample and the medium or means through which heat is 
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supplied – were explored and will be described separately for each case.36 Within the 

spontaneous and improvisatory practice, the flexibility afforded by the working environment 

of the design studio-workshop enabled the adoption of artefacts at hand as improvised 

instruments to assist with the varied operations involved in the emerging processes of 

transformation and testing of the behaviours of the samples. 

Photography and video recording were used to document specific instances of 

transformation processes as well as the formal qualities and heat-responsive behaviour of 

resulting morphologies. While introduced with this purpose, during the process photography 

and video recording revealed their value as explorative tools and triggers for imagination and 

idea generation. They provided an alternative way in which to interrogate the expressive 

qualities of samples, in terms of both their static and their dynamic features. Attempting to 

capture the expression of a sample often elicited my curiosity, provoking new questions 

regarding its kinetic potential. In turn, these questions would prompt me to envision further 

interventions to try out or generate ideas concerning potential future applications for the 

morphologies. Looking through the still and moving images became another way of 

understanding what each morphology was capable of offering in terms of its expressive 

qualities. 

Likewise, editing of video recordings – adopted with the pragmatic purpose of creating short 

clips of the behaviour of the samples – soon showed its role in eliciting ideas and imagination 

and supporting reflection. The act of selecting what to show and what to eliminate, where to 

cut and which clips to combine to describe the behaviour of a sample had the unexpected 

effect of foregrounding the tacit ideas and expectations I had regarding the material. Video 

editing became an alternative way of thinking through making – in this case, making with 

digital materials and tools, rather than physical ones. The resulting short movies 

(accompanying material) can thus be seen as partial and subjective stories, which 

encapsulate my preferences and expectations within the dynamic qualities of the material. 

                                                        
36 Not all samples were tested in all the activation set-ups; instead, activation set-ups for each sample 
were chosen intuitively, as part of the process of trying things out in the material. Some samples 
underwent more trials than those presented here, but the latter are those displaying behaviours that I 
considered most appealing.  
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Ultimately, these movies serve the purpose of communicating and sharing these stories about 

the kinetic potential of the monofilament. 

Transformation processes were initially documented through recollected descriptions, 

supported by the examination of the visual material gathered and the resulting physical 

samples. These processes were subsequently recreated in order to confirm the accuracy of 

the descriptions. The visual and textual materials that were gathered supported the 

description of the heat-responsive shape change performed by each morphology, as well as 

the analysis and description of the relation between this shape change, the geometry of the 

morphologies and the transformations from which they arose. Structured exploration (Chapter 

7), eventually clarified and expanded my understanding of the processes of modification of 

the monofilament and aspects of their influence on the resulting morphologies and their 

behaviour. In some cases, these understanding have been incorporated in the descriptions 

offered in this chapter, in as much as they support the presentation of the emerging samples.  

6.1.2. Criteria for the selection of samples and activation set-ups 

While the work did not aim at producing specific formal outcomes, reflecting on the formal 

qualities of the morphologies that emerged enabled me to identify certain aspects of a tacit 

selection criterion which had possibly led me to pursue a certain type of morphologies rather 

than others, while also influencing the emergence of the combinatory transformation strategy 

mentioned earlier.   

Following what is, to me, visually appealing and pleasurable to experience, I was implicitly 

favouring intricate shapes and structures, where some kind of order or visual rhythm prevailed 

in the repetition of detailed component elements, but which at the same time offered enough 

differentiation between elements to be engaging and not monotonous.  

In retrospect, I also identified the pursuit of what was to me intriguing, surprising or elicited 

my curiosity, motivating me to favour, in the first instance, samples for which the exact process 

of transformation was not immediately evident when observing their structure. This led me to 

initially disregard some samples for their formal qualities, or even not pursue certain 

transformation processes in anticipation of the “uninteresting” structure they would produce, 

which eventually proved to offer surprising shape change opportunities. 
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Rather than aiming at creating specific behaviours with emerging morphologies, the work 

intended to find out the type of shape change that each morphology was able to perform and 

the conditions under which these changes could be displayed. Nevertheless, with the 

expectation of finding alternative behaviours for monofilament morphologies, I implicitly 

favoured movements that were displayed in multiple dimensions, going beyond the linear 

stroke for which basic coiled actuators are generally used. Additionally, expecting 

monofilament morphologies to eventually provide opportunities to design expressive 

behaviours, I looked for movements that were readily perceptible, displaying relatively large 

amplitudes and fast speeds.  

6.1.3. Structural hierarchy of the emerging morphologies 

The notion of the “structural hierarchy” of a material refers to the arrangement of component 

elements into distinguishable structures at different levels of scale (Lakes, 1993). The main 

implication of this concept is that the particular structure at lower hierarchical levels (i.e., lower 

scales) influences the properties of higher structural levels. Textiles have been described as 

hierarchical structures, with fibres corresponding to the lowest level of the hierarchy (Lomov, 

Huysmans and Verpoest, 2001); and hierarchical design has been suggested and applied 

as a means to design shape change in textiles (e.g., Kapsali et al., 2013; Scott, 2013; Abel, 

2014). 

Morphologies resulting from cumulative instances of transformation present nested forms that 

can be seen to determine a specific structure at the different levels generated by successive 

modifications of the monofilament. I will use the notion of the structural hierarchy of the 

material to refer to the different structural levels in the morphologies. As intended in this 

research, the structural levels of kinetic morphologies are not formed by differentiated or 

discrete elements, but rather by one continuous element (the monofilament), which 

undergoes form “divisions” at each instance of transformation. The arrangement of these form 

divisions can be seen to generate a recognisable structure at each level in the morphologies. 

Furthermore, the differentiated structures introduced in the monofilament by each instance of 

transformation take place on the same scale (macro). Acknowledging these caveats in the 

interpretation, the notion of the structural hierarchy of a material remains relevant, given that 
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these structural levels are expected to influence the heat-responsive shape change of the 

morphologies.37 

In order to denote the levels of transformation giving rise to each morphology,38 I will apply 

the terminology used to describe hierarchical order in materials and structures (Lakes, 1993), 

taking the straight monofilament as level 0.39 Hence basic coils (i.e., twist-induced and 

mandrel coils) are considered second-order structures, since they comprise two structural 

levels (i.e., the twisted monofilament and the coiled shape), arising from two instances of 

transformation (twisting and coiling). Morphologies resulting from one additional instance of 

transformation of basic coils will be considered third-order structures, and those resulting 

from two additional instances of transformation of basic coils will be referred to as fourth-order 

structures.  

Third-order structures spontaneously arising from hands-on involvement with the material 

include: (a) twist-induced coils that were further twisted; (b) twist-induced coils that were 

further coiled; and (c) mandrel coils whose geometries were reshaped through stretching. As 

a result of the process of exploring the actuation of a third-order morphology, a fourth-order 

structure emerged: (d) reshaped mandrel coils that were further twisted. Additionally, a fifth 

type of morphology arose as a by-product of failed twist-induced coils: (e) random 

morphologies, which can also be considered second-order structures. 

After several practice sessions rendered a considerable number of morphologies, analysis 

and organisation of samples made explicit that not all possible combinations of twisting, 

                                                        
37 It is, however, worth noticing that the structural hierarchy of nylon monofilament, and its relation to the 
particular thermal-expansion properties that drive the actuation mechanism of nylon coils, can indeed 
be described in the strict sense of the notion of structural hierarchy, if the molecular structure of the 
polymer is considered. The semi-crystalline molecular structure of highly drawn polymers provides large 
anisotropic thermal expansion, which in nylon monofilament manifests as thermal contraction in the 
direction of the fibre and thermal expansion in the radial direction; and it is this anisotropic thermal 
expansion that can be found behind the untwisting of the monofilament driving the linear actuation of 
nylon coils (Haines et al., 2014b). 
38 The instances of transformation considered in this description are mechanical ones, implemented 
through twisting, coiling and stretching of coils. Even though thermal processes clearly enable the 
monofilament to permanently adopt a specific shape, these are not the main processes providing the 
forces that lead to the formation of a shape in the monofilament. Nevertheless, in some cases, stretching 
of coils is performed in combination with heat. 
39 “[H]ierarchical order” refers to the “number […] of levels of scale with recognized structure”; at level 
0, “the material is viewed as a continuum for the purpose of analysis of physical properties” (Lakes, 
1993). 
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coiling and reshaping of coils through stretching had been spontaneously pursued. A tree 

diagram was eventually used to comprehensively identify combinations of the transformations 

considered (Figure 9).  

Tree diagrams are suitable tools for visualising combinatorial situations (Batanero, 1997, 

pp.239-52), as well as to organise and structure hierarchical information (Johnson, 1993, 

p.277). This hierarchical nature of tree diagrams makes them an adequate tool to represent 

sequential information, allowing the “tracing backward” of the common origins of elements 

situated at the tree's edges, or “twigs” (Baum et al., 2005). Hence this tool provides a means 

to comprehensively identify potential combinations of twisting, coiling and reshaping coils, 

while at the same time providing a visualisation tool to represent the sequential nature of 

transformation processes, enabling me to “trace backward” the structural “identity” of the 

resulting morphologies: following the path from one morphology to the original monofilament, 

a transformation process is depicted. The transformations tree (Figure 9), as presented in this 

chapter, constitutes a first instance of the diagram, and focuses on the identification of 

morphological families: i.e., morphological structures arising from the same sequence of 

transformations.40 

This initial version of the transformations tree supported the identification of a new 

morphological family: (f) twisted mandrel coils, whose formation and behaviour were 

subsequently explored in an intuitive way. The tree also depicts two morphological families 

not mentioned earlier, but which had been spontaneously pursued: (g) reshaped twist-

induced coils, and (h) coiled mandrel coils. Attempts to reshape twist-induced coils and to 

coil mandrel coils had not produced consistent structures, and were thus not followed 

further.41  

 

 

                                                        
40 An extended version of the diagram was subsequently elaborated incorporating understandings 
arising from the analysis of samples resulting from the present working modality and considering 
individual structures within each morphological family (Chapter 7, Figure 42). 
41 Reshaped twist-induced coils seemed to require very high temperatures to be formed, and it was not 
possible to obtain evenly reshaped samples, since areas of the structures were melted in the process. 
Geometries resulting from coiling mandrel coils were not consistent enough across trials to identify them 
as specific morphological structure. 
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Figure 9. Identification of morphological families resulting from combinations of twisting, coiling and 
reshaping of coils.  
 
 

6.2. Transformation processes and resulting morphologies 

This section presents the transformation processes explored, the morphologies they gave 

rise to and their heat-responsive behaviour. The accounts offered are the result of subsequent 

analysis of these elements, and focus on understanding the relation between them. The order 

in which processes are presented follows from the sequential character of the techniques 

employed.42 Trials for twisted twist-induced coils are presented in detail, whereas the 

remaining transformations and emerging morphologies are only briefly introduced, 

accompanied by descriptive images and a summary table of the heat-responsive behaviour 

of the morphologies in relation to the relative direction of their structural levels; detailed 

descriptions for these trials can be found in Appendix A, section A.2.  

 

                                                        
42 Given that twisting necessarily occurs prior to coiling in the formation of both types of basic coils, and 
reshaping can only be performed in previously formed coils, when organising consecutive stages of 
transformation twisting has been considered first, followed by coiling, and lastly, reshaping. 
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6.2.1. Twisting twist-induced coils 

Two-ply structures were formed by inserting twist into single twist-induced coils and 

subsequently joining both ends, allowing it to fold into itself, forming a snarl: twist insertion 

generates twist liveness in the coil, causing it to spontaneously twist in the direction opposite 

to the inserted twist, when both ends are brought together.43 

Sample 9-A (Figure 10; movie 2) was created from a twist-induced coil formed by inserting a 

Z-twist44 into 0.45mm Ø monofilament. The twist subsequently inserted into the coil followed 

the S direction, resulting in a folded structure with Z-turns. In order to lock the folded shape, 

both ends of the second-order coil were fastened together at the end where they meet using 

a crimp tube. A close-up view of the sample reveals a crimped texture on its surface, given 

by the slight opening of the second-order coil rings, as each strand of the coil bends slightly 

while twisting around the other strand. 

 

  

Figure 10. Twisted twist-induced coil (sample 9-A). 
 

Folded twist-induced coils are generally investigated and applied for their greater strength 

and ability to lift heavier weights than single twist-induced coils (e.g., Hiraoka et al., 2016; 

Saharan et al., 2017) and also as a way of balancing the residual torque resulting in twist-

                                                        
43 Snarling is a common behaviour in twisted yarns, very much avoided in post-spinning processes 
within the textile industry, with exception of the production of fancy yarns. Snarls are caused by “twist 
liveness”, which is the tendency of twisted yarns to untwist due to residual torque generated during 
spinning or twisting. When a yarn presenting twist liveness is given enough slack and both ends are 
held, preventing it from untwisting, the yarn folds into itself, “spontaneously twisting in the opposite twist 
direction”, thus forming a snarl, in what is called the “torsional buckling effect” (Primentas, 2003).  
44 In textiles, the direction of the twist in yarns is indicated with the letters “S” and “Z”. This nomenclature 
is based on the transversal orientation resulting in the fibre-bundle after twisting, which follows the 
orientation of the diagonals of the letters used (see Figure 66, left, p.161). I will employ this nomenclature 
to indicate the direction of the different structural levels in morphologies resulting from transformations 
that provide chirality to the structure (i.e., twisting and coiling). Assuming a vertical position where the 
bottom end of the monofilament strand being twisted is fixed, S-turns result from rotating its top end 
leftwards, whereas Z-turns result from rotating it rightwards (see Figure 66, right, p.161). 
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induced coils from the coiling process itself. This creates balanced actuators that contract 

when activated from a stretched state, being suitable for integration into braids and woven 

structures, preventing the constructed textiles from spiralling (Haines et al., 2014); which is 

one of the main problems caused by twist liveness (Primentas, 2003). 

 

   

   

Figure 11. Twisted twist-induced coil (sample 9-A) untwisting during thermal activation with one 
anchored end and receding towards its original shape at room temperature (movie 2). 
 

 

 



 71 

While this morphology did not initially attract my attention, given that it is already known, its 

interest was revealed when testing its heat-responsive behaviour in a relaxed, non-stretched 

state, with the sample both lying over a support surface and hanging from a clamp from one 

end, and applying heat with the heat gun. The sample responded to heat by untwisting itself 

(Figure 11) in a smooth swirl, which was on some occasions interrupted by sudden, faster 

rotations, possibly caused by the untangling of a turn. These qualities were also present in 

the recovery of the sample's shape, as the heat was removed. The amplitude of the displayed 

trajectory was broader when the sample hung from the clamp than when it laid over the 

surface. The speed at which the sample untwisted increased with the increment of the 

temperature (i.e., when I placed the heat gun closer to the sample); and the heat-induced 

untwisting was generally faster than the receding shape change. 

In an attempt to reproduce this structure after the sample melted during further trials, I 

inadvertently used a coil previously formed by inserting an S-twist into the monofilament. I 

replicated the folding process, inserting an S-twist into the coil, allowing it to fold into itself, 

forming a two-ply structure with Z-turns (sample 9-B). 

  
 A. B.   

Figure 12. Direction of the second and third structural levels of twisted twist-induced coils. A. Second-
order coils formed by inserting a Z-twist (sample 9-A; left) and an S-twist (sample 9-B; right) into the 
monofilament. B. Third-order folded structures with Z-turns, formed by inserting an S-twist in the Z-coil 
(sample 9-A; left) and the S-coil (sample 9-B; right). 
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Testing the structure's response to heat with one clamped end showed that instead of 

untwisting, the new sample slightly twisted itself further, gaining approximately two turns 

(Figure 13, movie 3). While the quality of the heat-responsive movement seemed to be smooth 

and fluid, the air flow through which heat was supplied to the sample overlaid a vibratory 

movement that interfered with the full appreciation of the smooth torsion. As the sample 

gained turns, its orientation in relation to the vertical axis shifted – possibly due to the uneven 

contraction of the two strands forming the third-order structure – increasing the amplitude of 

the swirling movement. Figure 12 compares the direction of the second and third structural 

levels in samples 9-A and 9-B. 

 

   

   

Figure 13. Twisted twist-induced coil (sample 9-B) twisting further during thermal activation with one 
anchored end (movie 3). 
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A subsequent sample was formed by inserting a Z-twist into an S-coil, resulting in a folded 

structure with S-turns (sample 9-C). When activating this sample with hot air, hanging from 

one clamped end, this structure also responded to heat with a smooth untwisting swirl (Figure 

14; movie 4), like the one observed in sample 9-A. However, the direction of the movement 

that the sample performed was opposite to the one previously observed in sample 9-A.  

 

    

   

Figure 14. Twisted twist-induced coil (sample 9-C) untwisting during thermal activation with one 
anchored end and returning to a twisted structure at room temperature (movie 4). 
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These examples show that: 

• removing the constraints conventionally applied to twisted twist-induced coils when 

activating them to exploit a linear contraction allows these structures to exhibit a 

torsional behaviour, displayed as an untwisting or twisting further;  

• these untwisting or twisting further behaviours depend on whether the direction of the 

third-order structure matches or opposes that of the precursor coil, respectively; 

• the direction in which the structure untwists or twists further depends on the direction 

of the precursor coil (Table 1). 

 

Table 1. Heat-responsive behaviour of twisted twist-induced coils. 

 
 

Mandrel coils perform contractions or expansions depending on whether the direction of the 

twisted monofilament matches or opposes the direction of the coiled shape – i.e., whether 

these are homochiral or heterochiral structures, respectively (Haines et al., 2014). The 

examples above suggest that this principle is at work in subsequent structural levels resulting 

from twisting and coiling. 

Twisted twist-induced coils could be applied as dynamic fringe-like elements, swirling back 

and forth when activated. They could be assembled, for example, into a mesh structure 

through one end, to be used as ceiling artefacts, hanging vertically. Fibrous elements could 

be attached to the loose end of the samples, amplifying the swirling movement as the 

morphologies twist and untwist. The combined use of samples that present different structural 

configurations also offers interesting opportunities for design applications. While both types 

of movements (untwisting and twisting further) are performed by the different morphological 

structures – either when heat-activated or when receding to their original shape after the 

stimulus ceases – combining samples with different structural configurations would enable 
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these movements to be obtained within the same activation, eliminating the need to control 

individual elements separately to simultaneously achieve opposite behaviours.  

6.2.2. Coiling twist-induced coils 

Coiled twist-induced coils result from winding twist-induced coils over a mandrel, and 

subsequently stabilising the shape by heat setting it before removing it from the mandrel. One 

heterochiral structure (sample 10) and two homochiral ones (samples 11 and 12) were formed 

from S-coils (Figure 15; see Appendix A, section A.2.1). I tested the response of the samples 

to heat by placing them over a surface with one anchored end and applying heat with the 

heat gun (see section A.2.1; Figure 16, Figure 17 and movie 5 for sample 10; Figure 18 and 

movie 6 for sample 11; Figure 19 and movie 7 for sample 12). Table 2 summarises the 

behaviours observed. 

    
Figure 15. Heterochiral coiled twist-induced coil (sample 10, left) and homochiral coiled twist-induced 
coils (sample 11, centre; sample 12, right). 
 
 

Table 2. Heat-responsive behaviour of coiled twist-induced coils. 

 
 

The heat-responsive behaviour of sample 10 is fluid and ample, with a particular cadence 

given by the successive unwinding of third-order rings (Figure 16; movie 5), whereas its 

receding movement after the heat is released is slower and presents a slightly jerky quality, 

possibly resulting from the friction generated as the sample moves over the support surface 

(Figure 17). This behaviour initially drew my attention for its wide amplitude, and through 

analysis of video-recordings supported my consideration of the role of the elements 

interacting with a sample (a support surface in this case) in the way in which its shape change 
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is displayed. While a particular disposition for heat-responsive shape change can be seen to 

be enabled by the morphological structure itself, the way in which this shape change is 

displayed is affected by interacting entities. This consideration becomes particularly relevant 

when imagining these morphologies as active components of flexible material systems, where 

their arrangement and the constraints they find influence their behavior, and consequently 

the behavior of the higher-order structure.  

 
Figure 16. Coiled twist-induced coil (sample 10) unwinding during thermal activation (movie 5).  

 

 

Figure 17. Coiled twist-induced coil (sample 10) gathering back at room temperature (movie 5). 
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Figure 18. Coiled twist-induced coil (sample 11) unwinding while contracting in response to heat, 
passing through itself (movie 6). 
 
 

   

   

    

   

Figure 19. Coiled twist-induced coil (sample 12) unwinding while contracting in response to heat, and 
winding back while extending at room temperature (movie 7). 

 

6.2.3. Twisting mandrel coils 

Like twist-induced coils, mandrel coils can be plied by inserting twist into the coil and allowing 

it to fold into itself, forming a snarl, giving rise to twisted mandrel coils. Two mandrel coils 

were folded by inserting a Z-twist and an S-twist into heterochiral mandrel coils with Z-

A.  

D.  

G.  

B.  

E.  

H.  

C.  

F.  

I.  
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winding: samples 19 and 20 respectively (Figure 20).45 Their behaviour was explored in a hot 

plate, without anchoring them (Appendix A, section A.2.2; Figure 22, Figure 23 and movie 8 

for sample 19; Figure 21, movie 9 for sample 20). The behaviours observed are summarised 

in Table 3. 

  
Figure 20. Twisted heterochiral mandrel coils (sample 19, left; sample 20, right). 
 
 
Table 3. Heat-responsive behaviour of twisted mandrel coils. 

 
 

Unlike previous examples, the movement displayed by samples 19 and 20 over the hot plate 

continued for several minutes, until I stopped them. Over the hot plate, different areas of the 

precursor coil seem to alternately expand to different degrees.46 This translates into slight, 

but constant, expansions and contractions that, together with the lack of anchoring, allow the 

samples to displace themselves over the surface, displaying complex movements. This 

                                                        
45 Given that the twist inserted into sample 20 has a direction opposite to that of the winding of the 
mandrel coil, at some point of twist density inserting further turns unwinds the coil; when the coil is 
allowed to fold, turns gather towards the locked end of the third-order structure (Figure 20, right). 
46 It seems likely that when activated in the hot plate, different parts of the samples receive slightly 
different temperatures, given that some parts are in direct contact with the hot surface and others are 
slightly detached from it. 
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observation motivated me to imagine a future exploration of selective activation of parts within 

samples as a means to obtain more complex movements in each structure,47 widening the 

range of movement possibilities for each morphological structure.  Additionally, combining 

the morphologies with thermochromic materials (e.g., liquid crystal coatings) with an 

appropriate activation temperature range, could allow the visualisation of the speculated 

difference in the temperature, impacting on the samples under this activation set-up.48 

Considering such a combination beyond the current activation set-up opens up the design 

space for kinetic monofilament morphologies, offering opportunities to explore coordinated 

dynamic changes in shape and colour. 

 

Figure 21. Twisted mandrel coil (sample 20) being activated in a hot plate (movie 9). 

 

                                                        
47 While this may seem a distant possibility for these morphologies, selective activation of nylon “beams” 
with rectangular and square cross-sections has already been shown, resulting in alternative bending 
directions of the beam depending on which side of the actuator was activated (Mirvakili and Hunter, 
2016). 
48 See footnote 46. 
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Figure 22. Twisted mandrel coil (sample 19) being activated in a hot plate (stage 1; movie 8). 
 

 
Figure 23. Twisted mandrel coil (sample 19) being activated in a hot plate (stage 2; movie 8). 
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6.2.4. Reshaping mandrel coils 

Case 1 

Following on from the looped morphology that was initially revealed (Chapter 3), the reshaping 

of mandrel coils by stretching them under heat was further explored, rendering structures 

with two different helical arrangements of loops around their longitudinal axes: samples 6-A 

and 6-B, bearing a loop arrangement very similar to the original morphology; and sample 7, 

presenting more evenly oriented loops (Figure 24, left and right, respectively; see Appendix 

A, section A.2.3).  

  
Figure 24. Reshaped mandrel coils (sample 6-A, left; sample 7, right). 

 

Samples 6-B and 7 were heat-activated under the same conditions as the original looped 

morphology,49 and like the latter, the loops of these samples reversibly rotated around their 

longitudinal axes, while slightly contracting (see section A.2.3; Figure 25, movies 10 and 11). 

Activating sample 6-A by immersing it in hot water, with both ends anchored and joined 

together forming a U-shaped loop (Figure 26, movie 12), gave rise to a fourth-order folded 

structure: a twisted, reshaped mandrel coil (sample 8, Figure 31), described later in this 

section and in Appendix A, section A.2.4. Sample 7 was further activated with hot air, laid 

over a surface with one end anchored (Figure 27, movie 13). The movement displayed seems 

to be amplified by the curves of the contour of the structure (see section A.2.3). Table 4 

summarises the heat-responsive behaviour of samples 6-A, 6-B and 7. 

These trials enabled me to confirm the suitability of reshaping of mandrel coils by stretching 

them under heat as transformation technique to generate distinct monofilament morphologies 

with heat-responsive kinetic capacity.  

                                                        
49 I.e., activated locally with hot air applied with the heat gun, under a vertical arrangement with both 
ends tethered and a weight attached to their lower end. 
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Table 4. Heat-responsive behaviour of reshaped homochiral mandrel coils. 

 
 
 

     
 

     

Figure 25. Reshaped mandrel coils (sample 6-B, top; sample 7, bottom) being activated locally with 
both ends anchored in a vertical set-up (movies 10 and 11, respectively). 
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Figure 26. Reshaped mandrel coil (sample 6-A) being activated in hot water (movie 12), leading to a 
fourth-order structure: a twisted, reshaped mandrel coil (sample 8, Figure 31). 
 

 

 
Figure 27. Reshaped mandrel coil (sample 7) being activated over a support surface with one end 
anchored (top) and receding towards its original shape when cooling down (bottom; movie 13). 
 

 
Case 2 

Sample 5 (Figure 30) arose from an alternative process of reshaping a modified mandrel coil, 

sample 4 (Figure 28). Given the spontaneous and improvisational nature of this exploratory 

modality, not all transformation processes were adequately captured, leading to the 

impossibility of reproducing these two samples within the time-frame of this project. While the 

shape change that these samples display is quite linear, and despite their undefined 

transformation process, the aesthetic appeal I find in the distinct morphological structure of 
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sample 5, and the unique way in which it rearranges itself under heat, forming a more 

compact structure (Figure 30.E and G; movie 14), motivated me to introduce these 

morphologies and attempt to trace the stages of transformation they underwent, building on 

the gathered visual documentation (see section A.2.3; Figure 28 and Figure 29). Not being 

able to discern or trace the transformation process leading to sample 5 by visually inspecting 

its structure generates an element of uncertainty and surprise that drove my curiosity, 

contributing to its appeal.  

 

   

  

  

Figure 28. Modified mandrel coil (sample 4). A. Initial shape, presenting five turns in its helical contour. 
B. and C. Sample 4, having gained one and two turns in its contour, respectively, and presenting 
increased distance between second-order coil rings. D. Activation in hot water, at a stage close to the 
one depicted in C. E. After being activated in hot water. F. Activation in hot water, at a stage close to 
the one depicted in E. 
 

Sample 5 could be assembled, for example, into a plain weave, using it both as warp and 

weft elements, with very low density in both directions in order to enable significant 

contraction of the woven structure. Such a weave would change in porosity, and possibly also 

in stiffness, when activated, shifting from a loose, permeable mesh when individual 

components are in a resting state (Figure 30.F) towards a tighter compact surface when 

component elements contract (Figure 30.G). Selectively activating different areas of the mesh 

may increase the dynamic and expressive potential of the structure.     

A.  B.  

C.  D.  

E.  F.  
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Figure 29. Sample 4 being stretched by a water jet. 

 

    

      

  

Figure 30. Reshaped mandrel coil (sample 5). A. New arrangement of the second-order rings. B. and 
C.D. Longitudinal and cross-section views, respectively (magnification 20x). E. Activation in hot water 
(movie 14). F. Longitudinal view. G. Detail of the thermally-activated shape while immersed in hot 
water. 
 

6.2.5. Twisting reshaped mandrel coils 

The transformation strategy leading to sample 8 (Figure 27; see Appendix A, section A.2.4) 

exploits the actuation of one morphology to form a new structure. Such a strategy could be 

further explored with other morphologies, using their heat-responsive shape change to either 

re-arrange themselves or combine with other elements, creating new morphological 

structures. When activated with hot air, laid over a support surface with no anchoring, sample 

A.  B.  C.  D.  

E.  

F.  G.  
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8 displayed a torsional movement, twisting the fourth-order structure further (Figure 32, movie 

15; see section A.2.4). Table 5 summarises the thermally-induced behaviour of sample 8. 

 

  
Figure 31. Twisted, reshaped mandrel coil (sample 8), full sample and detail (magnification 20x). 
 
Table 5. Heat-responsive behaviour of a twisted, reshaped mandrel coil. 

 
 
 

   

   

   

Figure 32. Twisted, reshaped mandrel coil (sample 8) being activated by hot air with no anchoring 
(movie 15). 
 

6.2.6. Random morphologies 

Random morphologies (Figure 33) arose from breakages of the monofilament during the 

formation of twist-induced coils (see Appendix A, section A.2.5). I rescued them from what I 

originally considered to be scraps of material, lying around on the floor of the studio. Isolating 
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them from the dust, I became attracted by their random, unique configurations, which offered 

compelling structures evocative of insects, branches or corals. When activated by hot air, 

lying over a support surface, these morphologies display torsional movements, combining 

that of their ramifications with that of the whole conglomerate, depending on the area of the 

structure that is anchored (e.g., movies 16, 17 and 18; see section A.2.5). 

  

     

   

Figure 33. Examples of random morphologies resulting from monofilament breakage during twist-
induced coiling (movies 16, 17 and 18).  
 

6.3. Observations and reflections 

6.3.1. Formation processes and morphological structures 

Approaching the exploration of the kinetic potential of nylon monofilament in an intuitive, 

improvisatory and open-ended way has enabled me to identify and deploy the sequential 

combination of transformations as a suitable strategy to reveal monofilament morphologies 

with the capacity to perform heat-responsive kinetic behaviours (Figure 34).  

While the strategy in itself is not new, since it is already present in the formation of two-ply 

twist-induced coils (Haines et al., 2014a), the exploration has introduced its explicit use and 

extended it to previously unexplored combinations, providing transformation processes that 

render morphological structures with kinetic potential that have not been previously 

described, namely: 

• coiled twist-induced coils (samples 10, 11 and 12); 

• twisted mandrel coils (samples 19 and 20). 
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Beyond existing transformation techniques – i.e., twisting and coiling – this exploration has 

allowed me to identify the reshaping of mandrel coils through stretching,50 as a new 

transformation technique, that has not been previously described,51 rendering distinct heat-

responsive kinetic monofilament morphologies, namely: 

• reshaped mandrel coils (samples 6 and 7). 

The exploration has furthermore suggested the use of the heat-responsive kinetic behaviour 

of monofilament morphologies as formation mechanism leading to subsequent new 

morphologies, exemplified through the formation of a 

• twisted, reshaped mandrel coil (sample 8). 

A tree diagram has been used to depict the combinatory strategy introduced. In its initial 

formulation, this transformations tree identifies morphological families arising from specific 

sequences of transformations (Figure 9); Figure 35 depicts this tree, exemplified by the 

samples described in this chapter. 

 

 

Figure 34. Morphologies revealed through the intuitive exploration of the kinetic potential of nylon 
monofilament. 
 

                                                        
50 Two different strategies for the reshaping of coils through stretching have been presented in this 
chapter; however, the term reshaping will be used from now on in this thesis exclusively to refer to 
stretching of coils under heat, since this is the stretching strategy that I have been able to reproduce. 
51 Similar structures to those resulting from the reshaping of coils under heat are reported in DYI 
accounts on the formation of TCPAs (e.g., Head, 2016). However, these are considered damaged coils 
rather than structures with kinetic potential and no attention is given to the process from which they 
arise. 
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Figure 35. Transformations tree: initial instance identifying morphological families, exemplified by 
samples revealed through the intuitive exploratory approach. 
 

 
Identification of transformation parameters  

The task of recollecting and describing the processes used to transform the monofilament 

into morphologies with kinetic capacity, together with a close re-examination of the related 

literature in the light of the experiential understanding gained through the physical 

engagement with the material, has enabled the identification of key parameters involved in 

the formation of basic coiled structures and third-order morphologies (Table 6). The identified 

parameters, together with the experience gained through hands-on involvement with the 

material, foregrounded the inherent complexity of the modification processes that were 

explored, given that kinetic morphologies arise from the interaction between a wide set of 

factors.52 

Both second-order coils and third-order morphologies showed variations in form features,53,54 

whose origin the intuitive, spontaneous and open-ended nature of this exploration did not 

allow me to determine. These unexplained variations, together with the intention of formalising 

                                                        
52 Some parameters depend also on the specific monofilament in use (e.g., in the formation of second-
order coils, twist density depends on the diameter of the monofilament; and heat-treatment parameters 
depend on the composition of the monofilament). 

53 E.g., variations in the pitch of mandrel coils and coiled twist-induced coils (see footnote 54), or in the 
orientation of the loops in reshaped mandrel coils. 
54 The pitch of a coil is the separation between consecutive coil “rings” (i.e., turns). 
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formation processes in order to enable further exploration, motivated a structured exploration 

of transformation processes (Chapter 7), for which the identified parameters became of prime 

relevance.  

 
Table 6. Initial identification of parameters involved in the transformation of nylon monofilament into 
kinetic morphologies.55

 

                                                        
55 See footnote 54. “Winding pitch” denotes the distance between consecutive monofilament turns as 
laid over the mandrel when winding a coil. 
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6.3.2. Heat-responsive kinetic capacity of monofilament morphologies 

Analysis of transformation processes, resulting morphologies and their behaviour, suggests 

that the shape change that each morphology is able to perform, relies mostly, although not 

exclusively, on:  

• the specific sequence of transformations that the monofilament undergoes;  

• the relationship between the directions of the structural levels of the morphology (i.e., 

matching or opposing);  

• the specific direction of these structural levels (i.e., S or Z).  

While morphological families arise from specific sequences of transformations, within these 

sequences twisting and coiling can be implemented in two different directions, determining 

the direction of each structural level in the morphology (i.e., S or Z), and consequently 

determining a specific relationship between the directions of these levels (i.e., matching or 

opposing). Examples presented for twisted twist-induced coils and coiled twist-induced coils 

show that, by determining the relative direction of the structural levels, morphologies are able 

to perform pairs of opposite behaviours (see Table 1 and Table 2).  

These examples suggest that: 

• the principle at work in mandrel coils, by which homochiral coils contract and 

heterochiral coils expand,56 is also present in structures resulting from subsequent 

instances of transformations that provide chirality to the resulting structure (i.e., twisting 

and coiling; exemplified by twisted twist-induced coils and coiled twist-induced coils). 

Furthermore, for these morphologies: 

• the direction that the shape change takes depends on the specific direction of the 

structural levels of the morphology (see Table 1).57  

 
Displaying multidimensional movement 

At the outset of this exploration, I considered that the heat-responsive shape change of the 

morphologies relied almost exclusively on their structure. However, being a capacity, and, as 

                                                        
56 In homochiral coils the direction of the twisted monofilament matches the direction of the coiled shape, 
whereas in heterochiral coils the direction of the twisted monofilament is opposite to that of the coiled 
shape. 
57 While the formation of coiled twist-induced coils has not been explored with the Z precursor coil, it is 
expected that the unwinding that accompanies the contraction or expansion takes places in opposite 
directions when the precursor coil has an S or a Z direction, but this would need to be confirmed 
empirically.  
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this exploration foregrounded, the way in which the morphologies exhibit this shape change, 

depends also on the conditions under which they are activated and the characteristics of the 

entities with which they interact (e.g., constraints, temperature intensity, etc.). Bredies (2017, 

p.163) has also pointed to the relevance of the “circumstances” under which twist-induced 

coils are activated to achieve, in that case, a desired contraction.  

As mentioned earlier, through the modification of the morphological structure I expected to 

find behaviours that offered an alternative to the linear stroke for which basic coiled actuators 

are investigated and applied, prompting me to favour, when testing the behaviour of the 

morphologies, changes in shape that would be displayed simultaneously along multiple 

dimensions.58 

Even though not all shape changes displayed by the morphologies are visibly 

multidimensional,59 nor was I applying this as a strict criterion, it was possibly my pursuit of 

this multidimensionality that initially prompted me to spontaneously explore activation set-ups 

where samples are less constrained than in the conditions under which TCPAs are generally 

activated – i.e., stretched or compressed, and with both ends prevented from rotating. The 

idea that the movement performed by monofilament structures encompasses a rotational 

component is already present in the behaviour of the accidental looped morphology (Chapter 

3), and in the conventional activation of TCPAs, which explicitly relies on preventing this 

rotation. It might have been my experience of these two examples that fed into my 

engagement with the material the intuition that such a rotational component could be allowed 

to intervene in the overall movement of the morphologies, increasing the potential for more 

complex, multidimensional motion to be displayed.60  

                                                        
58 I recognise, nevertheless, that linear strokes can be combined with themselves, or used to move other 
elements, generating more complex motions, such as the breathing-like movement of a textile braid, 
provoked by the linear stroke of a twist-induced coil (Haines et al., 2014b). 
59 E.g., the rotation of reshaped mandrel coils, samples 6-B and 7, or the contraction of sample 5. 
Nevertheless, in these two cases there are other directions of movements involved, such as a very small 
linear contraction in samples 6-B and 7 and a very small clinking of the sides of sample 5 as it enters 
the water. 
60 Later on, through close reading of the literature on TCPAs, I was able to understand the relevance 
that the explanation of the mechanism driving the actuation of basic coiled structures had to this aspect, 
as the thermally-induced contraction and expansion of TCPAs actuators is driven by the torque resulting 
from the tendency of the twisted monofilament to reversibly untwist when exposed to heat (Haines et 
al., 2014a).   
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Hence, this exploration has allowed me to identify: 

• the activation of monofilament morphologies with at least one end loose, or in relaxed, 

non-stretched nor compressed states, as a principle with the potential to allow 

morphologies to display behaviours beyond linear ones. 

Following this principle has shown that:  

• twisted twist-induced coils are able to perform an untwisting or further twisting of the 

third-order structure, alternative to the linear contraction for which they are generally 

investigated and applied. 

 
Activation set-ups  

Activation set-ups are understood in this research as combinations of the medium or means 

through which heat is applied (i.e., hot air, hot water and a hot surface) and the arrangement 

of the sample in terms of its placement, the anchoring of its ends and its state of stretch or 

relaxation, which affect the way in which the morphologies exhibit the change in shape, as 

discussed above. The different sample arrangements tested in combination with the 

considered activation media are summarised in Table 7. Understandings related to the 

activation set-ups arising from this exploration are summarised below, and these are further 

discussed in Appendix A, section A.3. 

The activation media that were explored provide different ways for the sample to interact with 

heat, particularly in terms of the homogeneity with which temperature is supplied to the 

sample and the size of the hot area provided. While the activation media tested constitute 

simple and straightforward ways of activating samples, they also present some caveats, 

principally since in some cases they interfere with the full appreciation of the intrinsic heat-

responsive movement of the morphologies. 

Elements of the heat-responsive shape change, such as speed and broadness (or 

amplitude), are strongly affected by the activation temperature. Given that speed and 

amplitude of movement both depend on the activation temperature, these are closely linked 

in the behaviour of the morphologies. Additionally, the trajectory or pathway that the shape 

change takes relies both on the morphological structure and the activation temperature, since 

the shape change amplitude will influence the specific trajectory displayed. Lastly, the former 

elements will all be influenced by the specific conditions of the activation set-up – in particular, 

by the arrangement of the sample and the interacting entities. 
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Table 7. Summary of explored activation set-ups. 

 
 
 

These aspects are relevant when considering the composition of patterns of change in the 

behaviour of these morphologies, since modulation of spatial and temporal elements of their 

movement, in particular speed, duration, amplitude (and consequently trajectory), can be 

achieved – presumably within a certain range – by adjusting the temperature and the pattern 
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with which heat is supplied, in close consideration of the specific activation set-up in use. 

Furthermore, the speed at which samples recede towards their original shape when cooling 

down at room temperature will condition the temporal elements of the patterns that can be 

composed. 

Activation set-ups, and in particular sample arrangements, support the understanding of the 

behaviour of single active modules under specific constraint conditions. In envisioning 

possible ways in which morphologies could be assembled into flexible material systems, 

sample arrangements – particularly those providing single and double anchoring – may be 

understood as abstractions of potential arrangements of kinetic monofilament modules within 

a material system.  

The activation media and heat sources covered in this exploration certainly do not exhaust 

the range of possible ways in which the morphologies can interact with heat. The opportunity 

to activate the morphologies through resistive (or Joule) heating is an attractive one when 

considering their integration as flexible kinetic materials, together with sensor and processing 

units, into systems that are able to respond and adapt to their surroundings or to the presence 

or behaviour of the occupants of a space. However, this means of activation would require a 

dedicated exploration into the integration of conductive elements in each morphology (or in 

the structures into which they are assembled), the physical implementation of the required 

electrical connections, and the impact of the latter on the ability of the morphology or 

assembly to perform heat-responsive movement. While constituting an exciting future 

challenge, such an exploration is not addressed in the present research. However, 

preliminary trials of the integration of conductive yarns and wires into mandrel coils, and their 

activation through resistive heating are included in Appendix A, section A.4. 

6.3.3. Aesthetics of the kinetic morphologies 

The aesthetic qualities of third-order morphologies are given by the coupling of their formal 

features and their kinetic behaviour. It is this coupling which I have found most appealing and 

engaging when exploring the emergence of these morphologies and their behaviour. Form 

and potential for movement both arise from the specific ways in which the thin nylon filament 

is modified through the strategy of sequential combination of transformations.  
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As mentioned earlier, I trace the emergence of this strategy to an implicit aesthetic pursuit of 

intricate and complex shapes. Twisting and coiling generate structure in the monofilament 

through the repetition of “form units” (e.g., ring, loop, turn), which, while not being discrete – 

as already discussed – are still recognisable in second, third and fourth-order structures. 

Structural complexity and increased visual intricacy arise in the morphologies with the 

addition of instances of transformations through nesting of forms: i.e., forms resulting from 

one instance of transformation become a component form, or in some cases even a texture, 

of the forms introduced by subsequent transformations. 

Reflecting on the type of structures that were appealing to me and those which I was 

discarding, or even not addressing, pointed to my implicit pursuit of structures that presented 

discernible patterns in the repetition of form features, and within which certain variation was 

present. The repetition of form units in the morphologies occurs both along the length of a 

morphology and across its structural levels. Within these repetitions, variations of the form 

unit can be found 

• in size: when the repetition occurs across structural levels (e.g., the ring form in coiled 

twist-induced coils); 

• in orientation: when the repetition occurs along the structure (e.g., reshaped mandrel 

coils, whose loops change orientation as they advance helically).  

Furthermore, in some cases 

• the form unit itself varies across structural levels (e.g., in twisted twist-induced coils, 

the form unit of the second structural level is a ring and that of the third level is a turn). 

The multiple structural levels, together with these variations, increase the visual complexity of 

third-order morphologies – when compared for example with the straight monofilament or 

basic coiled structures – contributing, in my view, to their aesthetic appeal.  

Patterning is an intrinsic element of the language of textiles. As a feature of the human 

perceptual process, pattern recognition and interpretation is generally understood to be 

rooted in the need to extract relevant information from the complexity of the natural 

environment in which humans have evolved (Graves, 2002), which is underpinned by fractal 

and hierarchical geometries (Salingaros, 2014). Hence, we tend to have positive responses 

towards and be engaged by complexity that presents a certain level of organisation – and is 

not completely random – or presents variation within repetition, while extreme simplicity and 
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monotonous repetition, or complexity that is disorganised and thus ungraspable, are 

generally perceived as of no interest or tend to generate a negative response (e.g., boredom, 

unease, anxiety; Salingaros, 2011, 2014).  

While the formal features of the morphologies are actual, and as such they can be readily 

observed and described, their kinetic behaviour, being a capacity, is potential, and as such 

it depends on the particular way in which heat is instantiated, and the conditions under which 

the interaction takes place. This potential nature of the kinetic behaviour affords an openness 

in regard to the way spatial and temporal elements of the movement can be displayed, 

making any prior description of this potential partial. Nevertheless, during the exploration, my 

interventions have allowed this capacity to be exhibited in specific ways, through the selection 

of activation set-ups and the use of (possibly, very) high temperatures, in my pursuit of fast 

and broad movements in the morphologies. 

Overall, I identify a natural appeal in the movement of the morphologies, possibly resulting 

from a number of qualities. While movement can be seen to endow inanimate things with 

lifelike qualities (Parkes, Poupyrev and Ishii, 2008; Vallgårda et al., 2015; Bianchini et al., 

2016), sinuous, multidimensional motion, such as that displayed by some morphologies, may 

be reinforcing such reminiscence, since natural and biological movement rarely occurs 

exclusively in one dimension. Furthermore, fluid, smooth, continuous changes in shape, often 

associated with an organic character in the kinetic (Berzowska and Coelho, 2005; Kretzer 

and Rossi, 2012), were also present in some of the behaviours displayed by the 

morphologies. As the exploration unfolded, I experienced the expressiveness of energetic, 

vigorous movements such as sudden bursts (e.g., samples 19 and 20) and swift whirls (e.g., 

sample 9-A, random morphologies), or the slight intermittence of a jerky receding (e.g., 

sample 10), where changes in speed and acceleration were strong expressive cues. In 

opposition to the steadiness characteristic of machine-like motion (Parkes, Poupyrev and 

Ishii, 2008), these changes may also contribute to the organic appeal of the movement of the 

morphologies, being in some cases evocative of certain abrupt escape behaviours, or, for 

example, the jumping of frogs. The paradoxical nature of an inanimate, artificial material that 

is able to display motion with qualities of the organic has been a key element driving my 
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engagement with the material, and one that I see as underpinning the aesthetic appeal of the 

morphologies. 

Following from a further understanding of the type of movements that monofilament 

morphologies are able to perform, Niedderer's (2012) "soma-semiotic framework" for the 

design, analysis and interpretation of "complex emotions" embodied in movement could 

eventually be applied to inform the design of expressive motion with these morphologies.  

6.4. Conclusions 
Exploring the transformation of nylon monofilament in an intuitive, spontaneous and open-

ended way, following a morphogenetic approach to making (Ingold, 2013), has revealed a 

set of monofilament morphologies with kinetic capacity (Figure 34), some of which had not 

been previously described. These morphologies present distinct formal qualities endowed by 

the specific transformations from which they arise. While the monofilament transformations 

explored rely on established procedures based on twisting and coiling, a new transformation 

technique, the reshaping of mandrel coils, has been suggested.  

Analysis of, and reflection on, transformation processes, resulting samples and their heat-

responsive behaviour, supported by the gathered visual documentation, have enabled me to 

identify: 

• a strategy of combination of monofilament transformations, suitable for the formation of 

morphologies with kinetic capacity, depicted through an initial instance of the 

transformations tree (Figure 35); 

• a principle for the thermal activation of monofilament morphologies (i.e., activating 

them with at least one end loose, or from relaxed, non-stretched nor compressed, 

states), allowing morphologies to perform changes in shape beyond strictly linear 

ones, for which TCPAs are conventionally exploited. 

These strategy and principle provide a framework to conceive and explore the kinetic 

potential of nylon monofilament, opening up opportunities to design with responsive kinetic 

behaviour. 

Monofilament morphologies are envisioned in this research as active kinetic components of 

responsive and adaptive flexible material systems, used both in combination with themselves 

and with other (passive) materials. Textile structures are regarded as versatile assembly 
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methods from which to draw inspiration when exploring the opportunities offered by kinetic 

morphologies in the construction of flexible material systems. Even though the assembly of 

third-order morphologies is not addressed in this thesis, a preliminary exploration of the 

assembly of mandrel coils into textile-inspired kinetic assemblies is presented in Chapter 8. 

The work described in this chapter provided initial descriptions of the processes of formation 

for third-order morphologies and enabled a preliminary identification of the formation 

parameters involved (Table 6). However, a robust way of reproducing morphologies is not 

established. With the aim of making formation processes and resulting morphologies 

available for further exploration, sharing and discussion, Chapter 7 addresses the 

formalisation of formation processes for monofilament morphologies with heat-responsive 

kinetic capacity.  
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Chapter 7: Formalising formation 
processes for monofilament 
morphologies with heat-responsive 
kinetic capacity 
This chapter addresses the structured and targeted exploration of formation processes for 

monofilament morphologies with heat-responsive kinetic capacity. It describes the structured 

working modality and discusses insights arising from the exploration. 

7.1. Structured, targeted exploration 
Shifting from the intuitive and spontaneous exploratory modality presented in Chapter 6, the 

work described in this chapter approaches the processes of formation of monofilament 

morphologies with kinetic capacity in a planned and targeted way, with the primary aims of 

improving the reproducibility of samples and making formation processes available to future 

research. However, given the early stage in the understanding of these processes that the 

work addresses, the present working modality is still largely exploratory in itself. Building on 

the descriptions of transformations and the initial identification of key formation parameters 

(Table 6) presented in Chapter 6, the present exploration involves: 

• increasing the accuracy in the repetition of formation operations and enabling the 

recoding of formation parameter values through the incorporation of equipment;  

• translation of intuitively executed operations – relying entirely on perceptual 

assessment of material cues and performed with the initial set of tools – into an 

execution supported to a large extent by values provided by or determined through 

tools and devices; 

• tuning of key formation parameters: i.e., identifying suitable parameter values that 

would render morphologies with the capacity to perform reversible, heat-responsive 

changes of shape. 

Formation processes, in the early stage of formalisation in which they result from this 

exploration, are presented through preliminary recipes (Appendix C); the heat-responsive 

kinetic behaviour of the morphologies – documented under five activation set-ups – is 

presented through groupings of video excerpts, or clip-charts (accompanying materials). 
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7.1.1. Tools and material 

Attempting to reproduce third-order morphologies in the working set-up in which they 

emerged resulted in huge variations across samples, particularly in terms of their structure 

and the reversibility of their shape change. Relying on my perceptual assessment of the 

execution of the formation processes, I was not able to accurately compare the way in which 

each sample had been produced, and was thus unable to understand where the variations I 

was observing were arising from.  

With the aim of increasing the accuracy with which I was able to repeat operations and 

allowing me to record values for formation parameters, I incorporated new tools and devices 

to the working set-up. These included a halogen oven (Figure 36); a heat gun with 

temperature control (Figure 37, left and centre); a linear actuator to displace the heat gun 

(Figure 38);61 K-type thermocouples and an infrared thermometer (Figure 36, and Figure 37, 

right, respectively); an alternative mini-drill with a wider range of rotation speeds (Figure 40); 

an off-the-shelf turn-counter, which I attached to the mini-drills through a customized interface 

(Figure 39 and Figure 40, left); a coiling tool (or “coiler”; Figure 41, right-bottom), and a 

customised stand to aid in the handling of samples (Figure 41, left and right-top). Further 

information on this equipment, and the working set-up used, is provides in Appendix B, 

section B.1. 

In order to set a boundary for the exploration, I selected one single type monofilament. After 

trying several alternative monofilaments from nylon (Table 16, Appendix B), I decided to work 

with fishing line by the Skysper brand, since it was the one showing the easiest processability 

when forming twist-induced coils. In a compromise between pliability and convenience to 

capture details in the morphologies through photography and video recording, I decided to 

work with an intermediate monofilament diameter, finally choosing one of 0.45mm.  

   

                                                        
61 The hardware and software of the linear actuator were implemented in collaboration with Martin 
Piñeyro and Börkur Sigurbjörnsson. 
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Figure 36. Halogen oven used to heat set mandrel coils and coiled twist-induced coils; K-type 
thermocouple. 

 

   
Figure 37. Heat gun with temperature control (left and centre). Infrared thermometer (right). 

 

  

   

  

Figure 38. Linear actuator used to displace the heat gun during heat treatment of twist-induced coils, 
placed in the twisting and coiling set-up (left and centre). Stepper motor attached to the rail of the 
linear actuator and heat gun attached to the carriage of the linear actuator (right-top). Control box with 
slide potentiometers and on/off switch, and microcontroller (right-bottom). 
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Figure 39. Turn counter consisting of a digital counter with an LED display and a magnetic induction 
switch. The switch is attached to the mini-drill through a customised interface. A magnet is attached to 
the shaft of the drill (left). Mini-drill and turn counter in the twisting and coiling set-up (right). 

      
Figure 40. Mini-drill with adjustable rotation speeds, with the magnetic induction switch attached. 

 

  

  

Figure 41. Stand built to assist in the handling of the samples (left; detail: right-top). Coiler used to 
insert small amounts of twist into second-order structures (right-bottom). 
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7.1.2. The extended transformations tree  

Chapter 6 identified the influence of the relative direction of the structural levels of 

morphologies on their heat-responsive behaviour, in particular for those morphologies 

resulting from transformations that provide chirality to the structure (i.e., twisting and coiling). 

An extended version of the transformations tree is introduced in this chapter to account for 

the direction in which each transformation is performed, determining the direction of the 

different structural levels in resulting morphologies and thus identifying distinct morphological 

kinds within morphological families (Figure 42).62,63  The pitch of mandrel coils is also 

considered in this version of the tree for the case of twisted mandrel coils.64,65 This tree depicts 

morphologies that have resulted with consistent structures throughout the work. Morphologies 

resulting from reshaping homochiral mandrel coils are represented through two examples 

within a range of geometries revealed through the structured exploration of this technique, as 

described in Appendix B, section B.4.4. 

Tags are used to identify morphological families and kinds in the extended transformations 

tree and in the text from now on (Table 8). Capital letters are used to indicate the names of 

morphological families, denoting the sequence of transformations giving rise to each family. 

The direction of the structural levels of morphological kinds is indicated between square 

                                                        
62 The extended transformations tree has been created for the case of processes initiated from an S-
twist. A mirrored tree, giving rise to mirrored morphological structures, can be expected when 
processes of transformation initiate from a Z-twist. While the overall effect of the heat-responsive 
behaviour of mirrored structures is expected to be the same (e.g., an untwisting in homochiral twisted 
twist-induced coils), it is also expected that this change in shape takes opposite directions for structures 
initiated from a Z-twist and an S-twist, as observed for twisted twist-induced coils, where the heat-
induced untwisting of structures initiated from a Z-twist occurred rightwards and that of structures 
initiated from an S-twist occurred leftwards (see Table 1). 
63 Folding of coils, occurring spontaneously when twisted coils are allowed to take a U-shape, is 
considered part of the twisting process. 
64 The pitch of mandrel coils (see footnote 54) was considered since homochiral coils with contiguous 
rings perform very small changes of shape, or even no shape change at all, when activated form a non-
stretched state. Rather than accounting for pitch values, mandrel coils are considered with long pitch 
(i.e., with visible separation between consecutive rings) and with contiguous rings or no pitch (i.e., with 
no separation between consecutive rings). 
65 Mandrel coil pitch was not considered for reshaped mandrel coils, since initial trials did not point to 
an influence of this feature in the reshaped structure (see Appendix B, section B.4.4). Nevertheless, 
further trials will be needed to confirm this. 
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brackets.66 For reshaped mandrel coils, only the direction of the second-order coil is 

indicated, given that the reshaping technique does not provide chirality to the resulting 

structure. Instead, numbers are used to identify different morphological kinds. Numbers are 

also used to indicate the cases of twisted mandrel coils arising from the consideration of 

precursor coils with high pitch and with contiguous rings. 

The formalisation of formation processes is addressed for all the morphologies depicted in 

the extended version of the tree, with exception of the twisted mandrel coils, for which the 

focus has been on cases 5 and 6. While this exploration addresses second- and third-order 

structures, exploring further transformation levels has the potential to lead to the emergence 

of subsequent new monofilament morphologies with kinetic capacity, already exemplified by 

sample 8 (Figure 31, movie 15). 

 
Table 8. Tags for morphological families and morphological kinds.  

 

  

                                                        
66 Second-order structures are specified with one pair of square brackets, where the direction of each 
structural level is separated by a dash (e.g., [S-S]). Third-order structures are specified with two pairs 
of square brackets, where the first pair indicates the directions of the second-order structure, as 
explained earlier, and the second pair indicates the direction of the third-order structure (e.g., [S-S]-
[Z]). 
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Table 8. Tags for morphological families and morphological kinds.  

Name of  
morphological  
family 

TAGS 
Morphological 

family 
Morphological kind  

Twist-induced coils TICs TIC[S-S] 

Mandrel coils MCs 

MC[S-S] 

MC[S-Z] 

Twisted twist-induced coils TW-TICs 

TW-TIC[S-S]-[S] 

TW-TIC[S-S]-[Z] 

Coiled twist-induced coils C-TICs 

C-TIC[S-S]-[S] 

C-TIC[S-S]-[Z] 

Twisted mandrel coils TW-MCs 

Contiguous coil rings Long pitch 

TW-MC[S-S]-[Z]-1 TW-MC[S-S]-[Z]-3 

TW-MC[S-S]-[S]-2 TW-MC[S-S]-[S]-4 

TW-MC[S-Z]-[Z]-6 TW-MC[S-Z]-[Z]-8 

TW-MC[S-Z]-[S]-5 TW-MC[S-Z]-[S]-7 

Reshaped mandrel coils RS-MCs 

RS-MC[S-S]-1 

RS-MC[S-S]-2 

 

 
 

Table 9. Activation set-ups used to document the heat-responsive shape change of monofilament 

morphologies. 

Activation  
set-up 

1 2 3 4 5 

     

Activation 
medium 

Hot air  Hot air  Hot water  Hot water  Hot plate  

Sample 
arrangement 

Hanging 

Single 

anchoring 

Hanging 

Double 

anchoring, 

forming a loop 

Hanging 

Single 

anchoring 

Hanging 

Double 

anchoring, 

forming a loop 

Lying over 

support 

surface 

No anchoring 
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Figure 42. Transformations tree, depicting two instances of  combinations of  twisting, coiling and
reshaping through stretching, and accounting for the direction of  the transformation, when relevant.
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7.2. Translation and tuning of processes and parameters 

7.2.1. Translation of formation processes 

The translation of formation processes consists of moving from executing operations involved 

in the formation of morphologies intuitively, relying entirely on hand-guided tools and 

perceptual assessment of the material’s responses to my interventions, towards an execution 

of operations guided to a larger extent by numerical values provided by or determined in tools 

and devices.  

This transition was implemented gradually, through recollection and recreation of the intuitive 

execution, paying detailed attention to my actions as the processes unfolded, in order to 

identify previously unnoticed intermediate steps or aspects of the process, as well as nuances 

in my way of handling tools and performing operations that would help me translate them into 

the incorporated equipment. Active documentation (de Freitas, 2002), including visual and 

textual information, was used to record aspects of the recreated processes (e.g., Figure 43). 

Initial adequate values for formation parameters were found through trial and error, eventually 

leading seamlessly to the tuning of specific parameters for each morphology.  

The translation process was coupled with my familiarisation with the new equipment and 

understanding what the incorporated tools could actually offer to the tasks for which they had 

been sourced. Adjustments to some of the tools were prompted by the process of translation 

as it moved forward. 

  
Figure 43. Examples of documentation of recreated processes of formation of morphologies. 
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7.2.2. Tuning of formation parameters  

The process of translation gave way to the tuning of formation parameters: i.e., the 

identification of parameter values, suitable for providing morphologies capable of displaying 

reversible heat-responsive changes of shape with the equipment that was incorporated. 

The term tuning denotes a cyclic process of perceiving the manifestation of a phenomenon 

through a system and adjusting the system towards a desired or intended manifestation of 

the phenomenon. In the case of the monofilament morphologies, the “phenomena” being 

perceived are their structure, their heat-responsive shape change and its reversibility, and 

what is “adjusted” are the values for key parameters involved in their formation, given that 

these are expected to influence the structure of the morphologies and the reversibility of their 

shape change. 

Approaching the identification of suitable parameter values represented a challenge, given 

the great number of parameters involved and their interdependence. While I initially 

considered testing individual parameters in isolation, in analogy to classical scientific 

experiments, it was soon clear that this was not achievable in the available time-frame and 

under the working set-up in use. Following the aim of the research to expand the range of 

kinetic material behaviours available to the field of textile design, I favoured a preliminary 

stage of formalisation of formation processes for a set of morphologies over conclusive 

understandings and optimised processes for one or fewer morphologies. 

In order to support this intended breadth, I undertook the identification of suitable parameter 

values through a combination of tactics, comprising one or several of the following – 

depending on the specific morphology and stage of the process being explored:  

• consideration of reference values and explanations on the effects of particular 

formation parameters on the structure and actuation of TICs and MCs, as found 

principally in the study by Haines et al. (2014); 

• adoption of initial values suggested through trial and error within the translation 

process; 

• testing of values for sets of formation parameters and assessment of the resulting 

physical sample. 

Even though tuning relies primarily on values provided by tools and devices, my intuition and 

experiential understanding still played an important role in the process. Given that in most 
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cases, instead of isolating individual parameters I was testing sets of parameters 

simultaneously, the decisions I took concerning which value to select and fix at each stage of 

the process were largely based on my experiential assessment of the role of each parameter 

in the formation of the structure and my perceptual appraisal of the physical samples in 

consideration of the values that had produced them. While the tests carried out do not allow, 

in most cases, the drawing of definite conclusions on the influence of specific parameters on 

resulting structures and their heat-responsive shape change or its reversibility, these have 

strongly informed and supported the identification of suitable values, enabling a preliminary 

stage of the formalisation of formation processes to be reached. The specific way in which 

formation processes are explored varies for the different morphological families depending 

on their characteristics, as does the depth with which each process is tackled.  

 

Assessment of samples 

Rather than being projected in advance, third-order morphologies emerged from my direct, 

intuitive involvement with monofilament transformations. However, once revealed, these 

structures became a kind of “blueprint”, serving as reference forms during the structured 

approach to the exploration.  

During tuning, suitable parameter values were selected in consideration of structural features 

for all morphologies, and for TICs, TW-TICs, C-TICs and MCs, also in consideration of the 

amplitude of their heat-responsive shape change and its reversibility.  

I assessed the structures in terms of basic physical properties (e.g., length, diameter, pitch), 

characteristic morphological features (e.g., turns, rings, loops), or visual qualities (e.g., 

colour, transparency, glossiness) and haptic qualities (e.g., stiffness, brittleness, elasticity), 

using those properties and features that were most relevant for each morphological structure 

and the stage of the formation process being tuned. Assessment of visual and haptic qualities 

was more prominent for TICs and MCs, favouring samples where the monofilament’s visual 

appearance was changed least after heat treatment, and was neither overly stiff or brittle nor 

melted as a result of this process. Third-order structures were mostly assessed in terms of 

the number or size of a considered form feature (e.g., turns, rings): favoured samples were 

those whose visual appearance presented the most regularity and uniformity in terms of size, 
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alignment, orientation and/or distribution of the considered feature and also of its overall 

contour.  

Heat-responsive changes in shape were tested by activating samples with hot water or hot 

air, from relaxed, non-stretched nor compressed states, generally with one loose end. I 

assessed these changes based on my perception of their breadth or amplitude. Formation 

values giving rise to samples performing “large” changes were selected. What I consider 

large depends on each morphology, and is not a strict measure. Instead, I assessed it 

visually, defining it in relation to a referent shape (e.g., complete untwisting of TW-TIC[S-S]-

[S], displaying no areas where the coiled strands cross over each other), or in relation to the 

amplitude of the opposite behaviour in the same morphological family, when this was present 

(e.g., the shape change of TW-TIC[S-S]-[Z] was considered in relation to the amplitude of the 

referent shape change for TW-TIC[S-S]-[S]). These referent changes in shape were not 

defined a priori, but were identified during the exploration.  

The ability of samples to recover their original shape when cooled down after activation was 

assessed based on the observed changes in the number of form-features or in physical 

properties, as considered for each morphology. While the ideal reversibility of a structure 

would be one where it remained unchanged after activation, this soon proved to be 

unachievable.  

Hence, I considered the reversibility of the shape change satisfactory if, after cycles of 

activation, the structure preserved at least some of its salient features in a similar configuration 

(e.g., the folded structure of TW-TICs would still present third-order turns), even if these 

features varied in number, and consequently in size, in such a way that the structure could 

still be recognisable as belonging to that morphological family (e.g., a TW-TIC would still be 

a two-ply TIC). Within this frame, the more closely the recovered shape resembled its shape 

before activation, the better I considered the results to be.  

 

Documentation of formation parameters and morphological features 

Tested parameter values were recorded in order to enable comparison across trials and to 

support their consideration in relation to the physical samples they delivered, serving as 

reference for subsequent trials. Printed tables were used to record formation and heat-
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treatment values as well as specific physical properties of resulting samples of second-order 

structures (e.g., Figure 44). Comments on the execution of involved operations and 

observations on the visual and haptic qualities or the form of resulting samples were also 

noted in the tables when required. 

  
Figure 44. Examples of printed tables used to record formation and heat-treatment values for second-
order structures. 

  
Figure 45. Examples of documentation of third-order morphologies. 

   
Figure 46. Examples of tables gathering information on third-order morphologies. 

     
RS-28-1 

10gr / 14.5cm / FA 
RS-22-1 

10gr / 14.5cm / FA 
RS-24-1 

10gr / 11cm / FA 
RS-22-2 

10gr / 10.5cm / FA 
RS-22-3 

10gr / 7cm / FA 

     
MC-21 

10gr / 15cm / FA 
MC-24 

10gr / 13cm / FA 
AC-1-1 

10gr / 15cm / PA 
AC-5-1 

10gr / 15cm / PA 
MC-17 

20gr / 15cm / PA 

     
RS-25-1 

10gr / 8.5cm / FA 
RS-29-1 

10gr / 8.5cm / PA 
RS-5-2 

10gr / 7.5cm / PA 
RS-4-1  

10gr / 7.5cm / PA 
RS-23-1 

10gr / 7.5cm / PA 

     
AC-13-3 

10gr / 7.5cm / PA 
RS-6-1 

10gr / 7.5cm / PA 
RS-20-2 

20gr / 7.5cm / FA 
AC-5-2 

20gr / 13cm / PA 
AC-1-3 

20gr /13cm / PA 

     
RS-21-1 

10gr / 7cm / PA 
RS-24-2 

20gr / 10cm / PA 
RS-28-2 

20gr / 9.5cm / PA 
RS-29-2 

20gr / 8.5cm / PA 
RS-23-2 

20gr / 6.5cm / PA 

     
RS-26-1 

10gr / 7cm / PA 
RS-4-2 

20gr / 7.5cm / PA 
RS-5-3 

20gr / 7.5cm / PA 
RS-26-2 

20gr / 7cm / PA 
RS-21-2 

20gr / 7cm / PA 

     

 

AC-11-3 
30gr / 12cm / PA 

RS-28-3 
30gr / 9.5cm / PA 

RS-24-3 
30gr / 7cm / PA 

ST-13-A 
30gr / 6cm / PA 

AC-11-2 
30gr / 12cm / PA 

 

     
ST-4-A 

20gr / 6cm / FP 
MC-23 

30gr / 10cm / FP 
ST-10-A 

30gr / 9cm / FP 
W1-1-A 

30gr / 9cm / FP 
ST-13-B 

30gr / 9cm / FP 
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Parameter values and considered physical properties and/or salient form features for third-

order structures were recorded in notebooks (e.g., Figure 45), and the information gathered 

was subsequently organised into tabular form to support its comparison (e.g., Figure 46). 

Relevant aspects of form features were recorded alternatively as numerical values, textual 

descriptions and/or visual depictions (e.g., the tracing of the form of the samples, Figure 81, 

or photography). These, together with relevant physical properties, were recorded after each 

activation, enabling the evolution of the structure to be followed. A reference temperature at 

which samples were activated was also recorded to allow its consideration in relation to the 

amplitude of the displayed shape change and its reversibility.  

The processes of translation and tuning for TICs, TW-TICs, C-TICs and RS-MCs are presented 

in Appendix B, and for MCs and TW-MCs is provided as supplementary material.67 

 
 
Formulation of recipes 

Recorded parameter values that gave rise to selected samples were subsequently used in 

the elaboration of preliminary recipes for the formation of monofilament morphologies with 

kinetic capacity. While commonly used in cooking, recipes are also widely employed in 

textiles to specify the formulation of printing pastes and dyeing or finishing baths. These detail 

the type and quantity of the ingredients required to achieve a specific colour or finishing of a 

particular fabric (Schindler & Hauser, 2004, p.14; Wilson, 2001, pp.116-117). Simon explains 

that recipes, as description of processes, “characterize the world as acted upon; they provide 

the means for producing or generating objects having the desired characteristics” (Simon, 

1996, p.210).  

The recipes presented in this thesis provide values for parameters involved in the formation 

of the different morphologies, as well as information on the required materials and tools. While 

not including step-by-step instructions, they do provide basic information on particular steps 

of the processes, assuming an overall understanding of the main techniques employed. 

These recipes make available to future research the initial stage of formalisation with which 

formation processes result from this structured exploration, and are included in Appendix C.  

                                                        
67 Supplementary material can be found in the RCA Research Repository, together with this thesis. 



 114 

7.3. Documentation of the heat-responsive shape change  
of the morphologies 
The behaviour of representative samples resulting from the formalisation process was 

documented through video recordings under five activation set-ups, comprising 

combinations of three activation media and three sample arrangements, as shown in Table 

9. Selected activation set-ups are described in Appendix B, section B.5. 

 
Table 9. Activation set-ups used to document the heat-responsive shape change of monofilament 
morphologies. 

 
 
 

With the purpose of demonstrating and communicating the kinetic potential of the different 

structures to relevant audiences, video excerpts of the documented behaviours were 

organised into charts, or clip-charts (accompanying materials; e.g., Figure 47, Figure 48). 

The underlying rationale for these clip-charts is presented in Appendix B, section B.5.3. 

Despite the drawbacks that the selected activation set-ups present – interfering in some 

cases with a full appreciation of the thermally-induced behaviour of the morphologies; see 

Appendix B, section B.5.2. – these clip-charts provide visual descriptions of the direction and 

trajectory of this behaviour, as displayed under specific arrangement conditions, as well as 

of its amplitude and speed in relation to the temperature and activation media used.  

 100 

 

Table 8. Tags for morphological families and morphological kinds.  

Name of  
morphological  
family 

TAGS 
Morphological 

family 
Morphological kind  

Twist-induced coils TICs TIC[S-S] 

Mandrel coils MCs 

MC[S-S] 

MC[S-Z] 

Twisted twist-induced coils TW-TICs 

TW-TIC[S-S]-[S] 

TW-TIC[S-S]-[Z] 

Coiled twist-induced coils C-TICs 

C-TIC[S-S]-[S] 

C-TIC[S-S]-[Z] 

Twisted mandrel coils TW-MCs 

Contiguous coil rings Long pitch 

TW-MC[S-S]-[Z]-1 TW-MC[S-S]-[Z]-3 

TW-MC[S-S]-[S]-2 TW-MC[S-S]-[S]-4 

TW-MC[S-Z]-[Z]-6 TW-MC[S-Z]-[Z]-8 

TW-MC[S-Z]-[S]-5 TW-MC[S-Z]-[S]-7 

Reshaped mandrel coils RS-MCs 

RS-MC[S-S]-1 

RS-MC[S-S]-2 

 

 
 

Table 9. Activation set-ups used to document the heat-responsive shape change of monofilament 

morphologies. 

Activation  
set-up 

1 2 3 4 5 

     

Activation 
medium 

Hot air  Hot air  Hot water  Hot water  Hot plate  

Sample 
arrangement 

Hanging 

Single 

anchoring 

Hanging 

Double 

anchoring, 

forming a loop 

Hanging 

Single 

anchoring 

Hanging 

Double 

anchoring, 

forming a loop 

Lying over 

support 

surface 

No anchoring 
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Figure 47. Example of a clip-chart depicting the heat-responsive behaviour of one morphological kind 
under five activation set-ups. 

 
Figure 48. Example of a clip-chart depicting the heat-responsive behaviour of different morphological 
kinds under the same activation set-up. 

 
7.4. Observations and reflections 

7.4.1. Translation process as a learning tool  

The purely pragmatic purpose for which the translation process emerged at first disguised its 

value as a learning tool that contributed to the advancement of my understanding of formation 

processes, as well as of my own way of making. In scrutinising my spontaneous way of 

performing operations and attempting to specify them through values in tools and devices I 

became aware of aspects of formation processes which I had internalised, and was intuitively 

performing.  

surface temp. ∼ 80-85 ºC

C-TIC[S-S]-[S]-B-1m

∼ 55 ºCroom temp. ∼ 20-25 ºC ∼ 55 ºCroom temp. ∼ 20-25 ºC

250ºC-37cm 250ºC-37cm

[ H O T  W A T E R ]

[ H O T  A I R ][ H O T  P L A T E ]

C-TIC[S-S]-[S] 
250ºC – 37cm

C-TIC[S-S]-[S]
250ºC – 37cm

C-TIC[S-S]-[Z]
250ºC – 37cm

C-TIC[S-S]-[Z] 
250ºC – 37cm

RS-MC[S-S]-1 
250ºC – 37cm

RS-MC[S-S]-3 
250ºC – 37cm

TW-MC[S-Z]-[S]-5 
250ºC – 37cm

TW-MC[S-Z]-[S]-5
250ºC –37cm

TW-MC[S-Z]-[Z]-6 
250ºC – 37cm

TW-MC[S-Z]-[Z]-6 
250ºC – 37cm

TW-MC[S-Z]-[S]-7 
250ºC – 37cm

TW-MC[S-Z]-[Z]-8
250ºC – 37cm

TW-TIC[S-S]-[Z] 
650ºC – 32cm

TW-TIC[S-S]-[Z]
650ºC – 27cm

TW-TIC[S-S]-[S] 
650ºC – 17cm

TW-TIC[S-S]-[S] 
650ºC – 22cm

Activation set-up 1 [ H O T   A I R  ] 
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Tacit elements of my way of handling tools during the spontaneous execution of operations 

were also foregrounded through this translation, revealing the nuances that this performance 

involved. For example, while attempting to translate the hand-guided movement of the heat 

gun when heat treating TICs into the movement of the linear actuator, I became aware of the 

richness of a gesture that was being fed by visual assessment of the material, and thus 

constantly adapting to the transformations the material was experiencing while being affected 

by heat. This realisation pointed to the impossibility of reproducing such nuanced motions 

with a tool that, in its current implementation, could only perform linear movements at constant 

speeds. Hence, this process exposed the challenges involved in translating the richness and 

variations of perceptually fed, hand-guided operations into operations performed by a device 

with a limited degree of sophistication.  

The translation of my intuitive way of working with the material into a formalised one was key 

in allowing me to thoroughly identify previously unnoticed formation steps and tacit actions 

involved in my way of performing operations, affording me a deeper understanding of the 

formation processes of morphologies. Experiential understanding of the material and 

processes was filtered through this translation into detailed operational steps and specified 

through values in tools and devices, helping to make my understandings explicit. 

7.4.2. Comprehensive identification of formation parameters 

Through the translation process, the formation parameters that had been previously identified 

as relevant (Table 6) were mapped onto those determined by the incorporated equipment, 

when required. Moreover, working in a structured way supported the identification of 

additional relevant parameters that had not been previously noticed, as well as the possibility 

of stabilising morphological structures through repeated cycles of activation and cooling 

down. I have considered this process, or training, as referred to in the formation of basic coils 

(Haines et al., 2014b; Saharan & Tadesse 2016), part of the formation of the morphologies 

(see Appendix B, section B.2), thus providing further associated parameters. The 

comprehensive set of parameters identified as relevant for the formation of monofilament 

morphologies with kinetic capacity is summarised in Table 17 (Appendix B).  
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7.4.3. On structured exploration, formalised processes and recipes 

Handling samples and observing their behaviour in the light of the recorded parameter values 

allowed me to gain further experiential understanding of the influence of formation processes 

on resulting morphologies. My perception of the visual and haptic qualities of the samples 

was coupled with the values from the instruments and tools, in a process that was to a great 

extent tacit, and which increasingly informed the decisions taken during tuning. 

While the tactics with which tuning was carried out prioritise the intended exploratory breadth 

over a firm understanding of fewer processes or a single one, the depth with which each 

process was explored varied, and consequently so does the degree to which the different 

processes have been formalised. Parameter values found through tuning constitute suitable 

ones, rather than optimal ones, which – in combination with each other – are likely to give rise 

to morphologies capable of performing heat-responsive, reversible changes in shape. 

Hence, this constitutes a “coarse” tuning, which lays the ground for subsequent optimisation, 

or “fine” tuning, to be undertaken, with the potential to improve either the shape-change 

amplitude or its reversibility. 

Given that formation processes have been formalised for a specific type of monofilament and 

with the use of specific tools and devices, the former are to a certain extent bound to the 

latter. Nevertheless, the underlying understandings generated through this formalisation are 

expected to be applicable to other materials and working conditions.  

Recipes formulated based on formalised processes (Appendix C) constitute guides for 

morphology formation, and represent a resource for sharing the groundwork resulting from 

this structured approach to the exploration, making it available to future research. By 

providing formation values, recipes support the further optimisation of formation processes; 

and by allowing practitioners to form morphologies, recipes provide a way towards the 

exploration of their design potential. However, given the initial process-formalisation stage 

from which these recipes arise, they are not fully resolved, nor does the same depth of 

exploration underpin all of them. As the formalised processes, recipes are also linked to the 

material and equipment used in this exploration, and hence their use with a different material 

and equipment would require instances of adaption. 
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7.4.4. Variations in morphological structures 

 
Diversity within morphological kinds 

The incorporation of equipment in the structured approach to the exploration was motivated 

by the intention of increasing the accuracy in the repetition of operations, with the expectation 

of obtaining similar samples of each morphology. The equipment that was incorporated did 

generally increased this accuracy and provide a higher level of control over operations. 

Nevertheless, processes still lack automation, relying strongly on my involvement and 

dexterity as a maker in setting up and guiding the equipment.68 

This involvement results in subtle variations in parameter values, which permeate the process 

into resulting samples in the form of a lack of complete regularity in the repetition of their form 

features, both across samples of the same morphological kind and within the same sample. 

Contradicting my expectations, this was initially frustrating, not allowing me to immediately 

appreciate the richness that this diversity brought to the aesthetic qualities of the 

morphologies.69 Reminiscent of the individuality characteristic of the natural order, where no 

two individuals belonging to the same species look exactly alike (Pye, 1995, p.58), this type 

of diversity can be seen as reinforcing the natural appeal I initially found in the morphologies. 

Furthermore, individual variations are also inherent to biological motion: no two individuals 

perform a given movement in exactly the same way, nor does the same individual perform 

the same movement twice in the same way (Newell & Slifkin, 1998, p.143). Despite this 

diversity, the underlying blueprint of each morphological kind is clearly recognisable in 

samples resulting from the formalised processes.  

Becoming aware of the contribution of this individuality to the aesthetic appeal of the samples 

makes me wonder about the degree of variation in structure and unpredictability in behaviour 

                                                        
68 Most of the tools employed in this exploration are hand-guided tools. The only piece of equipment 
that has in some sense a higher degree of automation, or is guided by a machine, is the heat gun, when 
used in combination with the linear actuator in the heat setting of TICs. However, while the degree of 
automation achieved with the linear actuator provides consistency in certain aspects of this process, 
such as achieving the same speed of heat gun-travel across samples, the set-up of the operation 
nevertheless relies heavily on the accuracy of my interventions (e.g., when positioning the linear actuator 
in relation to the location of the sample being heat treated (see Appendix B, Figure 78), or adjusting the 
vertical alignment of the sample after it has been coiled).  
69 A discussion with Lynn Tandler was key in foregrounding the positive impact of these variations in 
resulting samples.  
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that can be tolerated, appreciated or even exploited by practitioners when designing with 

monofilament morphologies. 

 

Morphological variations arising from tuning of formation parameters 

Unlike the diversity mentioned above, tuning formation parameters revealed in some cases 

structures that present a more significant departure from the referent forms or blueprints that 

were initially revealed.  

Twisted twist-induced coils. In the case of TW-TIC[S-S]-[Z]s, I intentionally pursue such a 

departure as a way of maximising the amplitude of their shape change compared to the 

analogous sample presented in Chapter 6 (9-B, Figure 13). Given that these structures twist 

further when exposed to heat with at least one unconstrained end or when activated locally 

from a relaxed, non-stretched state, I reduced the number of turns inserted into the TIC, so 

that the third-order structure would present a less packed arrangement, allowing it to gain a 

higher number of turns when exposed to heat, thus displaying a larger visual effect. Figure 

49 shows TW-TIC[S-S]-[Z]s after training, resulting from inserting 100t/m (top) and 50t/m 

(bottom) into TICs; the latter being selected as a suitable number of turns for this morphology 

(Appendix B, section B.4.2). 

 

  

  

Figure 49. Tuning of twist density in TW-TIC[S-S]-[Z]: 100t/m (top) and 50t/m (bottom) inserted into the 
TIC (samples shown after training). 
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Reshaped mandrel coils. Exploring the reshaping technique in a structured way revealed a 

range of morphological variations, as a result of the combined increment of applied force (i.e., 

weight) and temperature, under specific conditions of turn-release (see Appendix B, section 

B.4.4). While resulting structures cannot be explained exclusively through the parameters 

accounted for in this exploration, it is possible, however, to preliminarily specify formation 

values for two types of structures, located at both ends of an apparent continuum in the 

evolution of these forms: i.e., RS-MC[S-S]-1 (Figure 50) and RS-MC[S-S]-2 (Figure 51); (see 

also Figures 101, 102 and 103 in Appendix B).  

Structures resembling RS-MC[S-S]-1 had already been identified through this research,70 but 

structures resembling RS-MC[S-S]-2 had not, constituting a newly revealed morphology. 

Moreover, RS-MC[S-S]-2 displays a heat-responsive behaviour that is distinct from that of RS-

MC[S-S]-1: the former contracts in the direction of its length, while simultaneously slightly 

unwinding (Figure 52; clip-chart 15). 

Given their common transformation process, I have considered these morphologies as part 

of the same morphological family. However, the differences between them motivate me to 

question the suitability of this consideration. Morphological families, defined according to 

relationships between the structure and heat-responsive behaviour of different morphological 

kinds, could alternatively be understood as arising also from significant variations in formation 

parameter values, and not exclusively from different sequences of transformations, as defined 

in this research through the transformations tree.  

Furthermore, the evolution that can be observed in the structure of reshaped samples 

(Figures 101, 102 and 103, Appendix B) raises a subsequent question concerning whether 

this evolution corresponds actually to a continuum of forms – responding to increments in the 

combined force and temperature applied under specific conditions of turn-release – or 

whether there are critical points or thresholds of combinations of intensive parameters (i.e., 

pressure, if the applied weight is considered as force per unit area, and temperature), also 

under specific conditions of turn-release, beyond which significant variations in the form 

emerge, such as the coiled third-order structure of RS-MC[S-S]-2.  

                                                        
70 RS-MC[S-S]-1 resembles the looped morphology that gave rise to this research (Figure 6, Chapter 3) 
and samples 6-A and 6-B (Figures 24, left and 25, top, respectively, Chapter 6). 
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Figure 50. Examples of RS-MC[S-S]-1, resulting from the structured exploration of the reshaping 
technique.  

 

 

 

 

 

   

  

Figure 51. Examples of RS-MC[S-S]-2, resulting from the structured exploration of the reshaping 
technique.  
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Figure 52. RS-MC[S-S]-2 being activated under hot air and cooling down at room temperature. 

 

Coiled twist-induced coils. The above-mentioned questions arise again in relation to the 

results of the structured exploration of C-TICs. The diameter, length and overall contour of 

samples resulting after training varies in relation to the force applied to the TIC when winding 

it over the mandrel (see Appendix B, section B.4.3). In particular, a generally helical contour 

results in C-TICs after training when large forces are applied (Figure 53, bottom row, right two 

columns, see also Figure 95 in Appendix B). The helical C-TIC[S-S]-[Z], like the straight ones 

(Figure 53, top and middle rows), expands in response to heat. The emergence of the helical 

contour in C-TICs reiterates the questions of whether: 

• there is a critical point of pressure (i.e., applied force per unit area) under which TICs 

are wound, beyond which C-TICs adopt a helical overall contour; 
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• these helical structures could be considered a distinct morphological family on the 

basis of structural difference. 

As mentioned in Chapter 4, critical points of intensive parameters are involved in the formation 

of TICs, since, for example, crossing a threshold of twist density triggers the spontaneous 

formation of the coiled form in the monofilament. In the examples described above, significant 

variations in structure and, in the case of reshaped samples, in behaviour, result from 

increments in specific intensive parameter values. Even though these examples do not allow 

the critical points speculated above to be specified, they motivate me to consider their 

presence, given that beyond such critical points the qualities of physical entities are 

substantially changed (DeLanda, 2002, p.75). These examples point to the relevance of: 

• addressing the exploration of critical points of intensive formation parameters as an 

alternative strategy to identify further tendencies in the monofilament, revealing as yet 

not expressed monofilament morphologies with heat-responsive kinetic capacity.  

While initially I identified the relevance of temperature and twist-density, as intensive 

parameters intervening in the formation and activation of the basic coiled forms, exploring the 

transformation of the monofilament in a structured way has foregrounded the relevance of the 

applied forces (or pressure) in the emergence of morphological variations. 

The question concerning the boundaries within which morphological kinds and families are 

considered, points to the need to devise an alternative conceptualisation and mapping of the 

structural identity of the morphologies, encompassing variations resulting from variations in 

values along continuous formation parameters, and not exclusively from sequences of 

transformations. Ideas to tackle this question could eventually be informed by fields dealing 

with similar issues, such as biology or linguistics. Alternatively, contextualising the notion of 

difference through neo-materialist discourses, conceived as a “process of becoming”, rather 

than as lack of similarity (Rosi Braidotti with Dolphijn & van der Tuin, 2012, p.28), may also 

inform such an endeavour.  

In terms of representation, this challenge to the conception of morphological kinds and 

families as resulting exclusively from transformation sequences foregrounds the limitations of 

the transformations tree as a tool to depict potential morphological structures. While an 

alternative visualisation of morphological variations is not addressed in this thesis, further 

reflections on this topic are offered in the next section. 
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Figure 53. C-TIC[S-S]-[Z] formed by winding TIC[S-S] over a mandrel under no force (top row), a small 
force (middle row), and a large force (bottom row). Coils before activation (leftmost two columns) and 
after activation (rightmost two columns). 
 

7.4.5. Beyond the transformations tree 

The choice of a tree diagram as tool to explore and depict potential monofilament 

morphologies responds to my understanding – arising from the intuitive approach to the 

exploration – that different structures result from different sequences of transformations. If a 

broader depiction of potential morphologies is to be pursued, one that encompasses 

morphological variations arising from variations in values along continuous formation 

parameters and not exclusively from transformation sequences, a tree diagram would present 

some limitations and may no longer constitute an adequate visualisation tool by itself. As 

knowledge representation tools, tree diagrams are unsuitable to depict complex, multi-

dimensional sets of information: 
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Trees are optimized, pared-down visualizations of often more complex signals. When 
confined to trees, we overlook additional dimensions of information in the data 
(Bapteste et al., 2013). 

The hierarchy implicit in a tree diagram is suitable for representing the transformations that 

are considered, given that they constitute a sequential process with a discrete and limited 

number of possibilities. However, some morphology-formation parameters are continuous, 

and their interdependence within and across stages of transformation determines spaces of 

multiple dimensions within which possible morphologies can be found. Hence, while the tree 

could prevail as an overarching structure, each of its nodes would need to encompass such 

a multi-dimensional, continuous space.  

Conceptually, these continuous multi-dimensional spaces encompassing potential 

morphological structures are reminiscent of the notion of spaces of possibilities of physical 

entities or systems (DeLanda, 2002, pp.2-8; Chapter 4).71 Critical points of intensity are 

relevant regarding such multi-dimensional spaces structured by an entity’s tendencies, or 

“phase spaces”, since one way in which tendencies manifest is when intensive thresholds are 

reached (DeLanda, 2002; pp.75-6). Identifying critical points within intensive formation 

parameters, as suggested earlier, could allow the identification of a limited number of relevant 

discrete points within continuous parameters, related to the tendencies of the monofilament 

under particular conditions of forces and energies. Consequently, this limited number of 

discrete points or value-intervals would allow the complexity involved in the representation of 

such a wide set of continuous parameters to be partially lowered, making them suitable again 

to be represented by a tree diagram, although this would be one that presents a higher 

degree of complexity than the one used in this thesis.72  

 

                                                        
71 It is worth noting that DeLanda’s notion of the “structure of the space of possibilities” of an entity or 
system (i.e., its tendencies, depicted as topological forms in a manifold), represents the morphogenetic 
resources intrinsic to the entity or system, and not its physical instantiations, the latter corresponding to 
the actual monofilament morphologies. 
72 Such a representation would also consider heat treatments – not included in the transformations tree 
as conceived in this thesis – which through differences in temperature and exposure time have shown 
to have an influence on resulting structures (e.g., on the pitch of MCs; supplementary material). MC 
pitch is considered in the extended version of the transformations tree, however, the heat-treatment 
process that produces is not.  
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7.4.6. Displaying heat-responsive shape change: clip-charts 

The clip-charts accompanying this thesis provide visual descriptions of the behaviour of each 

morphology under specific conditions. The established groupings (Appendix B, section 

B.5.3), invite comparison of the behaviour of a particular morphology across activation set-

ups, as well as that of the different morphologies under the same set-up. Together with the 

recipes, these clip-charts are provided in support of practitioners’ future approaches to the 

exploration of the design potential of monofilament morphologies. However, these clip-charts 

offer a partial documentation of the wider kinetic repertoire of the morphologies, and can thus 

be further expanded to include alternative activation set-ups. 

Under the set-ups and temperatures depicted in the current clip-charts, not all the 

morphologies displayed the expected broad changes in shape. Table 18 (Appendix B, 

section B.5) presents an overview of my perceptual assessment of the amplitude of the 

movement effect resulting from the heat-responsive shape change of the morphologies in 

relation to the temperature and conditions under which these are displayed. Small effects 

result from either the activation temperature used, or the unsuitability of particular sample 

arrangements to boost the visibility of the shape change of the morphology.73 

This unsuitability, together with the fact that alternative behaviours were previously observed 

for those morphologies,74 expose the limitations of depicting the shape change of all the 

morphologies under the same set-ups. This suggests the relevance of individually exploring 

the range of activation set-ups that allow each morphology to display broad movements – in 

line to the approach I took when exploring the material intuitively – simultaneously providing 

opportunities to uncover interesting behaviours that would otherwise remain concealed. 

Furthermore, supported by the clip-charts presented here, such a focused approach could 

also be employed to find activation set-ups that allow a certain morphology to display specific 

movements suitable for particular applications.  

                                                        
73 An example of the former are TW-TICs (clip-charts 6 to 9) in hot water and the hot plate; and an 
example of the latter are RS[S-S]-[S]-1 (clip-chart 14) with single and no anchoring. 
74 E.g., RS[S-S]-[S]-1-like structures presented in Chapters 3 and 6 (Figures 5 and 25 top; movies 1 and 
10, respectively). 
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The gravitational pull inevitably affects the trajectory of the heat-responsive movement 

displayed by the morphologies. Under single anchoring, particularly in hot air, given the 

vertical disposition of samples, the effect of gravity seems to condition the extent to which 

contraction and expansion behaviours depart from a linear trajectory (e.g., C-TICs, RS-MC[S-

S]-2, TW-MCs). Given my original intention to allow samples to display movement in multiple 

dimensions, this points to an opportunity to explore alternative sample orientations in relation 

to the direction of the gravitational force (e.g., perpendicular to it), or even anchoring the lower 

end of the sample in a vertical orientation. Such orientations can allow the structures to bend 

– to different degrees depending on their flexibility and length – in either their resting or 

activated state,75 enabling alternative movement trajectories to be displayed.  

7.5. Conclusions 
The work discussed in this chapter offers an initial stage of formalisation of formation 

processes for nylon monofilament morphologies with kinetic capacity, including: 

• the comprehensive identification of relevant parameters involved in formation 

processes, as carried out under the working set-up implemented in this research 

(Table 17; Appendix B); 

• the identification of preliminary parameter values suitable for the formation of 

morphologies with the capacity to display heat-responsive reversible changes of 

shape. 

This foundational work is offered as support for future exploration of kinetic morphologies and 

their design potential. To this purpose, formalised processes are provided in the form of 

preliminary recipes, constituting guides to morphology formation. Furthermore, clip-charts 

offering visual descriptions of the behaviour of the morphologies, are presented in support of 

practitioners’ approaches to the kinetic opportunities they offer. Lastly, the work suggests 

further research directions by pointing to the relevance of exploring the existence of critical 

points in intensive parameters as a way of identifying tendencies of the monofilament, 

producing morphological structures that have not yet been revealed. 

                                                        
75 Different structures present different degrees of flexibility and the stiffness of some of them (e.g., C-
TICs) varies with the change in shape between their resting and heat-activated states. 
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Chapter 8: Kinetic assemblies 
Kinetic morphologies are envisioned in this research as active components of responsive and 

adaptive flexible material systems. This requires individual kinetic modules to be assembled 

either with other (passive) materials or with themselves. This chapter presents a preliminary 

exploration of the latter case, undertaken with mandrel coils. Textile structures provide 

inspiration for the assembly strategies explored, and the principle for the activation of 

morphologies with loose ends or from relaxed states is applied. The exploration has enabled 

me to identify assembly parameters and their instances, which are relevant to consider in 

relation to future exploration of the assembly of both of second-order coils and third-order 

morphologies. The chapter further looks at potential routes to scale up kinetic assemblies. 

8.1. Kinetic assemblies as textile-inspired structures 
Textile construction techniques constitute versatile assembly methods from which to draw 

inspiration when exploring the opportunities offered by second-order coils and third-order 

morphologies to the construction of flexible kinetic material systems. Drawing on the way in 

which textile techniques handle linear elements (i.e., yarns) through interlacing strategies to 

form flexible assemblies, and from the matrix-like arrangements characteristic of woven 

structures, the assembly strategies explored in this chapter offer a way of dealing with the 

limited length of second-order coils and third-order morphologies formed under the working 

set-up used in this research. These strategies enable the implementation of the activation of 

kinetic modules with loose ends or from relaxed, non-stretched nor compressed states, 

following the activation principle suggested in earlier stages of this research.  

Textile-inspired kinetic assemblies are suggested as flexible material systems formed from 

either second-order coils or third-order morphologies. The work moves one level up in the 

structural hierarchy of the material and looks at how kinetic modules can be assembled into 

two- and three-dimensional structures, constituting a first step towards understanding the 

opportunities and limitations offered by the assembly strategies that have been explored.  
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8.2. Assembling mandrel coils 
The exploration is carried out with mandrel coils – principally heterochiral ones, but also in 

combination with homochiral ones – and focuses on identifying suitable ways of linking them 

with each other and arranging them within the assembly. My previous experience of handling 

mandrel coils and intuitively exploring their behaviour under varied arrangements strongly 

informed and inspired the generation of ideas regarding possible ways of linking and 

arranging individual modules to allow their kinetic capacity to be exercised. Close 

examination of video recordings of the behaviour of mandrel coils under different activation 

set-ups further supported this process, and sketching helped to capture and develop 

emerging ideas (e.g., Figure 109, Appendix B).  

The examples developed do not address assembly opportunities comprehensively, nor are 

they intended at this stage to compare the effect of specific variables. Rather, they explore 

assembly opportunities offered by the coils that have been considered.  

8.2.1. Linking strategies 

The exploration focuses on two linking strategies: fixed and loose linking points or joints. 

These relate back to the rationale used in the arrangement of samples within activation set-

ups, where the behaviour of morphologies was explored in relation to the anchoring/no 

anchoring of their ends. I used metallic crimp tubes to create fixed linking points, employing 

these principally to join individual modules between them by their ends. Crimp tubes enable 

two coils to be linked, creating either a linear or an angular continuation between them. 

Depending on how the coils are rolled though the tube, they can either be aligned or 

misaligned in the linear link (Figure 54.A and B, respectively), and can provide an “open” or 

“closed” angle (Figure 54.C. and D, respectively). I created loose joints by interlacing coils 

with a disposition both perpendicular and parallel to each other (Figure 55.A and B, 

respectively). Parallel linking of coils offers the possibility of creating single or multiple linking 

points along the coils (Figure 55.C and D, respectively). 
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A.  B. C. D. 

Figure 54. Linking mandrel coils with crimp tubes forming fixed joints. A. Aligned linear link; B. 
Misaligned linear link; C. “Open” angular joint; D. “Closed” angular joint. 

  

      
A. B. C. D. 

Figure 55. Interlacing mandrel coils. A. Perpendicular interlacing. B. Parallel interlacing. C. Parallel 
interlacing with one linked point. D. Parallel interlacing with two linked points. 
 

8.2.2. Examples of textile-inspired kinetic assemblies 

Fixed-link grid 

In Fixed-link grid, twelve heterochiral mandrel coils (Figure 56.A) are organised into a grid 

arrangement (Figure 56.B, C, D). Individual modules are linked by fixed joints, both linearly 

and angularly. Once assembled, the structure is able to adopt a range of different initial 

configurations (Figure 56.E). 

I tested the behaviour of the structure by placing it over a surface and applying heat with the 

heat gun from the top (Figure 57; movie 19). When thermally activated, some of the coils 

increased in length.76 Given the fixed joints connecting individual modules and the force 

exerted by neighbouring coils, the extended coils tended to adopt curved shapes, sometimes 

forming loops – particularly at the linking areas. The torsion that accompanies the expansion 

                                                        
76 The MCs used in this assembly had not been trained or clustered by their activation temperature, and 
thus not all of them expanded at the same time, nor to the same extent. 
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of heterochiral coils during activation when their ends are not constrained may influence the 

formation of these loops, since, given the fixed joints, this torsion may be generating twist in 

the coils. 

 

 

 

           
A. B. C. 

 

    

    

   

D. E. 

Figure 56. Fixed-link grid. A. and B. Set of coils used to assemble the grid; C. and D. Assembled grid 
using fixed joints; E. Various static shapes enabled by the grid structure. 

 

   

    

      
Figure 57. Fixed-link grid being activated by heat supplied with the heat gun (movie 19). 
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Loose-link grid 

Loose-link grid also consists of a grid arrangement of eight heterochiral MCs. In this case, the 

coils are linked to create loose joints by interlacing them perpendicularly – four placed in a 

vertical direction and four in a horizontal direction (Figure 58.D and E). The coil strands 

employed in this structure had been previously trained and present similar pitch (Figure 58.A). 

To interlace the coils, I rolled vertical coils into horizontal ones, which were stretched and 

fixed to a surface. Interlacing the coils in a stretched state made it easier to create even 

spacing between coils and facilitated the handling of the ensemble (Figure 58.B and C). 

I tested the behaviour of this structure on the hot plate (Figure 59; movie 20). Because of the 

loose joints, individual MCs were able to expand and slightly rotate during activation. The 

rotational component caused the coils to roll along each other, eventually causing the 

interlaced structure to disintegrate and displacing it towards the top right angle of the hot 

plate (Figure 59, last frame). 

 

   
A. B. C. 

  
D. E. 

Figure 58. Loose-link grid. A. Set of eight heterochiral MCs used to form the grid; B. and C. Interlacing 
of coils in a stretched state; D. and E. Loose-link grid after releasing the stretch.  
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Figure 59. Loose-link grid being activated on the hot plate (movie 20). 

 

 
Eyes: three-dimensional structure 

Eyes is formed by four heterochiral MCs, arranged alongside each other and linked using 

multiple loose joints between adjacent coils. The uneven lengths of adjacent coils between 

linking points, together with the brick-like arrangement of the latter, generate eye-shaped 

openings or slits. A semi-circular surface results from the different coil lengths and the 

differences in the length between the linking points, gradually increasing from the shorter to 

the longer coil (Figure 60.A, B, C). The three-dimensional, slightly conical structure of Eyes 

(Figure 60.D) results from linking both ends of each coil together, creating fixed joints with 

crimp tubes. 

I tested the behaviour of Eyes by activating it on the hot plate (Figure 61; movie 21). Given 

the three-dimensionality of the structure and the progressive decrease in temperature above 

the hot surface, the structure activated gradually: the coils in direct contact with the hot 

surface expanded, allowing subsequent coils to come closer to the hot surface and be 

exposed to higher temperatures, thus also expanding.  However, the top layers of the 

structure achieved almost no activation. 
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A. B. C. 

  
D. E. 

Figure 60. Eyes. A. Assembly of a semi-circular surface. B. and C. Detail of interlaced coils. D. Three-
dimensional structure assembled from the semi-circular surface. E. Detail of the three-dimensional 
structure. 
 

   

   

   

Figure 61. Eyes being activated on the hot plate (movie 21). 
 

 
Ring: combination of homochiral and heterochiral mandrel coils 

Ring combines a homochiral MC and a heterochiral one in a circular structure. The coils are 

arranged alongside each other and interlaced using loose joints at several points. Pressing 

the coils together merges them into each other. The ring shape results from linking both ends 
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of the merged coils with a crimp tube, creating a fixed joint (Figure 62). Upon activation on 

the hot plate, the heterochiral coil expands while the homochiral one slightly contracts, and 

the structure transitions from the ring shape into a star-like shape (Figure 63; movie 22). 

 

 

Figure 62. Ring formed by a homochiral and a heterochiral mandrel coil. 

 

    

    

Figure 63. Ring being activated on the hot plate (movie 22). 

 
8.3. Observations and reflections 
The preliminary work presented above has enabled me to identify relevant aspects to 

consider in the assembly of monofilament kinetic modules into textile-inspired structures.  

8.3.1. Arrangement and linking of kinetic modules 

In line with earlier observations in relation to activation set-ups, and particularly sample 

arrangements, the same type of active module – in this case a heterochiral MC – is able to 
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display different types of behaviour depending on the way it is arranged within the structure 

and linked to neighbouring modules. As can be expected, fixed joints restrain the release of 

turns generated by the subtle torsional movement of the MC during activation: when 

heterochiral coils assembled through fixed joints expand enough, the expanded coil adopts 

a curved shape (e.g., as in Fixed-link grid and Ring), which in some cases turns onto itself, 

forming a loop due to the twist that collects in the coil as it slightly rotates. On the other hand, 

loose linking points allow coils to rotate while expanding: thus, they do not collect twist in the 

coil (e.g., as in Loose-link grid). 

Interlacing coils along their length (e.g., Loose-link grid) seems to result in a more coordinated 

behaviour of the assembly as a whole than when coils are only linked at their ends (e.g., 

Fixed-link grid). It is also possible that the number of interlacing points, in relation to module-

length or assembly area, plays a role in the coordination of the behaviour of neighbouring 

modules. However, given that the component MCs of these assemblies have different pitch, 

are linked through different strategies and the assemblies are activated in different set-ups, 

these observations would have to be further assessed with comparable samples.  

These observations have enabled me to identify a preliminary set of parameters and instances 

for these parameters that seem relevant for consideration in the future exploration of the 

assembly of both second-order coils and third-order morphologies into textile-inspired 

structures (Table 10). 

Given that the way of achieving loose linking points in this exploration is strongly enabled by 

the specific structure of MCs, finding alternative ways of creating loose joints may be 

necessary when addressing the assembly of third-order morphologies. 

While fixed joints have been implemented here using crimp tubes, these add weight to the 

assembly and may represent an external force that interferes with the capacity of individual 

modules to change their shape. An alternative linking strategy, with the potential to provide 

fixed joints, could be explored with the use of a solution of formic acid to partially dissolve the 

nylon, turning the material itself into a binder in order to link individual modules,77  thus 

                                                        
77 This alternative linking method was suggested by Vlad Stolojan, from the Advanced Technology 
Institute, University of Surrey, in discussions on the opportunities offered by the work presented in this 
thesis.  



 138 

avoiding the use of external linking elements and offering the potential to provide the 

seamless linking of individual active modules. 

 
Table 10. Identified parameters and their instances, relevant to the assembly of kinetic monofilament 
modules into textile-inspired structures. 

 
 

8.3.2. Activation set-ups for kinetic assemblies 

While the heat-responsive behaviour of the examples that were developed was principally 

explored using a hot plate, and this behaviour has not been compared in other activation set-

ups, the exploration has pointed to the different effects that this activation set-up has on bi-

dimensional and three-dimensional structures. Bi-dimensional structures are evenly activated 

in the hot plate (e.g., Loose-link grid), whereas the activation of three-dimensional structures 

occurs gradually, as exemplified by Eyes, where the parts of the structure in direct contact 

with the hot surface are activated faster than those that are separated from it. This gradual 

activation of Eyes suggests the potential for implementing different behaviours in the same 

structure by selectively activating individual kinetic components. 

The movement displayed by Loose-link grid on the hot plate presents changes in speed and 

acceleration, creating abrupt contortions of the assembly. These possibly result from the 

dislocation of one coil ring through the ring of an intersecting coil as a result of their rotation. 

This behaviour is particularly interesting since these changes in speed and acceleration result 

from the combination of module arrangement, linking strategy and activation set-up, rather 

than from changes in the applied heat.    
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As seen with the activation of individual morphologies on the hot plate with no anchoring (clip-

chart 5), the torsional component of the shape change displayed by MCs in a relaxed state 

enables the sample to displace itself along the hot surface (e.g., movies 23 and 24). In the 

assemblies, this displacement is observed when this torsional component is allowed to 

manifest with the use of loose linking points, as seen in Loose-link grid, whereas when fixed 

links are used the assembly does not displace, as seen in the activation of Eyes. 

The activation of kinetic assemblies through resistive heating should eventually be 

considered. As discussed in Chapter 6 and Appendix A, this would require the integration of 

conductive elements either in the assembly itself or in the individual modules it is composed 

of. Providing kinetic assemblies with electrical conductivity offers opportunities to integrate 

them with sensor and control units, facilitating the implementation of responsive, expressive 

behaviours by allowing the mapping of contextual stimuli onto patterns of change in temporal 

and spatial elements of the movement of the morphologies – such as speed, duration and 

amplitude of the shape change – triggered through resistive heating. The preliminary 

exploration of the integration of conductive yarns and wires into mandrel coils (Appendix A, 

section A.4) may inform such an integration into third-order morphologies. Conductive kinetic 

modules would additionally offer opportunities to independently activate the individual 

modules that form the assembly, as suggested earlier, increasing the number of possible 

behaviours performed by the same assembly. This approach would, however, present 

challenges in relation to the electrical isolation of conductive kinetic modules and the 

implementation of their connections. 

8.3.3. Assembly of third-order kinetic morphologies 

The clip-charts introduced in Chapter 7 provide foundational information on the behaviour of 

third-order morphologies, supporting initial considerations and idea generation about 

possible module arrangements suitable for each morphology. The assembly of modules – of 

both the same morphological kind and different ones – can be considered in order to exploit 

the range of behaviours and aesthetic qualities that third-order morphologies offer.  
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8.3.4. Scaling up textile-inspired kinetic assemblies 

Scaling up kinetic assemblies involves scaling up the production of component kinetic 

elements, as well as automating the assembly process. The former can be achieved by 

obtaining large quantities of limited-length modules, or by producing second-order coils and 

third-order morphologies with longer lengths, or even in continuous form. 78  Formation 

processes for third-order morphologies, as implemented in this research, are substantially 

time-intensive, diminishing the possibilities of obtaining large quantities of samples. 

Machinery to produce second-order coils has already been developed (Semochkin, 2016), 

potentially offering opportunities to simplify the formation of third-order morphology-modules 

by automating part of the formation process for TICs and MCs, but as yet providing only 

samples of limited length. The formation of TICs in continuous form has also been shown 

(Haines et al., 2016), as mentioned in Chapter 3. 

Contemplating the eventual availability of larger quantities of kinetic modules or the formation 

of morphologies in continuous form allows me to envision two main routes through which the 

textile-inspired kinetic assemblies may be scaled up, still relying, however, on manual 

assembly processes: 

• kinetic assemblies become modules – or repeat-units – of larger-area, higher-order 

structures;  

• morphologies in continuous form are assembled into larger-area textile-inspired 

structures. 

As seen in this exploration, the behaviour displayed by the same type of coil varies depending 

on the kind of arrangement and linking strategy used to assemble it. Subsequent assembly 

of pre-assembled individual modules, used as repeat, as suggested by the first route, will 

influence the behaviour that these are able to perform as part of the larger-scale, higher-order 

structure. Likewise, increasing the length of individual modules will also impact on the 

behaviour of the overall structure. In both cases, the weight created by the added amount of 

material will need to be carefully managed to prevent it from becoming a counteracting force 

that hinders the movement of lower-order individual modules. 

                                                        
78 Increasing the diameter from which the morphologies are formed can also be considered as a scaling-
up strategy, as discussed in Appendix B, section B.6. 
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This chapter has introduced a preliminary exploration of the assembly of mandrel coils into 

textile-inspired structures, and has identified an initial set of parameters and their instances 

relevant to the assembly of these structures, supporting further exploration of the assembly 

of both second-order coils and third-order morphologies.  
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Chapter 9: Conclusions 
This research explores the kinetic potential of nylon monofilament. Focusing on the 

transformation of the monofilament through mechanical and thermal interventions, it seeks to 

uncover morphological structures with kinetic capacity and explore how this capacity can be 

displayed, providing alternative opportunities to design with kinetic behaviour.  

Building on the discovery of twisted and coiled polymeric actuators (TCPAs; Haines et al., 

2014) and inspired by the expressiveness with which movement endows inanimate things, 

the research has revealed monofilament morphologies, beyond basic coiled ones, with the 

capacity to perform heat-responsive, multidimensional, kinetic behaviours. 

The early stages in the understanding of the kinetic potential of the monofilament on which 

the research focuses have prompted its exploratory nature. As a broad scoping of 

possibilities, the work uncovers opportunities and raises ideas and questions, providing 

preliminary understandings to be further tested. 

9.1. Contributions to knowledge 
The work offers three main original contributions to the field of textile design, and in particular 

to the design of kinetic textiles for application in the interior space, in addition to a fourth 

contribution to the broader field of design research: 

1. A framework to conceive and explore the kinetic potential of nylon monofilament, articulated 

through: 

• a strategy of sequential combination of monofilament transformations, rendering 

morphologies with kinetic capacity; 

• a principle for the activation of these morphologies, enabling them to display changes 

in shape beyond linear ones.  

2. The preliminary formalisation of formation processes for monofilament morphologies with 

kinetic capacity, providing foundational work for the undertaking of future research on 

these morphologies and their design potential.  

3. The reshaping of homochiral mandrel coils as a transformation technique that has not been 

previously described, rendering monofilament morphologies with kinetic capacity. 
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4. The articulation through this thesis of a material-led design research process in the interplay 

between intuitive, improvisatory, open-ended methods of exploration and structured, 

targeted ones, providing a case study of the workings of such a process. 

9.2. Reflections on methodology 

9.2.1. A productive mistake 

Arising from the accidental event discussed in Chapter 3, the research has allowed me to 

experience the productive nature that mistakes, or accidental outcomes, may have in the 

context of practice-based design research. This thesis constitutes an example of this 

fruitfulness, showing how a mistake may benefit the research process, allowing it to evolve in 

an unforeseen direction. 

My limited understanding of the properties of nylon coils at the time of the event, and my lack 

of previous experience of testing their actuation, constitute the main factors enabling the 

accidental event to occur in the first place. Identifying these factors has led me to consider 

the relevance of the balance between knowing and not knowing when engaging with 

materials, and the opportunities that may arise from approaching this engagement with a 

naïve attitude. Philpott (2011, pp.48-49) has already pointed out that “having to improvise 

alternative methods due to lack of skill or equipment and being ignorant of or ignoring 

established rules of production can all produce innovation that advances practice”. While in-

depth knowledge and thorough experiential understanding of materials are certainly required 

and desirable in prolonged involvements, having experienced the fruitful impact that the 

accidental event had on the research process motivates me to question at which stage of a 

material exploration it is convenient to incorporate extensive material knowledge to prevent it 

from becoming an early constraint (Piñeyro, 2019). 

My appreciation of the productive nature of this accident has prompted me to explicitly allow 

the research design to emerge as the research progressed. Adopting the methodological 

framework of bricolage (Kincheloe, 2001; Denzin & Lincoln, 2011) has supported this 

emergent design, allowing the process itself to guide subsequent stages of the work and the 

developing knowledge to lead the questions that were subsequently addressed. My own 
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interests, preferences and curiosity, as well as my preconceptions and assumptions, have 

also influenced the methods and the focus adopted at different stages. 

9.2.2. Intuitive and structured exploration 

Engaging with processes of transformation of the monofilament in an intuitive, improvisatory 

way, participating in an open-ended dialogue with the material that hinged on deep 

perceptual attention to material cues, has enabled me to identify the strategy and the principle 

that constitute the two main components of the framework for the conception and exploration 

of the kinetic potential of nylon monofilament that the research offers. Hence, the foundations 

of the knowledge generated through this research can be seen to arise from this working 

modality, and in this sense, it represents a productive route towards further discoveries. 

However, a deeper understanding of formation processes and their influence on resulting 

morphologies has risen predominantly from the structured exploration, enabled particularly 

by the ability to account for values of key formation parameters, allowing me to assess their 

joint influence on resulting structures. 

The intuitive approach to the exploration (Chapter 6) initially expanded my understanding of 

the monofilament’s potential to acquire heat-responsive kinetic capacity and display it, and 

revealed differences across morphological families arising from specific sequences of 

transformations. The structured exploration (Chapter 7), despite its intended breadth, 

deepened my understanding of transformation processes and the resulting morphologies, 

revealing in some cases the origin of variations within morphological kinds – as currently 

defined in the transformations tree – arising from the explicit variation in parameter values, as 

well as from nuanced variations permeating my execution of operations. 

The intuitive working modality aligns with my spontaneous way of approaching materials, a 

way of working I have continuously employed during my practice as textile designer. This 

research has allowed me to realise the richness that the processes involved in this working 

modality carry. Seemingly simple actions are the result of multi-layered processes of 

sensation, perception, interpretation and decision-making, influenced and guided by desires, 

expectations and aesthetic judgement.  
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The influence of my aesthetic judgement and enjoyment on the routes I have favoured when 

intuitively engaging with the material has been foregrounded through reflection and analysis, 

particularly of resulting physical samples. To this purpose, considering the paths I have not 

followed has been as important as considering those which I did. Identifying that which 

remained initially unexplored has supported my understanding of the qualities of that which 

has been physically expressed through my practice. 

Working in a structured and targeted way implied following pre-established procedures. 

Sticking to these procedures, particularly during the initial stages of the process, challenged 

my curiosity, as I often found the need to mute it so as not to divert from planned trials, 

preventing myself from following opportunities I spotted in failed operations or chance events. 

However, this modality became a suitable way of addressing technical questions that arose 

from my spontaneous engagement with the material, as well as through subsequent analysis 

and reflection on outcomes and processes. 

The methodological decision of situating this exploration entirely in the environment of the 

design studio-workshop, rather than partially in a science laboratory, has been underpinned 

by my understanding that innovative results have previously emerged from my work when 

theoretical and experiential understanding of materials were allowed to converge with 

imagined and desired qualities in the melting pot that my creative practice provides. While 

this environment has certainly offered the space for improvisatory practice to arise, favouring 

the emergence of unforeseen opportunities in the material, it has nevertheless presented a 

challenge when attempting to increase the accuracy in the execution of formation processes. 

The set of tactics through which I carried out the tuning of formation parameters were chosen 

to support the breadth of processes that I intended to address through the exploration, and 

have certainly increased my understanding of those processes. Nevertheless, a focused 

approach, relying on fully controlled experimentation, could have provided deeper 

understanding, although possibly for a narrower set of processes. 

The translation of intuitively executed operations to operations specified by values in tools 

and devices, adopted as part of the formalisation process, revealed itself as a useful means 

to foreground tacit elements of making, allowing me to comprehensively describe the making 

processes, and advancing my understanding of transformations. Moreover, this process has 
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exposed the challenges involved in translating the richness and variations of manually guided 

operations into operations performed by devices with a limited degree of sophistication. 

Making and handling coils has provided me with first-hand, tangible “explanations” of aspects 

of the technical information provided in the material science literature on TCPAs. The physical 

samples I produced have strongly supported my grasp of this information, uncovering the 

relevance to my work of certain notions which I had initially overlooked. 

Contextualising my practice through the discourse on the inherent activity of matter and its 

intrinsic morphogenetic resources has motivated me to explicitly consider my relation to the 

material when engaging with it through my practice. Adopting a bottom-up, “morphogenetic 

approach to making” (Ingold, 2013) has supported my realisation that opportunities for 

unforeseen results arising from my practice increase when deliberately allowing the “voice” 

of the material to come into play during intuitive making (Piñeyro, 2019). 

The notions of material tendencies and capacities (DeLanda, 2011, pp.3-5) have provided a 

means to consider the potential nature of the structure and behaviour of the morphologies, 

influencing the way I seek to uncover them and supporting my reflection on, and articulation 

of, the physical outcomes of my practice. The notion of material capacities has taken 

precedence when considering the way in which the kinetic behaviour of the morphologies is 

exhibited in relation to the entities with which they interact. The concept of material tendencies 

has drawn my attention to the relevance of critical points of intensive parameters in the 

emergence of form and supported my consideration of the presence of the latter in 

morphology-formation processes, suggesting alternative routes for further exploration.  

Throughout the exploration, an entanglement between aesthetic motivation and technical 

curiosity has driven my engagement with the material. Scrutinising my practice for the 

purpose of this research has allowed me to become aware of this entanglement, intrinsic to 

my way of seeking understanding, as well as of the space between creative material 

manipulation, theoretical inspiration and technical material knowledge that this entanglement 

opens up through my practice. It is from this in-between space that the knowledge generated 

through this research has emerged.  



 148 

The articulation through this thesis of this material-led research journey in the interplay 

between intuitive, improvisatory, open-ended methods of exploration and structured, targeted 

ones has aimed at tracing the emergence of new understanding and describing the transition 

between the two exploratory modalities, moving from what initially and unexpectedly emerges 

towards its formalised conception. This account could eventually provide a case study of the 

opportunities and limitations that such an approach offers in the context of practice-based 

design research, from which practitioners-researchers to come may benefit. 

9.3. Summary of research outcomes  

9.3.1. Strategy of combination of transformations 

The strategy of combination of transformations offers a generative means to conceive the 

kinetic potential of nylon monofilament, providing morphological structures with kinetic 

capacity. Combined transformations are already present in the formation of mandrel coils and 

two-ply twist-induced coils described in the literature of TCPAs. This research deploys the 

explicit use of the sequential combination of transformation as a morphology-formation 

strategy and expands its use to previously unexplored combinations. Deploying this strategy, 

new monofilament transformation processes have been described, rendering morphological 

structures that have not been previously revealed, namely: 

• coiled twist-induced coils 

• reshaped mandrel coils 

• twisted mandrel coils 

The strategy has enabled me to discern and articulate the outcomes of my intuitive 

engagement with the material and, when comprehensively addressed through the 

transformations tree (Figure 42), it has provided morphologies that I had not spontaneously 

addressed. While relying on established transformation techniques – such as twisting and 

coiling – this strategy has been broadened by the identification of a new transformation 

technique: 

• the reshaping of mandrel coils. 

Morphologies similar to those arising from reshaping are often considered to be damaged 

coils (e.g., Head, 2016). My pursuit of alternative kinetic behaviours to the linear stroke, 
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together with the appealing formal features that reshaped morphologies present, draw my 

interest towards them, prompting the formalisation of reshaping as a transformation 

technique, showing its suitability for rendering diverse structures with distinct kinetic 

capacities. 

By considering the relative directions of the different structural levels of resulting 

morphologies, the exploration has shown that the principle at work in mandrel coils – by which 

homochiral coils contract and heterochiral coils expand – is also present in the behaviour of 

third-order morphologies resulting from subsequent instances of combination of 

transformations that provide chirality to the structures (i.e., twisting and coiling). 

While the focus of this exploration has been on third-order morphologies, deploying this 

strategy to subsequent transformation levels offers opportunities to reveal as yet unexpressed 

fourth-order morphologies and beyond, as an example arising within this research suggests 

(i.e., sample 8, Chapter 6). 

9.3.2. The transformations tree 

The transformations tree (Figure 42) has provided a way to organise and visualise the 

outcomes of my intuitive engagement with the material, supporting the explicit formulation of 

the aforementioned strategy, and becoming the main tool for its conception and 

representation. By enabling the comprehensive identification of combinatory possibilities from 

the considered transformations and the depiction of the relative chirality of the structural levels 

of the morphologies, the tree has also supported the structured approach to the exploration. 

Hence, the transformations tree became an interface between making modalities and also 

between ways of thinking about the monofilament’s kinetic potential, bridging the 

spontaneous emergence of monofilament morphologies and the structured exploration of 

their formation processes.  

As representation tool, the tree allows the tracing of the structural identity of morphological 

families and kinds resulting from the combinatory strategy, as currently conceived in this 

research. However, morphological variations arising from explicit variation in formation 

parameter values have foregrounded the limitations of this diagram in comprehensively 

depicting the space of potential monofilament morphologies.  
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9.3.3. Principle for the activation of kinetic monofilament morphologies 

At the outset of this exploration, I conceived the kinetic behaviour of the morphologies as 

determined almost exclusively by their structure. As the exploration progressed, the 

relevance of the set-up in which this behaviour is displayed became clear. While the structure 

enables certain types of movement, the particular way in which the movement is displayed is 

strongly linked to the arrangement of the sample and the entities with which it interacts. My 

pursuit of multidimensionality in the movement performed by monofilament morphologies, in 

close consideration of the influence of activation set-ups on their behaviours, has allowed me 

to identify the activation of morphologies with at least one end loose, or from relaxed, non-

stretched nor compressed states, as a principle with the potential to allow the manifestation 

of behaviours beyond those which follow a linear trajectory. 

This activation principle and the concept of the activation set-up are particularly relevant when 

considering the assembly of kinetic modules into flexible material systems through textile-

inspired structures. Activation set-ups, and particularly sample arrangements, as suggested 

in this thesis, provide abstractions of possible conditions in which individual kinetic modules 

may find themselves within assembled structures.  

The prominent role of activation set-ups in the way that the behaviours of the morphologies 

are displayed has motivated the implementation of clip-charts as visual descriptions of 

behaviours manifested under specific conditions (accompanying materials). Clip-charts 

constitute a partial documentation of the wider kinetic repertoire afforded by these 

monofilament morphologies, and in their current status provide information on the overall 

movement trajectory and its direction. Clip-charts may support practitioners’ future 

approaches to the kinetic opportunities that third-order morphologies offer and assist with 

morphology selection when exploring their design potential or working towards a specific 

application.  

9.3.4. Formalisation of formation processes for monofilament morphologies 

Approaching the exploration of formation processes in a structured, planned and targeted 

way, supported by an increased level of accuracy in the execution of operations provided by 
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incorporated equipment has allowed me to arrive to an initial stage of formalisation of these 

processes, which includes: 

• the comprehensive identification of the formation parameters involved (Table 17); 

• the identification of suitable parameter values for the formation of monofilament 

morphologies with kinetic capacity, formulated into preliminary recipes (Appendix C). 

This preliminary stage of formalisation achieved and the dependence of formalised processes 

– hence of recipes – on the material and equipment used in this research present limitations 

to their transferability and application to an alternative material and set of tools and devices. 

While this would require instances of adaption, much of the underlying understandings will 

still be applicable. Thus, this initial stage of formalisation constitutes a foundation upon which 

future research and exploration can be undertaken. In their current stage of refinement, 

processes of formation allow samples to be produced that would enable the exploration of 

the design potential of the morphologies.  

The transference of formation processes described by this research into continuous 

processes in industrial set-ups would certainly require strong efforts of translation, as well as 

the development or adaptation of dedicated equipment. A particular challenge I foresee in 

such an undertaking is the handling, within a continuous process, of the radical and abrupt 

changes in length that the monofilament undergoes under several of the transformations 

employed in these processes. Engineering efforts have already achieved the formation of 

continuous twist-induced coils (Haines et al., 2016) and building on such experience would 

certainly be of value. The stage of formalisation achieved through this research could serve 

as a starting point for such an undertaking.  

9.3.5. Outlook for kinetic morphologies 

Through the third-order morphologies that have been revealed, and the principle for their 

activation that has been introduced, the work presented in this thesis approaches the 

research aim of expanding the range of kinetic behaviours provided by flexible materials 

available to the field of textile design. The distinct aesthetic qualities of third-order 

morphologies – given by the nesting of form units resulting from the specific transformation 

sequence from which they arise – together with their potential to perform behaviours beyond 
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linear ones, when activated from relaxed states, offer opportunities to design with kinetic 

behaviour in a flexible material, that have not been previously described.  

Textile-inspired kinetic assemblies, such as the ones suggested in Chapter 8, exemplify 

feasible strategies through which third-order morphologies may be assembled into flexible 

material systems. These assemblies may eventually provide kinetic behaviour to responsive 

and adaptive systems, having direct implications for the fields of interior design and 

architecture, where the formal and kinetic qualities of monofilament morphologies may 

contribute new opportunities for the design of experiences in interiors.  

The knowledge articulated through the framework offered by this research may also have 

implications for the field of soft robotics, which relies on the application of compliant actuators.  

In order to make the monofilament morphologies and their formation processes more 

accessible, simplified and self-contained descriptions of these processes can eventually be 

presented in the form of on-line tutorials.  

It is my expectation that in the hands of designers, artists and researchers these morphologies 

can find further unforeseen applications in textiles, product design, art or beyond. 

9.4. Future directions 
The exploratory nature of the work presented in this thesis leads to a wide range of 

opportunities to further develop kinetic morphologies and investigate their design potential. It 

is anticipated that the knowledge generated through this research will support such 

endeavours. 

 

Material selection 

While this research has been conducted with monofilament from nylon, the framework that it 

offers may be applied to other polymeric materials in mono- and multi-filament presentation – 

provided that these present the thermal expansion anisotropy understood to drive the heat-

responsive actuation of TCPAs (Haines et al., 2014). Even though this research expands the 

design opportunities afforded by a plastic material, the environmental impact of plastics is 

not overlooked. Conventional nylon monofilament has been used in this research because of 

its cost-effectiveness and wide accessibility. However, future work could see morphologies 
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developed from alternative materials that represent a reduced environmental impact. For 

example, regenerated nylon 6 is already available (e.g., Aquafil, 2019); and the Aquafil (IT) 

and Genomatica (US) companies have recently announced that they are undertaking the 

development of bio-based nylon 6, where the monomer required for its synthesis (i.e., 

caprolactam), is obtained not from fossil fuels but from renewable sources (Kraus, 2019).  

 
Revealing further kinetic morphologies 

This research has focused on exploring third-order morphologies. Deploying the strategy of 

sequential combination of transformations into subsequent levels of combination, further 

monofilament morphologies with kinetic capacity may be identified, giving rise to fourth-order 

morphologies and beyond. Further significant variations of third-order morphologies, such as 

those exemplified by helical C-TICs and RS-MC[S-S]s, could be revealed by exploring the 

existence of critical points in relevant intensive parameters, principally pressure (i.e., applied 

force per unit area) and temperature, as suggested through the work presented in Chapter 

7.  

 
Assembly of third-order morphologies into textile-inspired structures 

The preliminary exploration of the assembly of mandrel coils into textile-inspired structures 

(Chapter 8) has identified an initial set of assembly parameters and instances for these 

parameters. Building on this work and supported by the visual description of the behaviour 

of the morphologies provided by the clip-charts, the assembly of third-order morphologies 

can be further undertaken. A key aspect of this exploration would be the identification of 

strategies to achieve loose links with the different morphologies. Furthermore, envisioning the 

future application of kinetic assemblies as features of the interior space, a scaling up of these 

assemblies could be explored, for which the routes suggested in Chapter 8 may provide a 

suitable starting point.  

 
Activation of third-order morphologies through resistive heating 

Even though the activation of morphologies during this research has been explored using hot 

air, hot water and a hot plate, the activation of morphologies through resistive heating is 

regarded as offering advantages for the implementation of expressive behaviours based on 

patterns of change in elements of the motion of the morphologies and assemblies (e.g., 

speed, duration, amplitude); as well as facilitating their integration with sensor and processing 
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units to implement adaptive behaviours. In order to enable the activation of the morphologies 

through resistive heating these need to be combined with conductive elements. Informed by 

the initial trials carried out on the integration of conductive yarns and wires into mandrel coils 

(Appendix A, section A.4.), the integration of conductive yarns into third-order morphologies 

is considered as a suitable strategy to endow these morphologies with electrical conductivity. 

Forming morphologies from conductive monofilaments (e.g., the Shieldex® range, by Statex), 

is also foreseen as a relevant route to explore. The implementation of electrical connections, 

so that the motion of the morphologies is not hindered, is foreseen as a major challenge. 

These connections and the conductivity of the morphologies will also influence the type of 

arrangement and linking strategies that can be used when considering their assembly into 

textile-inspired structures or other material systems. Exploiting double anchoring 

arrangements of morphologies, similar to the ones described in Chapter 7, may offer 

opportunities to address some of these challenges.  

 
Integration of thermochromic materials into kinetic morphologies and assemblies 

Combining kinetic morphologies and assemblies with thermochromic pigments or dyes 

constitutes a potential route for expanding the scope of their dynamic expression. Affording 

the possibility to design coordinated dynamic changes of shape and colour, such an 

integration opens up the design space for kinetic morphologies and assemblies, offering 

exciting opportunities that have as yet not been explored. In particular, the use of liquid crystal 

coatings is foreseen as a suitable first step to explore these opportunities. 

 
Exploration of expressive motion patterns with kinetic morphologies and assemblies 

While this thesis has not explored the composition of patterns of change, or rhythms, of 

temporal and spatial elements of motion, these are regarded as a means to modulate the 

expression of the behaviour of morphologies, expanding the design opportunities they may 

offer. Hence, exploring the composition of motion patterns constitutes an exciting and 

challenging future research prospect for kinetic morphologies and assemblies. The possibility 

of activating morphologies through resistive heating, as discussed above, will facilitate the 

implementation of these rhythms, enabling them to be designed digitally as electrical signals, 

which translate into temperature pulses, triggering patterned changes in speed, amplitude 

and duration of movement in the morphologies. The speed at which the morphologies recede 
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to their original shape under passive cooling down is nevertheless expected to condition the 

type of rhythms that it is possible to compose. Understanding the type of experiences that 

the morphologies are able to elicit will also be required to inform the design of meaningful 

applications, opening up a further route for future research. 





Appendices
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Appendix A: Complementary 
information to Chapters 3 and 6 
This appendix provides information complementary to Chapter 3: A material encounter and 

Chapter 6: Revealing monofilament morphologies with kinetic capacity. 

A.1. Materials, tools and methods  
A vertical set-up (Figure 3, left) was used to insert twist into the monofilament for the formation 

of twist-induced coils and to achieve a high twist monofilament for the formation of mandrel 

coils. Initially I used the bobbin winder of a sewing machine as a twist-insertion device, 

eventually replacing it with an electric mini-drill (Figure 64, left), providing leftward rotation in 

the vertical set-up. The mini-drill was placed at height, allowing me to twist monofilament 

lengths of approximately 2m. I modified the shaft of the mini-drill to obtain a loop through 

which I could easily knot the monofilament. I used a heat gun (Figure 64, right) to heat treat 

twist-induced coils and to set the shape of mandrel coils. Nylon monofilament from 

commercial sewing threads and fishing lines in a range of diameters were used to form coils 

(Table 11). 

  
Figure 64. Electric mini-drill (left) and heat gun (right). 
 
 

Table 11. Nylon monofilaments. 
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A.1.1. Twist-induced coiling 

Twist-induced coils were formed from monofilament diameters between 0.11mm and 0.7mm 

(Figure 4, left). In order to apply the necessary force to set the monofilaments under the 

appropriate tension for twist-induced coiling, I used weights for the thinner monofilaments, 

finding appropriate ones for each type through trial and error. A safety pin served as 

interfacing between the lower end of the monofilament and the weight; a bar passed though 

the safety pin prevented the rotation of the lower end during twist insertion (Figure 3, left). 

Holding the bar with my hand and moving it to accompany the shortening length of the 

monofilament, while simultaneously keeping it at the centre of the safety pin, ensured that the 

applied force did not increase. To coil thicker monofilaments (i.e., 0.45mm Ø and above), I 

applied the force manually, gauging the tension exerted on the monofilament both with my 

hand and by observing the width of its trajectory as it twisted. Once the coil was formed along 

its full length, I heat treated it using the heat gun while it was still hanging from the shaft of the 

mini-drill. 

A.1.2. Mandrel coiling 

To form mandrel coils, I inserted a high amount of twist into the monofilament, up to the point 

when the coil started forming, and subsequently wound the twisted monofilament over a metal 

rod, or mandrel, to form the coil. During winding, I kept the monofilament knotted to the shaft 

of the mini-drill and maintained its tension in order to prevent it from becoming entangled. I 

heat set the coiled forms before removing them from the mandrel. The mandrel coil leading 

to the accidental morphology (Chapter 3, Figure 6) was formed by inserting a Z-twist into a 

0.7mm-diameter monofilament using the bobbin winder of the sewing machine, and 

subsequently winding it in a Z direction over the 3.5mm-diameter cylindrical body of an Allen 

wrench (Figure 65). 

 

  

Figure 65. Homochiral mandrel coli formed from 0.7mm-diameter nylon monofilament: before heat 
treatment (left) and after being released from the body of an Allen wrench used as mandrel (right). 
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A.1.3. Heat treatment and activation of coils 

When heat treating twist-induced coils and heat setting the shape of mandrel coils using the 

heat gun, I relied primarily on the careful observation of the response of the material to heat. 

I learned to adjust the distance between the heat gun and the coil, as well as the amount of 

time during which heat could be applied so as not to overheat it. Changes in the transparency 

of the monofilament and the glossiness of its surface were important cues, as well as the 

contraction of bits of plain monofilament that I would place beside the coils, since these would 

start melting before the coiled form did. In order to achieve a homogeneous effect of the heat 

in the material, I constantly moved the heat gun around and along the coils during the 

treatment. Structures arising during subsequent stages of the exploration (Chapter 6) which 

needed their shape to be thermally set were also treated in this way.  

I also used the heat gun to test the actuation of the coils (Figure 3, right). During activation, I 

adjusted the temperature that reached the coil by constantly modifying the distance between 

the heat gun and the coil and the speed at which I moved the former along the latter, in 

response to the contraction of the coil, removing the heat once adjacent coil rings seemed to 

be touching each other.  

A.2. Transformation processes and resulting 
morphologies 
 

                 

Figure 66. Direction of twist. 
   

A.2.1. Coiling twist-induced coils  

Coiled twist-induced coils result from winding twist-induced coils over a metal rod (or 

mandrel), following the procedure described in Chapter 3, section 3.1.2, to form mandrel 

coils. Sample 10 resulted from winding an S-coil from a 0.7mm-diameter monofilament around 

a 2.4mm-diameter mandrel in a Z direction. Consecutive turns were placed contiguously, 
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forming six rings with no separation between them. The third-order shape was stabilised by 

heat setting it with the heat gun while it was still over the mandrel. After cooling down at room 

temperature, the sample was removed from the mandrel, still presenting the six contiguous 

rings (Figure 15, left). 

I tested the actuation of this sample by placing it over a surface, anchoring one end and 

applying heat with the heat gun. The structure responded by unwinding – i.e., undoing the 

third-order coiled shape – while expanding in the direction of its length towards a shallowly 

sinuous shape (Figure 16, movie 5). When the heat was released, the sample gathered back 

into an uneven curled geometry (Figure 17, movie 5). Even if the third-order coiled structure 

was not fully recovered, the sample still responded to heat over several heating-cooling down 

cycles, unwinding itself and gathering back. The movement displayed during heat activation 

was faster than the one displayed when receding at room temperature. It seems likely that 

the inability of the sample to revert to its original shape can be influenced by the friction 

exerted by the support surface. 

A subsequent coiled twist-induced coil was created by winding an S-coil formed from a 

0.45mm-diameter monofilament around a 3mm-diameter mandrel in an S direction (sample 

11). Consecutive turns of the third-order structure were also wound contiguously, leaving no 

space between them. The third-order shape was heat set using the heat gun. After releasing 

the structure from the mandrel, third-order rings were distant from each other, showing a 

longer pitch than sample 10 (Figure 15, centre).  At the time of forming these samples, it was 

not clear whether the difference in pitch – i.e., the distance between consecutive coil-rings – 

resulting in the previous samples followed from a difference in the temperature applied during 

heat setting, or, as identified later through the structured exploration, it relied on the relative 

direction of the different structural levels in each morphology when the samples were heat 

treated under the same conditions. 

Sample 11 was also activated with hot air, placed over a support surface with one anchored 

end (Figure 18, movie 6). Close examination of video recordings, played in slow motion, 

showed that initially the structure principally unwinds, increasing its diameter, while 

simultaneously contracting in the direction of its length (Figure 18.A, B, C). Subsequently, the 

loose end passes through the inside of the coil (Figure 18.D, E, F, G), turning the direction of 
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the third-order structure to Z (Figure 18.I). The third-order coiled shape was lost after the 

sample cooled down, resulting in a lightly curved twist-induced coil. Sample 12 (Figure 15, 

right) replicated sample 11, and was activated under the same set-up. The structure 

responded to heat by unwinding and contracting, reverting to the coiled form when left to cool 

down (Figure 19, movie 7).  

Like twisted twist-induced coils, the overall type of heat-responsive shape change performed 

by coiled twist-induced coils relies on the relative direction of the second-order coil and that 

of the third-order structure: when the direction of these two structural levels is opposed (e.g., 

sample 10), the coiled coil responds to heat by unwinding and expanding, whereas when the 

direction of each structural level coincides (e.g., sample 11 and 12), the coiled coil responds 

by unwinding and contracting (Table 2). 

A.2.2. Twisting mandrel coils 

As mentioned in Chapter 6, I identified twisted mandrel coils through the transformations tree 

(Figure 9), since I had not spontaneously pursued them. These structures result from inserting 

twist into a mandrel coil and allowing it to fold into itself, forming a snarl, in the same way as 

twisted twist-induced coils are formed. After folding, twisted mandrel coils need to be 

permanently locked by joining both ends of the precursor coil. 

Samples 19 and 20 were formed from heterochiral mandrel coils resulting from inserting an 

S-twist into the monofilament and winding it over a 3mm-diameter mandrel in a Z direction. 

Sample 19 resulted from inserting a Z-twist into the precursor coil, which spontaneously 

twisted in an S direction when allowed to fold (Figure 20, left). Sample 20 resulted from 

inserting an S-twist into the precursor coil, which folded in the Z direction. Its third-order turns 

immediately gathered towards the locked end, forming a loop (Figure 20, right). 

I explored the behaviour of these samples using a metallic hot plate, placing them over the 

hot surface without anchoring them. The behaviour of sample 19 displays two different stages. 

First, the structure expands and slightly twists further – gaining approximately one turn – while 

simultaneously rolling over the hot surface. At a certain point, the strands of the second-order 

coil overlap, enabled by the distance gained between adjacent rings, due to the expansion 

of the coil. Third-order turns appear to gather towards the locked end of the folded structure, 



 164 

and a loop forms at the opposite end, resulting in a “loop and ‘tail’” configuration (Figure 22, 

movie 8). Subsequently, when the formed loop is big enough, the rolling of the sample is 

combined, in certain instances, with the loop of the structure bending over its “tail” and the 

latter passing inside the loop (Figure 23, movie 8). 

Sample 20, whose turns had gathered towards the locked end of the structure – already, in 

its resting state, presenting the loop and “tail” configuration – showed a similar behaviour to 

sample 19 in its second stage, with the loop bending over the “tail” of the sample, and the 

latter passing inside the loop (Figure 21, movie 9). 

A.2.3. Reshaping mandrel coils 

Case 1 

Mandrel coils can be reshaped by stretching them under heat. This reshaping can be 

performed in a vertical set-up, like the one used to test the actuation of second-order coils 

(Figure 3, right), where the coil hangs from a fixed (top) end, as the opposite (lower) end 

holds a floating load, stretching the structure. I applied heat to the stretched mandrel coil with 

the heat gun.  

Three samples resulted from reshaping homochiral (S-S) mandrel coils formed from a 

0.45mm-diameter monofilament (Sample 6-B) and a 0.7mm-diameter monofilament (sample 

6-A and 7). These structures present two different helical arrangements of their loops around 

their longitudinal axes. In samples 6-A and 6-B, each loop adopts a clearly different angle 

regarding the previous loop (Figure 24, left); whereas in sample 7, the orientation of the 

reshaped loops changes at a slower rate, advancing helically, however, along the length of 

the structure (Figure 24, right). Through this exploratory modality, it was not clear whether the 

difference in the resulting configurations of the loops in these samples depended on the 

amount of heat, the force (or weight) used to stretch the second-order coil, a combination of 

both or some other factor.  

When activated locally with hot air applied with the heat gun and under the same vertical set-

up used to form them, these structures slightly contract while simultaneously rotating back 

and forth around their longitudinal axis, as the heat impacts on different areas of the sample 

and other areas cooled down (Figure 25; movies 10 and 11). 
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The response of sample 7 to heat was also explored by laying it over a support surface with 

one anchored end, activating it with hot air. The structure also displayed a torsion around its 

longitudinal axis. Since the overall contour of the structure presents curves along its length, 

as it twisted, these curves acted as leverage against the support surface, amplifying the 

trajectory of the loose end of the sample (Figure 27, movie 13). Assuming a line of sight 

perpendicular to the sample – with the anchored end at the top and the loose end at the 

bottom – the sample displayed its heat-activated torsion leftwards and its receding torsion 

when cooling down rightwards (Figure 27, top and bottom, respectively).  

The response of sample 6-A to heat was further explored using hot water as activation 

medium, poured into a glass just after boiling. I immersed the sample in the water with both 

ends held together, forming a U-shaped loop. It responded by folding into itself (Figure 26, 

movie 12), forming a two-ply structure with Z-turns (sample 8; Figure 31). This trial points to a 

new transformation strategy, one that exploits the heat-responsive behaviour of one structure 

to form another, a fourth-order structure in this case. The behaviour of sample 8, a twisted, 

reshaped mandrel coil, is described in section A.2.4. 

The direction of the heat-induced torsion of the samples was not clearly discernible in the first 

activation set-up described, since the activation and cooling down of one area of the sample 

influences the rotation of the whole structure. However, the following two set-ups show that 

the samples display their heat-active torsion towards the left – assuming a line of sight 

perpendicular to the sample and its top end tethered. Considering this observation in light of 

the explanation that the thermally-induced actuation of TCPAs is driven by monofilament 

untwist (Haines et al., 2014), suggests that the same mechanism underlies the behaviour of 

third-order structures. Given that the twist direction of the monofilament in samples 6-A, 6-B 

and 7 is S, untwisting of the monofilament in the reshaped structures will display a leftward 

rotation of their loops, whereas when cooling down the sample will display a rightwards 

rotation – assuming a frontal view of the sample, with its top end tethered (Table 4).  

 

Case 2 

As explained in Chapter 6, I have reconstructed the transformation process leading to sample 

5, based on the chronology of available video recordings and still images documenting it.  
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Sample 4 (Figure 28.A) constitutes a modified homochiral mandrel coil, presenting a loose 

helical form along its length. Video recordings suggest that the sample was repeatedly 

stretched manually, gaining turns in its overall helical contour and distance between adjacent 

second-order coil rings (Figure 28.A,B,C). Activation of the sample in hot water, at a 

transformation stage close to the one observed in Figure 28.C, shows the morphology 

contracting along its longitudinal axis, bringing into contact adjacent turns of the helical form 

(Figure 28.D). When removed from the hot water the structure presented a different 

configuration of its turns (Figure 28.E). Activating the sample again in hot water at a stage of 

transformation close to the one depicted in Figure 28.E also showed a contraction of the 

helical structure, but forming a slightly different shape to that in the previous activation (Figure 

28.F). 

At this stage, I further stretched the sample in the direction of its length, both manually and 

by placing it under a water jet, making it bounce repeatedly (Figure 29). After this process, 

the sample presented a different configuration of its second-order coil rings, which I have 

identified as sample 5 (Figure 30). Second-order coil-rings can be seen in sample 5 to be 

reoriented around the longitudinal axis of the structure, forming one cycle of the third-order 

structure every approximately four second-order rings. (Figure 30.B,C,D). When immersed in 

hot water, this structure followed the behaviour previously observed – it contracted in the 

direction of its length – forming, however, a distinct compact geometry presenting a star-like 

cross-section, determined by the arrangement of the second-order turns (Figure 30.E and G; 

movie 14). 

A.2.4. Twisting reshaped mandrel coils 

Sample 8 (Figure 31) constitutes a twisted, reshaped mandrel coil, arising from activating 

sample 6-A in hot water with both ends held together, forming a U-shaped loop, as previously 

described (section A.2.3.; Figure 26; movie 12). It presents Z-turns, and some of its third-

order loops have also reshaped into snarls after the immersion in hot water.  

The torsional buckling effect, described in the formation of twisted twist-induced coils 

(footnote 43), can also be said to be present in the formation of sample 8. In this case, the 

torque leading to the folding of the structure is induced by the heat-responsive torsion of the 
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reshaped mandrel coil, rather than resulting from residual twist in the structure. The fact that 

the folded fourth-order structure is permanently formed, not untwisting back to the previous 

U-shape, may be due to third-order loops entangling with each other after folding.  

When activated with hot air, laid over a support surface without anchoring, sample 8 displays 

a torsional movement, twisting the fourth-order structure further and slightly displacing itself 

from its initial position (Figure 32, movie 15). Observing the free movement of this structure 

further exposed the influence of the anchor points and the support surface on the amplitude 

of the movement performed by the sample. Given the lack of anchoring, the twisting further 

behaviour of the fourth-order structure manifests through both ends of the sample rotating in 

opposite directions. If one end of the sample was fixed, I would expect the complete amount 

of fourth-order turns to be acquired through the rotation of the loose end, possibly increasing 

the visibility of this rotation. Moreover, as observed in sample 7, by serving as pivot points 

against the surface, the curves in the contour of the sample amplify the trajectory of its 

movement resulting from the heat-induced torsion of the fourth order-structure.  

A.2.5. Random morphologies 

The trial and error process of finding an appropriate force to apply in the monofilament when 

forming twist-induced coils meant that in many cases the monofilament broke before 

successfully coiling. This mostly happened after the monofilament had acquired a substantial 

amount of twist, leading to the formation of snarled and entangled conglomerates, whose 

intricate structures caught my attention. Morphologically, these arbitrary geometries present 

what can be described as nuclei and ramified areas, both formed by randomly snarled and 

sometimes even coiled monofilament (Figure 33). 

These random morphologies are also heat active. I tested their behaviour by activating them 

with hot air, placing the samples over a support surface. Snarled ramifications respond to 

heat by twisting further, slightly shrinking and curling towards the heat source, displaying a 

generally sinuous and fluid motion that is mostly visible when the structures are anchored at 

their nuclei (e.g., movie 16). Alternatively, when structures are anchored at the point where 

the ends of the monofilament strand meet, the whole conglomerate rotates, sometimes 

smoothly and sometimes abruptly, apparently depending on the interaction with the support 
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surface (e.g., movies 17 and 18). When cooling down, the reversing torsions are very limited, 

being visible only for some ramifications, which nevertheless tend to remain with a tighter twist 

than before being activated. 

A.3. Observations on activation set-ups 

A.3.1. Activation media 

Providing heat to the morphologies with the heat gun allows the temperature that reaches the 

sample, as well as the area covered by the hot air, to be easily tuned by adjusting the distance 

at which the heat gun is placed from the sample: i.e., longer distances provide larger hot 

areas and lower temperatures. The shape of the hot area can also be modified with the use 

of different nozzle shapes. However, there is a limit to the sample-lengths that can be 

completely activated, providing in turn an opportunity to activate samples locally (i.e., only 

one area of each at a time; e.g., samples 6-B and 7). Additionally, the air beam coming from 

the heat gun presents a temperature gradient: i.e., the centre of the beam delivers higher 

temperatures than ones at its periphery, making the hot area uneven.  

The air flow through which heat is delivered tends to displace samples, particularly lighter 

ones (i.e., those formed from smaller monofilament diameters, or with less packed structures), 

or any sample when these are not anchored. When samples are anchored, the air flow also 

affects the heat-responsive shape change that is displayed, overlaying an oscillating, 

vibratory motion that interferes with the appreciation of the former.  

On the other hand, hot water provides homogeneous temperature along its volume, which 

reaches the sample evenly. The hot plate also delivers a slight temperature gradient, 

providing higher temperatures to parts of the sample which are in direct contact with the 

surface, and lower temperatures to those parts slightly detached from it. Hence, over the hot 

plate, different areas of the samples are activated to differ extents, offering a kind of localised 

activation (e.g., samples 19 and 20). 

A.3.2. Sample arrangements and interacting entities 

Torsional movements are best displayed under unconstrained sample arrangements, which 

leave at least one end loose. The visual effect of this torsional shape change seems to be 
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larger when only one end of the sample is anchored, given that the complete amount of turns 

is gained or released through the rotation of one single end. However, when the sample is 

activated locally, torsional movements can also be displayed under constrained 

arrangements – such as those that set the samples in tension, with both ends tethered (e.g., 

samples 6-B and 7).  

Placing samples over support surfaces during their interaction with heat has made explicit 

the influence of these surfaces on the way the heat-responsive kinetic behaviour of the 

morphologies is displayed. By providing counter forces that interact with the behaviours of 

the samples, these surfaces generate variations in the speed, acceleration and direction of 

the movements that the morphologies perform.  

Combined with no anchoring arrangements, support surfaces also allow the displacement of 

samples. This is particularly noticeable over the hot plate, where combining a lack of 

anchoring with the sort of localised activation it offers allows large displacements of the 

samples. The propensity of the samples to be displaced might be enhanced in this case by 

the anti-adherent finishing of the hot plate.  

The amplitude of the torsional movements displayed by samples presenting curves in their 

overall contours is amplified over the support surface, since these curves act as a kind of 

leverage for the sample. Lastly, in some cases the support surface seems to hinder the 

recovery of the original shape of the sample when heat is released, by creating friction that 

opposes the receding movement (e.g., sample 10).  

A.3.3. Amplitude and speed of the heat-responsive shape change 

The amplitude and speed of the heat-responsive shape change displayed by the 

morphologies are affected by the activation temperature. Higher temperatures – resulting, for 

example, from placing the heat gun closer to the sample – allow samples to display broader 

and faster movements. Hence amplitude and speed of movement are strongly linked in the 

behaviour of the morphologies. Moreover, the retreat of the samples towards their initial 

shapes once the heat is removed is generally slower than the heat-induced movement, 

particularly when the activation temperature is high.  
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A.4. Integrating conductivity into mandrel coils 
As reviewed in Chapter 3, TCPAs can be activated through resistive heating. Coils have been 

endowed with conductivity through a range of strategies; for example: 

• Forming coils from commercially available silver-coated nylon monofilament and 

multifilament yarns (Haines et al., 2014a; Kianzad, Pandit, Lewis, et al., 2015; Yip & 

Niemeyer 2015; Saharan & Tadesse 2016; Sutton et al., 2016; Bredies, 2017, pp.83-

89), such as those from the Shieldex® range supplied by the German company Statex 

(Statex, 2019); 

• Coating the surface of the monofilament or coil with custom-made silver-based 

conductive inks (Mirvakili et al., 2014) or a silver-based conductive elastomer (Hiraoka 

et al., 2016); 

• Combining the monofilament or coils with conductive elements through twisting and 

wrapping; for example: 

- wrapping the monofilament with Multi-Walled Carbon Nanotube (MWCNT) sheets 

before twisting and coiling it (Haines et al., 2014a);  

-  twisting a conductive wire together with the monofilament to form mandrel coils (van 

der Weijde et al., 2017);  

- wrapping wires around the high twist monofilament prior to forming a mandrel coil 

(Wu et al., 2018a; Wu et al., 2018b), 

- wrapping wires around formed coils (Arakawa et al., 2016; Haines et al., 2016); 

- twisting a coiled silver-plated nylon 6.6 multifilament together with a two-ply coil 

(Hiraoka et al., 2016).  

The voltage and current needed to activate TCPAs through resistive heating depend on a 

range of factors, including: the material being used as a heating element, the length of the 

coil and its plying (Saharan and Tadesse, 2016), but are reported to operate at low voltages, 

making them suitable to be activated with batteries (Mirvakili et al., 2014).  

As a first step towards understanding the opportunities and constraints encompassed in the 

integration of conductive elements into third-order morphologies, I have undertaken a 

preliminary exploration of the integration of conductive yarns and wires into mandrel coils, 

described in the next section. 
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A.4.1. Twisting and wrapping monofilament with conductive yarns and wires 

These trials focus on combining conductive yarns and wires with nylon monofilament, through 

twisting and wrapping, prior to the formation of mandrel coils. Table 12 lists the conductive 

materials used. 

Combination of conductive materials with monofilaments through twisting has been carried 

out in the twist-insertion set-up previously presented (Figure 3, left; section A.1). Table 13 

describes the yarns created through twisting, and these are shown in Figure 67 and Figure 

68. Wrap yarns have been developed at EURECAT Technology Centre, Barcelona. 

Monofilaments were first twisted in a doubling machine and subsequently wrapped around 

conductive cores through wrap spinning. Table 14 describes the wrap yarns that were 

created, and these are depicted in Figure 69, Figure 70 and Figure 71. Twisted and wrap 

yarns were used to form mandrel coils, as summarised in Table 15. 

 
Table 12. Conductive yarns and wires. 

 

 

Table 13. Twisted yarns. 

 
 

Table 14. Wrap yarns. 
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Figure 67. Twisted yarn 1 (magnification x20). 
 
 

 

Figure 68. Twisted yarn 2 (magnification x20). 
 
 

 

Figure 69. Wrap yarn 1 (magnification x20). 
 
 

 

Figure 70. Wrap yarn 2 (magnification x20). 
 
   

    

Figure 71. Spools of wrap yarns. 
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Table 15. Mandrel coils with integrated conductive yarns and wires. 

 
 

I activated the coils by connecting them directly to a power source, providing between 4.5V 

and 12V. MC-COND-2, integrating the stainless-steel multifilament yarn, contracted in length 

when powered with 4,5V, 6V, 9V and 12V, displaying larger and faster contractions with the 

voltage increment. MC-COND-4, integrating the silver-plated multifilament yarn, displayed a 

very small and slow expansion when activated with 4.5V and 6V. The expansion become 

larger and faster under 9V and 12V. The activation of MC-COND-2 and MC-COND-4 with 12V 

is shown in Figure 72 (movie 25) and Figure 73 (movie 26), respectively. I further activated 

MC-COND-4 by manually connecting and disconnecting the circuit to the power source 

intermittently. The response of the coil to the signal was quite instantaneous, but as a 

consequence of the short duty cycle, the amplitude of the expansion was very small (movie 

27), suggesting a certain degree of proportionality between this amplitude and the duty cycle 

of the activation signal. 

Coils integrating Ni-Chrome wires (MC-COND-1 and MC-COND-3) presented very small or 

no visible shape change when powered. MC-COND-1 showed a very small, almost 

imperceptible, expansion under 12V. MC-COND-3 presented no shape change at all under 

6V, although the monofilament melted and adjacent coil rings stuck together, indicating that 

heat was being generated. Moreover, when mechanically stretched, these coils were not able 

to return by themselves to the non-stretched shape. This suggests that the Ni-Chrome wires 

used (0.18mm and 0.25mm diameter) may be too strong for the monofilaments with which 

they were combined (0.24mm and 0.3mm diameter, respectively), preventing the 

monofilament from actuating against them.   
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Figure 72. MC-COND-2 contracting when activated with 12V, and expanding after the power was 
removed. 
 

     
Figure 73. MC-COND-4 expanding when activated with 12V, and contracting after the power was 
removed. 

 
A.4.2. Observations and reflections  

The preliminary trials presented above suggest that to successfully activate mandrel coils 

formed from yarns combining nylon monofilament and Ni-Chrome wires through twisting or 

wrapping, the stiffness of the wire should be evaluated in relation to the capacity of the 

monofilament to actuate against a force. This could possibly be overcome by increasing the 

ratio of monofilament diameter to wire diameter. On the other hand, conductive yarns, being 

generally more flexible and pliable than wires, allow the coiled monofilament to display the 

shape change better than wires, even when combined with small monofilament diameters 

(e.g., 0.24mm - 0.45mm). 

Increments in voltage result in larger and faster contractions or expansions in the coils; and 

samples can be activated by supplying power intermittently, with the amplitude of the shape 

change depending on the duty cycle of the activation signal.  



 175 

The monofilaments used to form wrap yarns had been first twisted in the S direction and 

subsequently wrapped around the conductive core in the Z direction. Given that MC-COND-

1 – an S-coil – slightly expands, and MC-COND-2 – a Z-coil – contracts, it seems likely that 

when coiling wrap yarns, the relationship between the wrapping and winding directions is the 

one determining the behaviour of the coils, rather than the relationship between the twisting 

and winding directions.  

The main purpose of these trials was to acquire a sense of the opportunities and constraints 

that may surround the integration of conductive elements into third-order morphologies. 

Mandrel coils give rise to reshaped morphologies and twisted mandrel coils. However, the 

required electrical connections are expected to limit the type of behaviours that these 

morphologies are able to perform, in particular when no anchoring is used (e.g., Figures 21-

23) or only one end of the sample is anchored (e.g., Figure 27). Furthermore, suitable ways 

of connecting the morphologies to power should be explored: e.g., twisted mandrel coils 

could be connected through both ends of the second-order structure – allowing both 

connections to be on the same side of the sample – or through both ends of the third-order 

structure – in which case each connection will be at each side of the sample. The former 

would require the use of electrically-insulated conductive elements; and these would also be 

necessary when considering the combination of kinetic modules with themselves within 

flexible material systems.  

Within this exploration, I have not been able to form twist-induced coils by twisting the 

monofilament together with conductive yarns and wires during coil formation. Alternative 

routes already described in the literature may be explored to combine twist-induced coils with 

conductive elements. In particular, the use of silver-plated monofilaments (e.g., Statex, 2019), 

constitutes an already proven (e.g., Bredies, 2017) and attractive option, since it is not 

expected to alter the coiling process significantly. 
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Appendix B: Complementary 
information to Chapters 7 and 8 
This Appendix provides information complementary to Chapter 7: Formalising formation 

processes for monofilament morphologies with heat-responsive kinetic capacity and Chapter 

8: Kinetic assemblies. 

B.1. Incorporated equipment and working set-up 
Heat is a key factor in the formation of basic coils and third-order morphologies, present at 

different stages of the transformation processes. I incorporated equipment to supply and 

control heat with the intention of increasing the consistency with which I applied it across 

samples and allow the recording of values for the parameters involved. The halogen oven 

(Figure 36) was used to heat set mandrel coils and coiled twist-induced coils, whose structure 

needs to be stabilised before being released from the mandrel. In order to keep the distance 

between the sample and the heating element of the oven constant, I used a grill rack with two 

attached profiles, over which the mandrels are placed. The profiles avoid direct contact 

between the sample and the metallic structure of the rack. In order to monitor the temperature 

inside the oven I used thermocouples.  

With an initial intention of producing long twist-induced coils, ideally in the range of metres, I 

decided to use the heat gun to heat treat them, avoiding the restrictions on dimension that an 

oven may involve. When applying heat with the heat gun, the temperature impacting on the 

coil and the duration of its the exposure to heat are determined by a combination of the 

temperature setting of the heat gun, the distance between the heat gun and the coil, and the 

speed at which the heat gun moves along the coil. To increase the consistency with which I 

was moving the heat gun, I implemented a 1.5m-long linear actuator (V-Slot, 2018) to displace 

it.79 The linear actuator consists of an aluminium rail, a gantry plate with wheels, a timing belt 

and a stepper motor (Nema 17). The gantry plate is attached to the belt, which passes inside 

the rail and is displaced by the stepper motor, moving the plate along the rail. The stepper 

                                                        
79 The hardware and software of the linear actuator were implemented in collaboration with Martin 
Piñeyro and Börkur Sigurbjörnsson. 
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motor driver used is a uStepper (uStepper, n.d.; Figure 75, right), and the code is written in 

Arduino. The heat gun is attached to the plate of the linear actuator, and the linear actuator is 

placed in a vertical position, parallel to the twisting and coiling set-up, supported by a tripod 

(Figure 74). In its current implementation, the code for the stepper motor driver allows the 

control of: 

• the speed at which the heat gun is displaced;80 

• the distance covered by the heat gun when moving along the coil at the specified 

speed (i.e., lap length);81 

• the number of times that the heat gun passes along the coil in one heat-treatment 

cycle (i.e., number of laps). 

Values for these parameters are input into the system through three slide potentiometers 

(Figure 75, left).  The distance between the heat gun and the coil is determined by the position 

of the linear actuator in relation to the position of the coil (d in Figure 78). During heat 

treatment, the heat gun uses a nozzle with a rectangular cross-section, which is centred in 

the vertical direction in relation to the position of the coil. The complete set of parameters 

involved in the heat treatment of coils using the linear actuator to displace the heat gun is 

listed in Table 17, pp.183-4 of this Appendix.  

 

    

Figure 74. Linear actuator supported by a tripod (left). Details of the attachment of the linear actuator 
to the tripod (centre) and of the heat gun to the plate of the linear actuator (right). 

 

                                                        
80 Speed is input as steps per seconds (step/second): 200 steps = 1 stepper motor revolution = 6cm. 
81 The length of the lap is determined by the number of revolutions of the stepper motor. In the current 
implementation of the code, this value is input as an integer, indicating the number of revolutions that 
the motor will perform. Thus, possible lap lengths are multiples of 6cm. 
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Figure 75. Control box for the linear actuator, with slider potentiometers and on/off switch (left). 
Stepper motor driver with attached fans for active cooling (right). 
 

The amount of twist inserted into the monofilament is also an important factor influencing the 

structure and performance of basic coils, particularly twist-induced ones (Haines et al., 2014). 

The incorporated turn-counter allows the number of turns inserted into the monofilament to 

be recorded. It is an off-the-shelf device consisting of a digital counter with an LED display 

and a magnetic induction switch. I attached the switch to the body of the mini-drills – used to 

insert twist into the monofilament – through a removable, custom-built interface, and attached 

magnets to the shafts of the mini-drills (Figures 39, 40). The coiler (Figure 41, right-bottom) is 

a commercially available tool for wire coiling in jewellery making (The Ringinator, n.d.). While 

it was sourced with the intention of easing the formation of mandrel coils, I eventually used it 

to insert small amounts of turns into coils to form twisted twist-induced coils and twisted 

mandrel coils.  

Activating samples to test their behaviour, especially in hanging set-ups, had proved to be 

complicated without the help of assistive elements, particularly in terms of holding them in a 

convenient and robust way while applying heat. To this end, I built a customised stand that 

allowed me to easily clamp samples of different lengths under a range of arrangements 

(Figure 41left, right-top).82 

The vertical disposition of the twist-insertion set-up, as described earlier (Figure 3 and 

Appendix A), was also used during the formalisation of the formation processes. Due to the 

                                                        
82 The stand consists of a rectangular wooden base, two threaded metal rods and a pair of alligator 
clips, which connect to the rods through an articulated system of metal parts, nuts and bolts, repurposed 
from a set of “helping hands” tools. The rods are fitted and fastened into holes along the centre of the 
base of the stand, providing a range of distances between the rods. 
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mobility requirements of the ArcInTexETN project and the lack of a permanent studio space 

during the development of this project, I implemented this set-up in a modular way, enabling 

me to relocate it and adapt it to different spaces easily (Figure 76). 

   
Figure 76. Examples of the implementation of the twist-insertion set-up.  

B.1.1. Tested nylon monofilaments  

Table 16. Nylon monofilaments tested in the structured exploration.83 

 

 
B.2. Training of morphologies 
Repeatedly activating samples to observe the heat-responsive shape change that they 

performed and the extent to which they recovered their original shape after cooling down 

revealed that the ability of the morphologies to recover the shape they had had immediately 

before each activation improved with the increase in the activation-cooling down cycles. While 

with the increase in these cycles the recovered shape diverted more from the original shape 

(i.e., the shape before being initially activated), it gradually became more stable throughout 

the instances of activation.  

                                                        
83 The exact composition of Skysper fishing line is not known, since it is labelled as “nylon”.  
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Repeated activation and cooling down is also used to make the actuation of TICs and MCs 

reversible. This process is referred to as "training" (Haines et al., 2014b; Saharan & Tadesse, 

2016). I have adopted this term and, given that the shape of the morphologies evolved during 

the training cycles, I have considered this process as part of their formation. 

Relevant parameters during training include the activation temperature and the number of 

activation-cooling down cycles that the samples require for their form to be stabilised. 

Suitable temperatures that allowed samples to display the significant changes in shape 

intended for each morphology varied across samples of the same morphological kind – 

possibly as a result of subtle variations in parameter values arising from the execution of 

operations under the working set-up employed, as discussed in section 7.4.4. Moreover, the 

ability of the samples to recover their shape seemed to diminish when these were activated 

above certain temperatures.84 

Hence, the training process as devised in this exploration consists of determining a starting 

temperature suitable for each morphological family – low enough to ensure that samples are 

not overheated – and gradually increasing it until the samples are able to display the intended 

shape-change amplitude.85 Activation cycles are repeated until the form of the sample 

stabilises. In this exploration, training has not been thoroughly applied to each sample, but 

rather the focus has been on identifying suitable starting activation temperatures for each 

morphological family. Figure 77 shows examples of samples before and after being trained 

(top and bottom image, respectively for each sample).  

Following the proposed training, resulting samples could be subsequently clustered 

according to their activation temperature, providing samples that display similar shape-

change amplitudes under the same temperature. Alternatively, samples clustered under 

different activation temperatures could be applied together, if a range of amplitudes triggered 

by the same temperature was desired. The training process could eventually be reconsidered 

in order to better understand the influence of the formation processes in the displayed shape-

                                                        
84 Although this exploration did not allow me to specify these temperature thresholds, they seem to be 
specific for each morphological family, and even specific for each sample – as formed under the 
employed working set-up. 
85 These reference shape-change amplitudes were generally reached within temperature ranges that 
allowed samples to recover their initial shape to a large extent.  
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change amplitude: i.e., the training temperatures could be kept constant, and the shape-

change amplitudes displayed could be measured and compared. 

 

      

      

 C-TIC[S-S]-[Z] C-TIC[S-S]-[S]  
 

 

 

 TW-TIC[S-S]-[S] 
    

  

  

  TW-TIC[S-S]-[Z] 
  

  

  

 RS-MC[S-S]-2 

Figure 77. Examples of samples before and after the training process (top and bottom, respectively, 
for each sample). 
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B.3. Comprehensive identification of formation parameters 
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B.4. Translation and tuning of processes and parameters 
Even if they belong to the same process of formalisation, the translation and tuning for each 

morphological family have been tackled in a slightly different way, depending on the features 

of the morphologies and my previous experience and understanding of the transformations 

involved. This section describes the translation and tuning processes for twist-induced coils, 

twisted twist-induced coils, coiled twist-induced coils and reshaped mandrel coils. 

Translation and tuning for mandrel coils and twisted mandrel coils are provided as 

supplementary material.86  

B.4.1. Twist-induced coils   

Twist-induced coils (TICs) give rise to twisted twist-induced coils (TW-TICs) and coiled twist-

induced coils (C-TICs). I tuned the TICs in consideration of the structure and heat-responsive 

shape change of homochiral TW-TICs (i.e., TW-TIC[S-S]-[S]) and the ability of these third-

order structures to recover their shape after being heat activated. Testing parameter values 

for the formation of TICs thus involved going through the complete process of formation of 

TW-TIC[S-S]-[S]. During tuning, I selected those TICs that rendered TW-TIC[S-S]-[S] which 

would completely untwist their third-order turns during activation, while recovering as many 

of these turns as possible after cooling down. The way in which TW-TIC[S-S]-[S] are tuned 

and assessed is described in detail in section B.4.2.   

Table 17 lists the complete set of parameters considered for the formation of TICs during this 

exploration. An initial attempt to determine parameter values for TIC formation under the 

incorporated equipment, prior to embarking in the process of translation had rendered very 

stiff and non-elastic coils. TW-TIC[S-S]-[S] formed from these stiff TICs were not able to 

recover any of their turns after being activated. Comparing the haptic qualities of these TICs 

with the samples I had formed during my intuitive engagement with coil formation (Chapter 

6), which provided TW-TIC[S-S]-[S] that were able to recover at least some of their turns, I 

noticed that the latter were somewhat more pliable and elastic – elongating more and 

opposing less force when stretched manually. This observation motivated me in the first 

instance to undertake the translation process, as discussed in sections 7.2.1 and 7.4.1; and 

                                                        
86 Supplementary material can be found in the RCA Research Repository, together with this thesis. 
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some of the parameter values rendering the stiff, less elastic coils became a point of reference 

for directions to avoid in the formation of TICs. 

When formed from the same monofilament diameter, coils with larger diameters are less stiff 

and able to elongate more than those with smaller diameters, which have a more densely 

packed structure. Examples of this difference are TICs and MCs, where the latter, having 

larger diameters, elongate more. 

The relation between the diameter of a coil and the diameter of the monofilament from which 

it is formed, called the spring index,87 can be tuned in two ways: 

• by adjusting the weight used during coiling, where coils formed under smaller weights 

result with higher spring indices (i.e., larger coil diameters in relation to monofilament 

diameter); and  

• by inserting or releasing turns in the coil after the monofilament length has been fully 

coiled, where releasing extra twist results in coils with higher spring indices (Haines et 

al., 2014b).  

The process of translation showed that when coiling through twist induction intuitively, I was 

applying very small forces with my hand, just those that were necessary to keep the 

monofilament in tension. With the intention of obtaining coils that were less stiff, I tuned the 

weight used during twist insertion to the minimum required at each stage so as to successfully 

form the coil – avoiding monofilament entanglement – but which would render TICs with a 

mostly straight contour. I identified 40g applied during twisting, and 190g applied after the 

coil started forming as suitable weights. Additionally, I used the minimum number of turns 

necessary to fully coil the monofilament length, resulting generally in between 950 to 983 t/m 

in the 0.45mm-diameter monofilament. After coil formation, I released all the turns remaining 

in the coils before heat treating them. 

I heat treated the coils in the same set-up where they were formed, without removing them 

from the drill shaft (Figure 78, left). Translation revealed that while intuitively heat-treating coils 

I was only applying a very small force to the coil, tensing it enough to prevent it from 

                                                        
87 The spring index is a parameter of spring characterisation that defines the ratio between the mean 
coil diameter and the filament diameter. The mean coil diameter results from subtracting the diameter 
of the filament to the outer diameter of the coil. Typical spring indices for twist-induced coils are 1.1 to 
1.7, whereas mandrel coils can be formed with a wide range of spring indices, depending on the 
diameters of the mandrel and monofilament used (Haines et al., 2014a).  
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entangling itself without stretching it. Conversely, when heat treating the initial stiffer coils, I 

had used the same weight I had applied to coil them (i.e., 300g), under which coils were 

significantly stretched. Hence, replicating the small force revealed through translation, I 

started using a weight of 20g during heat treatment.  

 

   

Figure 78. Diagram of the set-up used to heat treat and train TICs using the heat gun displaced by the 
linear actuator (left). Diagram of the heat gun displacement along the coil during heat treatment and 
training (right). 

 

During translation, TW-TIC[S-S]-[S] formed from TICs that had become loose from the drill 

shaft due to melting at the knotted end generally showed a better recovery of their initial shape 

after being activated than those formed from TICs that had not melted. This suggested that 

heat treating TICs under very high temperatures could benefit the recovery of the third-order 

shape. 

With this in mind, when starting to tune relevant heat-setting parameters using the linear 

actuator to displace the heat gun (see Table 17 for a list of the parameters involved), I fixed 

the heat gun temperature to the maximum it offered (i.e., 650ºC) and, based on values found 

through trial and error during translation, I also fixed the distance between the heat gun and 

the coil to 2.5cm. As discussed in section 7.4.1, a detailed examination of my intuitive way of 

heat-treating coils revealed the nuances of my gestures when moving the heat gun, as these 

were guided by my observation of the subtle transformations of the material while being 



 188 

affected by the heat. It soon became clear that it was not possible to reproduce these 

nuanced motions with the linear actuator, since, in its current implementation, it is only able 

to travel at constant speeds. Accepting this limitation, I used video recordings (Figure 79) to 

capture a sense of the overall speed at which I was manually moving the heat gun along the 

coil. This enabled me to extract reference values from which to start a trial and error process 

to determine appropriate speeds and number of heat-treatment laps when using the linear 

actuator. In a compromise between combinations of parameter values that would allow the 

TICs to be exposed to high-enough temperatures, during an interval within which they would 

not melt, I found a suitable speed for the heat gun to travel: 330 steps/second, covering 4 

laps along the coil. In order to avoid the change in the direction of travel of the heat gun from 

happening within the length of the coil, since this usually overheated its ends, and considering 

the length of the heat gun nozzle I was employing (6.5cm), I used lap lengths approximately 

12cm longer than the coils to be set: typically, 30cm or 36cm for coils from 1m monofilament.  

   
Figure 79. Intuitive heat treatment of a TIC.  

 

As mentioned earlier, following heat treatment, TICs need to be trained to achieve the 

reversibility of their contraction (Haines et al., 2014b; Saharan & Tadesse, 2016). I trained 

TICs in the same set-up as the one I used to heat treat them (Figure 78, left). During training, 

TICs need to be stretched in order to enable their heat-responsive contraction. Weights of 

50g and 70g proved suitable to be used when training TICs formed under the parameters 

described earlier, since they enabled larger contractions than larger weights (e.g., 150g), 

even though the latter initially stretched the coils more. While I have used 50g to train TICs in 

this exploration, 70g could be further explored. 

Lower temperatures are needed to activate TICs than to heat treat them. In order to facilitate 

the work flow, I kept the distance from the heat gun to the coil, the number of laps and the lap 

length constant from the heat treatment. Through trial and error, I found a suitable 
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combination of heat gun temperature setting and speed of travel to activate the coils at 230ºC-

250steps/seconds, applying 4 training cycles, allowing contractions of between 8% and 12% 

of the length of the coil (stretched under 50g) in the majority of the samples measured.  

After training, the length of the resulting TICs formed from 1m of monofilament varied between 

15.1cm and 19.5cm (Figure 80), and their diameter between 1.16mm and 1.31mm – diameter 

variations were also present within the same coil. The combination of formation values 

described above has been collected in the preliminary recipe for the formation of TICs 

(Appendix C). 

 

Figure 80. TICs resulting from the formalised formation process. 
 

While I built the linear actuator to be able to heat treat coils in a consistent way, the resulting 

exposure of the coils to heat is not even along their length. Given the way the heat gun travels 

along the coil (Figure 78, right), the ends of the latter (where the heat gun changes direction) 

are presumably exposed to higher temperatures during a longer period than the centre of the 

coil. Additionally, the top end is exposed to two changes in direction, while the lower end is 

only exposed to one. Hence, different areas of the coil are exposed differently to heat, and 

this effect seems to be stronger for longer coils (e.g., those formed from 2m monofilament). 

Even though I have not been able to confirm the effect of this uneven heat treatment on third-

order morphologies, variations in the degree to which different parts of some C-TIC samples 

expand or contract may be related to it (section B.4.3). Furthermore, keeping a constant 

temperature across trials in an open-air set-up such as the one employed when using the 
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linear actuator proved to be not entirely possible, since room temperature tended to increase 

during the working sessions, resulting in the coils melting in certain areas.  

B.4.2. Twisted twist-induced coils 

The TICs described in the previous section constitute precursor coils for TW-TICs. By 

determining the direction of the twist inserted into S-TICs, two kinds of TW-TICs are formed: 

homochiral ones (i.e., TW-TIC[S-S]-[S]) and heterochiral ones (i.e., TW-TIC[S-S]-[Z]). When 

heat activated with at least one end loose, homochiral TW-TICs untwist, whereas heterochiral 

ones twist further (Table 1). 

The main form feature considered during translation and tuning for TW-TICs was the number 

of turns in their third-order structure. Having as referent turn density for TW-TIC[S-S]-[S] that 

of the samples arising from the intuitive engagement with the material (e.g., Figures 10 and 

14), as explained in the previous section, I expected TW-TIC[S-S]-[S] to be able to completely 

untwist their third-order turns in response to heat (e.g., Figure 14, bottom-left). I considered 

this complete untwisting to be a large shape change for this morphology. Through the tuning 

of the TICs described earlier, I had intended to maximise the number of turns that TW-TIC[S-

S]-[S] were able to recover after being heat-activated to reach their complete untwisting.  

In the case of TW-TIC[S-S]-[Z], the samples I had formed prior to this structured exploration 

also presented a high density of turns in the third-order structure (e.g., Figure 12). Given their 

twisting-further behaviour, this densely packed structure left little room for the samples to gain 

turns when twisting further in response to heat. With the intention of allowing this morphology 

to display a change in shape of similar breadth to the one intended for TW-TIC[S-S]-[S], I 

tuned TW-TIC[S-S]-[Z] to decrease the turn density in the resting (non heat-activated) form, 

increasing their ability to gain turns in response to heat.  

I captured the evolution of the shape of TW-TIC[S-S]-[S] during the activation and cooling-

down cycles by tracing their contour. This allowed me to gain an immediate visualisation of 

this evolution during training. As well as providing an approximate reference for the real size 

of the samples, alongside a depiction of the main feature considered, this tracing offered me 

a way to closely examine each form, allowing me to notice previously overlooked variations in 
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the length and shape of third-order turns. Figure 81 shows an example of the evolution of the 

shape during the training cycles, as documented by tracing the shape of the sample.  

 
  

ORIGINAL SHAPE: 

 

 
 

 SHAPE AFTER 
1ST ACTIVATION:   

 
2ND ACTIVATION: 

 
 

 
3RD ACTIVATION: 

 
 

 
4TH ACTIVATION: 

 
 

 
5TH ACTIVATION:  

 

Figure 81. Example of documentation of the evolution of the shape of a TW-TIC[S-S]-[S] along training 
cycles. 
 

I used the coiler to insert twist into TICs, fastening one end of the TIC with the clamp of the 

coiler and holding the opposite end with pliers while rotating the handle of the coiler (Figure 

82, left). The third-order structures are formed by bringing both ends of the TIC together, 

allowing it to fold in to itself. After folding, both ends of the TW-TIC are locked with crimp 

tubes, joining the two TIC strands at each end (Figure 82, right). The even length of the TIC 

strands ensures a straight contour in the third-order structure.  

 

  
Figure 82. Twist being inserted into a TIC with the coiler (left). End of TW-TIC locked with a crimp tube 
(right). 
 

After being activated, TW-TICs tend to lose third-order turns. Hence, they need to be trained 

in order to stabilise the number of turns that the third-order structure recovers after each 

activation, increasing the reversibility of the shape change. Given that TW-TICs generally 

required temperatures above 100ºC to display the intended changes in shape described 

earlier, I trained these morphologies under hot air, rather than using, for example, hot water. 

Employing a vertical set-up, I hung the samples from one end, applying heat with the heat 
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gun from one side (Figure 83). The heat gun was supported by a tripod, and a nozzle with 

rectangular cross-section was used. After activation, samples were either allowed to cool 

down at room temperature or cooled down in cold water. 

 

 

Figure 83. Diagram of the set-up used to train TW-TICs. 
 

The main parameter tuned for TW-TICs was the density of twist inserted into the TICs; and as 

explained earlier, the number of turns resulting in the third-order structure was the main 

feature considered in the assessment of TW-TICs. The goal for TW-TIC[S-S]-[S] was to find a 

suitable twist density inserted into the TIC that, while enduring the turn loss during training, 

would render third-order structures whose visual appearance resembled that of the referent 

forms (e.g., Figures 10 and 14), and presented enough turns to be undone during heat 

activation so as to produce the intended significant change in shape. During the exploration 

I came to identify around 50 turns per metre (t/m) as a twist density in the trained TW-TIC[S-

S]-[S], which matched my tacit criterion of the minimum turn density that these structures 

should have.  

I formed samples with different numbers of turns in the third-order structure, ranging between 

approximately 63.5t/m and 164.5t/m before training (Figure 84, left-top and right-top, 

respectively), resulting from inserting 143t/m and 365t/m into the TICs, respectively. Samples 

with a lower number of turns tended to depart from the intended visual aspect, with very few 

turns resulting after training (e.g., 18t/m); whereas reaching the intended complete untwisting 
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during activation seemed to be more difficult for samples with a higher number of turns. 

Hence, I selected thus 250t/m to be inserted into TICs. The resulting number of turns in the 

TW-TIC[S-S]-[S]s before training them ranged between approximately 118t/m and 146t/m, for 

TICs formed under the formalised process,88 and between approximately 48t/m and 65t/m 

after the samples were trained (e.g., Figure 85).  

For the case of TW-TIC[S-S]-[Z], in order to arrive at a third-order structure with a low number 

of turns after training I tested twist densities inserted into TICs of 100t/m (Figure 86) and 50t/m 

(Figure 87), I selected 50t/m as a suitable value, since the structure that results after training 

provides enough space for a considerable number of turns to be gained during exposure to 

heat. 

 

  

  

Figure 84. Traced contours of TW-TIC[S-S]-[S] with approximately 63.5t/m (left-top) and 164.5t/m 
(right-top) before training; resulting with approximately 18t/m (left-bottom) and 63t/m (right-bottom), 
respectively after training. 
 
 

  

  

Figure 85. TW-TIC[S-S]-[S] formed by inserting 250t/m into the TIC, before and after training (top and 
bottom, respectively). 
 
 

                                                        
88 When inserting Z-twist into S-TICs, each coil seems to take the twist differently, in some cases even 
undoing some coil rings. This may be contributing to the difference in the resulting density of third-order 
turns in TW-TIC[S-S]-[S]. 
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Figure 86. TW-TIC[S-S]-[Z] formed by inserting 100t/m, before and after training (top and bottom, 
respectively). 
 

   

  

Figure 87. TW-TIC[S-S]-[Z] formed by inserting 50t/m, before and after training (top and bottom, 
respectively). 
 

Relevant training parameters for TW-TICs under the set-up used (Figure 83) are listed in Table 

17. Samples resulting from this initial stage of formalisation of the formation process require 

different temperatures to reach changes in shape close to the ones I intended. Hence, rather 

than identifying a suitable temperature under which all samples are activated during training, 

I adjusted the temperature (i.e., combinations of temperature setting in the heat gun and heat 

gun-sample distance), so that each sample could display the intended shape change. 

Keeping a fixed temperature in the heat gun (650ºC) and starting from a heat gun-sample 

distance of 9cm – identified as suitable through trial and error – I gradually reduced the 

distance until the sample reached the intended shape change. The final distance was then 
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recorded for each activation.89 Cycles of activation and cooling down were repeated until the 

number of turns in the third-order structures remained stable for at least two consecutive 

cycles. 

Most TW-TICs formed from TICs arising from the formalised formation process were able to 

reach the intended activated shapes at distances ranging between 6cm and 7.5cm. The 

number of cycles required to stabilise the number of turns in these samples ranged between 

five and six for TW-TIC[S-S]-[S], and between one and four for TW-TIC[S-S]-[Z]. Given the 

characteristics of this training process, neither the duration of the exposure to heat nor the 

time required by a sample to display the intended shape change under a specific heat gun-

sample distance were accounted for.90 Following the formalised process described above, I 

formed samples from 1m and 2m monofilament (Figure 88 and Figure 89). The length of 

resulting samples varies depending on the length of the TIC, the TIC length lost during 

formation (e.g., due to the placement of crimp tubes) and the twist density of the structure 

resulting after training. The preliminary recipe for TW-TICs, based on the formalised process, 

is presented in Appendix C. Figure 90 and Figure 91 show the shape change of TW-TICs 

under activation set-up 1 (Table 9), further described in section B.5. The behaviour of TW-

TICs under different conditions is presented in clip-charts 6 to 9. 

 

 

 

Figure 88. TW-TIC [S-S]-[S]s resulting from the formalised process of formation, from initial 
monofilament length of 1m (top) and 2m (centre and bottom).  

 

                                                        
89 Approximate temperatures measured at a range of distances – with the heat gun set to 650ºC and 
using the same nozzle for the heat gun as the one used in the training of TW-TICs – are included in 
Appendix D, Table 19. 
90 It is possible that the same sample under lower temperature and a longer exposure could reach the 
same shape-change amplitude. 
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Figure 89. TW-TIC [S-S]-[Z]s resulting from the formalised process of formation, from initial 
monofilament length of 1m (top) and 2m (bottom). 
 
 

    

     

    

Figure 90. Activation of TW-TIC [S-S]-[S] under set-up 1 (see Figure 108.A). 
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Figure 91. Activation of TW-TIC [S-S]-[Z] under set-up 1 (see Figure 108.A). 
 

B.4.3. Coiled twist-induced coils  

Coiled twist-induced coils (C-TICs) are formed by winding a TIC over a mandrel and setting 

its shape under heat before releasing the third-order structure from the mandrel. By selecting 

the direction in which the TIC is wound over the mandrel, two opposite heat-responsive 

behaviours result in C-TICs: homochiral C-TICs (i.e., C-TIC[S-S]-[S]) contract while 

simultaneously unwinding, whereas heterochiral C-TICs (i.e., C-TIC[S-S]-[Z]) expand while 

simultaneously unwinding when these are activated with at least one unconstrained end (see 

Table 2). 

Having as a reference the forms that initially emerged during my intuitive involvement with 

transformation processes (Figure 15), I intended to tune C-TIC[S-S]-[S]s to be able to fully 

contract in response to heat, with adjacent third-order rings reaching to touch each other. 
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After initial trials with C-TIC[S-S]-[Z]s where the specific behaviour presented in Chapter 6 

(Figures 16 and 17; movie 5) was not present, I intended to tune them to be able to display 

their expansion with a similar amplitude to the one intended for the contraction of C-TIC[S-S]-

[S]. Additionally, I expected these behaviours to be reversible, allowing the samples to 

recover their initial shape after being activated. The features I considered for the assessment 

of C-TICs during their tuning were principally their length, diameter and number of third-order 

rings. Relevant parameters in the formation of C-TICs are listed in Table 17. 

I formed C-TICs by winding TICs over 3mm-diameter mandrels, using screw clamps to fix the 

TICs over the mandrel, so that the fastening would withstand the heat setting process (Figure 

92).91 

 

   

Figure 92. Screw clamps and mandrel (left). TIC fixed to a mandrel with a screw clamp (centre). TICs 
wound over mandrels (right). 

 

Like MCs, the third-order structure of C-TICs needs to be locked through heat setting. I used 

TICs formed under the formalised process described previously to wind C-TICs, and heat set 

them in the halogen oven (Figure 36) using parameter values that I had previously found 

suitable to heat set MCs (i.e., 215ºC oven temperature setting over a two-minute exposure; 

as described in the supplementary material).92 Given that these C-TICs were able to display 

the intended shape-change amplitudes and showed the ability to reach a stabilised shape 

after training, these heat setting values were defined for the formation of C-TICs, and the TICs 

described previously were used as precursor coils. 

                                                        
91 These screw clamps can be found inside the plastic cover of electrical terminal blocks. 
92 Heat treatment or annealing is generally carried out under vacuum or argon to avoid the oxidation of 
the monofilament (Haines et al., 2014b), and long exposure times are used, ranging between 30 minutes 
(e.g., Kianzad et al., 2015) and 2 hours (e.g., Haines et al., 2014b). When using the halogen oven to 
heat set monofilament structures, exposures beyond 2 minutes provided yellowish tints to the 
monofilament in temperatures around 215ºC (oven temperature setting), which I found suitable to set 
the structures (see supplementary material). Hence, I have used this very short exposure time to heat 
set both MCs and C-TICs. 
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As I had observed for MCs that were heat set under the parameter values just mentioned,  

homochiral C-TICs (C-TIC[S-S]-[S]s) result with long pitch, and heterochiral ones (C-TIC[S-

S]-[Z]) result with contiguous rings (see Figure 96), even when TICs were wound over the 

mandrel with contiguous rings. Given that homochiral C-TICs contract in response to heat, 

the distance between consecutive rings is desirable in the context of this exploration, since it 

allows this morphology to be activated from a relaxed, non-stretched state. Likewise, given 

that heterochiral C-TICs expand in response to heat, resulting contiguous rings may also 

contribute to the display of a broader shape change. Hence, I formed both homochiral and 

heterochiral C-TICs by winding TICs over the mandrel with no separation between 

consecutive rings (i.e., each turn touching the previous one, e.g., Figure 92, right). 

  

 

 

 

Figure 93. Training of C-TIC[S-S]-[Z] by alternately immersing them in hot and cold water (right and 
left tray, respectively). 
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I trained C-TICs in hot water, given that this medium offers a homogeneous temperature that 

reaches the coil evenly and that these morphologies are able to display the intended shape-

change amplitudes at temperatures around 50ºC-60ºC. These temperatures were found 

through trial and error, and were defined as a suitable starting point for training C-TICs. 

Training consisted of activating C-TICs in hot and cold water alternately, until the number of 

third-order rings was stable across activations (Figure 93). Higher temperatures (e.g., around 

75ºC-85ºC) allow C-TIC[S-S]-[Z] to reach a loosely curved shape, losing almost all third-order 

rings during activation. However, when cooling down they tended to show a long pitch (Figure 

93, centre), even though a certain time after training they recovered their contiguous rings, 

displaying reversible changes in shape when activated around 50ºC-60ºC.  

I have only preliminarily explored the effect that the force under which TICs are wound over 

the mandrel has on the resulting structure. C-TICs were wound: 

• in a relaxed state, under no force; 

• under a small force, slightly tensing the coil without stretching it; and 

• under a large force, stretching the coil during winding. 

Figure 94 shows heterochiral C-TICs wound under no force (top row), under a small force 

(middle row) and under a large force (bottom row). Figure 95 shows homochiral C-TICs wound 

under no force (top row), under a small force (middle row) and under a large force (bottom 

row). Columns 1 and 2 of these figures show the samples before activation, and columns 3 

and 4 show the samples after being activated.  

After heat setting and removing them from the mandrel, heterochiral C-TICs presented an 

almost straight second-order structure (Figure 94, columns 1&2). However, once activated, 

the sample that had been wound under a large force acquired a helical shape along its length 

(Figure 94, bottom row, columns 3&4). On the other hand, the samples that had been wound 

under no force or a small one still presented a mostly straight contour after being activated, 

even though their physical properties had changed in a different way: those wound under no 

force showed a larger gain in their diameter, and a greater loss in the number of third-order 

rings after being activated (Figure 94, top row, columns 3&4) than those wound under a small 

force (Figure 94, middle row, columns 3&4).  
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In the case of homochiral C-TICs (Figure 95), the effect of the helical shape emerging in the 

sample wound under a large force is less evident, since the sample already presented a 

curved overall shape before activation. Nevertheless, after activation this curve acquired a 

certain three-dimensionality. A similar higher increment in the diameter and turn loss as that 

which was observed in heterochiral C-TICs can be seen in homochiral ones wound under no 

force compared to those wound under a small force. 

While this effect should be further explored by using defined weights to wind TICs, the 

outcomes of this trial provide an interesting observation, posing the question of whether there 

is a critical point of pressure (i.e., force per unit area) at which the straight contour of C-TICs 

becomes a helical one, after samples are exposed to heat, as seen particularly in the 

heterochiral C-TIC wound under a large force (Figure 94, bottom row). Reflections on this 

observation are presented in section 7.4.4. 

Additionally, these trials point to a potential way in which the "modified" mandrel coil 

presented in Chapter 6 as sample 4 and giving rise to sample 5 (Figures 28 and 30, 

respectively), may be reproduced. The helical contour of sample 4 is similar to the helical 

contour arising in C-TICs, and given that they are formed under the same process (i.e., 

mandrel coiling), the force applied while winding MCs may also result in a helical structure 

after exposure to heat. While I explored the effects of the winding force on MCs 

(supplementary material), the tested weights (40g and 190g) might have been too low to 

produce a helical coil. Hence, exploring heavier weights may offer a way to reproduce a 

structure close to sample 4 and, through reshaping, eventually lead to a structure similar to 

that of sample 5.  

Given that I only later considered the effects of the winding force on C-TICs, the samples 

produced vary in terms of diameter and length, and in their number of third-order rings (Figure 

96). Individual samples also present variations in pitch along the third-order structure, and 

diameter differences across their rings. Additionally, the extent to which the different areas of 

the C-TICs contract or expand also varies within the same sample. These variations may be 

related to the uneven heat treatment of TICs, mentioned in section B.4.1. 
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Figure 94. Effect of the winding force on C-TIC[S-S]-[Z]s. Top row: sample wound under no force. 
Middle row: sample wound under a small force. Bottom row: sample would under a large force. 
Columns 1&2: samples before activation. Columns 3&4: samples after activation. 
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Figure 95. Effect of the winding force on C-TIC[S-S]-[S]s. Top row: sample wound under no force. 
Middle row: sample wound under a small force. Bottom row: sample wound under a large force. 
Columns 1&2: samples before activation. Columns 3&4: samples after activation. 
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The preliminary recipe for C-TICs, based on the formalised process, is presented in Appendix 

C. Figure 97 and Figure 98 show the heat-responsive shape change of C-TICs under 

activation set-up 1 (Table 9). C-TIC [S-S]-[S]s that have been wound under no force are able 

to unwind more than those wound under a low force, while in the latter the contraction is more 

visible (Figure 98, top and bottom, respectively). The behaviour of C-TICs under different 

conditions is presented in clip-charts 10 to 13.93 

 

  

  

  

  

Figure 96. C-TICs resulting from the process of formalisation of their formation. Left: C-TIC[S-S]-[S]s, 
all samples from 1m of monofilament. Right: C-TIC[S-S]-[Z]s, first three samples from 1m of 
monofilament, fourth sample from 2m of monofilament. 

 

     

Figure 97. Activation of a C-TIC [S-S]-[Z] under activation set-up 1 (Table 9).  

 

                                                        
93 In the clip-charts, the tag C-TIC[S-S]-[S]-A corresponds to a homochiral C-TIC wound under no force 
and C-TIC[S-S]-[S]-B to one wound under a low force. 



 205 

     
 

     

Figure 98. Activation of C-TIC [S-S]-[S]s under activation set-up 1 (Table 9). Top: sample wound under 
no force. Bottom: sample wound under a small force. 

 

B.4.4. Reshaping mandrel coils 

The reshaping of mandrel coils (MCs) constitutes a new transformation technique introduced 

through this research. Hence, the process of identifying appropriate formation values for 

reshaped morphologies was coupled with further exploration of the technique, revealing its 

potential to provide a wide range of morphological structures. 

Reshaped MCs result from heating them up under an applied force. Initial trials showed that 

reshaped structures could only be formed from homochiral MCs. Given that heterochiral MCs 

expand in response to heat, when these are activated from a stretched state they unravel, 

rendering a loosely curved monofilament. Hence, the exploration focuses on homochiral MCs 

(MC[S-S]), which were formed from 0.45mm-diameter monofilament, wound over a 3mm 

mandrel. 

I implemented a vertical set-up to reshape coils using one of the poles of the stand (Figure 

41). Coils hung from the pole at approximately 48cm, clamped from one end and with a weight 

attached to the opposite end (Figure 99). I explored structures resulting from variations in the 

force applied to stretch the coils and the temperature needed to reshape them. Through trial 
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and error, I identified weights between 10g and 30g as suitable to reshape the mandrel coils 

formed from the 0.45mm diameter monofilament, and tested them in 10g increments.94 

 
Figure 99. Reshaping set-up. 

 

I applied heat with the heat gun, keeping a constant distance between the heat gun nozzle 

and the MC for each sample. This was achieved by supporting the heat gun with a tripod. 

Releasing the lock of the mast of the tripod allowed me to move it vertically in order to 

accompany the length extension of the coil as a result of the reshaping, while maintaining the 

horizontal distance from the heat gun to the sample. In this set-up, the temperature affecting 

the sample is determined by:  

• the temperature setting in the heat gun; 

• the heat gun-sample distance (d in Figure 99);  

• the speed at which the heat gun travels along the sample.  

However, in this exploration, the speed at which I moved the heat gun along the coil in the 

vertical direction was not accounted for,95 as neither was the time that the sample was 

                                                        
94 Intermediate weights of 15g and 18g were initially tested, but not considered in the exploration in 
order to delimit its extent. Coils reshaped under 40g presented uneven structures along their lengths, 
with loops disappearing in certain areas, forming a plain basic coil, thus this weight was also not 
considered for the exploration. 
95 Eventually, the speed of the heat gun could be specified with the use of the linear actuator, in a similar 
way to how it has been specified for the heat treatment of TICs, although, as discussed for the latter, I 
expect this to present some challenges. 
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exposed to heat. Thus, temperatures are specified by the distance between the heat gun 

nozzle and the sample, keeping the temperature setting in the heat gun constant, at 650ºC, 

and provided as a broad reference.96,97 Given the exploratory nature of these trials, rather 

than determining specific heat gun-sample distances at which to reshape a sample I started 

the reshaping process at a suitably long distance (i.e., 15cm), previously identified through 

trial and error, allowing enough time for the reorientation of the MC rings to occur. If the 

reshaping was not triggered, I would subsequently move the heat gun closer to the sample 

until the reorientation of MC rings started, at which point I would fix the distance of the tripod 

to the reshaping set-up, allowing only the vertical displacement of the heat gun. Resulting 

distances ranged between 15cm and 4cm.98 

 

            

Figure 100. Reorientation of MC rings during reshaping. Stretched coil, before reshaping and while 
being reshaped (left and right, respectively; full coil and detail; stills from video). 

 

Reshaped structures result from a change in orientation of the MC rings around the 

longitudinal axis of the structure, giving way to “loops” (Figure 100). When MCs are exposed 

to heat, particularly under an applied force, they tend to rotate in the direction opposite to the 

winding of the coil, releasing twist if the lower end of the coil is not tethered. During the 

exploration, I identified the influence of the amount of released twist on the reorientation of 

                                                        
96 The approximate temperatures provided for the training of TW-TICs (Appendix D, Table 19) serve 
also as reference for the maximum temperature at which samples were exposed during reshaping – 
before the heat gun is displace in the vertical direction. Given that when the heat gun moves along the 
sample the temperature diminishes, actual reshaping temperatures are expected to be lower.  
97 I used the highest temperature available in the heat gun in order to be able to place the heat gun as 
far from the sample as possible to provide a larger area of heat coverage. However, this area does not 
have an even temperature, with the central part reaching higher temperatures than the periphery. 
98 The recorded heat gun-sample distance corresponds to the final distance at which the rings of the 
MC change their orientation.  
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MC rings, and consequently on the resulting orientation of the loops in the reshaped 

structures. Thus, the rotation of the end of the MCs was modulated with the use of restricting 

elements, anchored to the pole of the stand (Figure 99). 

While the effect of the twists released from the MC during reshaping is considered, I have not 

been able to control it completely under the working set-up employed, and consequently it 

has only been accounted for in three general cases, i.e., when rotation of the lower end of the 

MC is:  

• fully allowed (FA), with no restriction used;  

• partially allowed (PA), restricting it with the use of a cord or string that allows a certain 

number of turns to be released;99 and  

• fully prevented (FP) by means of a bar, not allowing any turns at all to be released 

when the MC is exposed to heat.  

The length of the MCs used in the exploration ranges between 1.5cm and 4.5cm. Samples 

that were evenly reshaped along their full length were more difficult to obtain with longer coils 

under larger weights, given that the total length to be reshaped was longer, making it difficult 

to move the heat gun uniformly along the sample under the set-up used.  

 

Resulting samples 

Resulting samples were grouped according to the weight under which they were reshaped 

(i.e., 10g, 20g, 30g) and the type of rotation of the lower end of the MCs during the process 

(i.e., FA, PA, and FP, as described). Within these groups, samples were split into three 

reference temperature ranges according to ranges of heat gun-sample distance: LOW (15cm 

to 10cm); MEDIUM (9.5cm to 7cm); HIGH (6.5cm to 4cm). Within temperature groups, 

samples were organised by descending heat gun-sample distance (i.e., ascending reference 

                                                        
99 When using the cord to restrict end rotation, the number of turns released varies according to the 
combination of the slack given to the cord, and the vertical position of the anchoring point of the cord 
in the pole of the stand, in relation to the vertical position of the lower end of the coil and the extension 
of the coil while being reshaped. Given the complexity of calculating the effect of the combination of 
these factors, the exact number of turns released in each sample was not accounted for. 
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temperature). Figure 101, Figure 102 and Figure 103 show the resulting samples under these 

groupings.100 

 

 

Figure 101. Structures resulting from reshaping MCs under 10g. 

 

 

 
 

                                                        
100 Samples for which some data was missing, or for which the reshaping process failed in some way, 
were excluded from this analysis. The latter include MCs that became loose from the clamp used to 
hold it to the pole of the stand during reshaping; overheated samples showing melted areas and MCs 
which unravelled and did not reshape at all. 
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Figure 102. Structures resulting from reshaping MCs under 20g. 
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Figure 103. Structures resulting from reshaping MCs under 30g. 

 

Morphological variations observed in the resulting samples cannot be explained exclusively 

by the parameters considered in this exploration. Nevertheless, a kind of continuum in the 

evolution of their structures can be observed with the increase in the applied weight and 

temperature (i.e., the decrease in heat gun-sample distances). In reshaped structures, the 

alignment of the points where the monofilament crosses itself to form the loops traces a helix 

around the longitudinal axis of the structure. The pitch of this helix is formed by loops whose 

orientation changes, completing one cycle around the axis of the structure (Figure 104). 
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Figure 104. Helix determined by the alignment of monofilament crossing-points forming the loops 
(yellow); and helix pitch (white), formed by loops whose orientation changes completing one cycle 
(i.e., one turn) around the longitudinal axis of the structure. 

 

Considering these helices in resulting samples, their diameter seems to increase with the 

combined increase in weight and temperature, transitioning from third-order structures where 

it is very small and closely wrapped around the axis of the structure – resulting in samples 

that present a linear overall contour (e.g., 10g/FA or 10g/PA/LOW) – to samples where the 

helix dominates the third-order structure, presenting a coiled overall shape (e.g., 

30g/FP/MED-HIGH). 

It is likely that the type of end rotation plays a role in the rate at which the orientation of the 

loops changes, advancing helically around the longitudinal axis of the third-order structure, 

influencing the pitch of the helix and the resulting number of loops contained within it. 

However, this needs to be further assessed, particularly by recording the specific number of 

turns released during reshaping, rather than considering an overarching value of "partially 

allowed", as I did in this exploration.  

Under smaller weights, samples seem to need lower temperatures to reshape, particularly 

when the lower ends of the MCs are allowed to rotate, at least partially, with no samples 

requiring high temperatures under 10g/PA or FA. However, when the lower ends of the MCs 

were completely prevented from rotating under 10g, samples required high temperatures to 

reshape, resulting in melted areas, and were thus discarded.  

Under 20g, only one sample was obtained when end rotation was fully allowed, given that in 

general MCs were unravelling under these values, resulting in basic coiled structures with a 

larger diameter and longer pitch than the original one. This suggests that, under larger 

weights, the lower end of MCs needs to be at least partially prevented from rotating in order 

to reshape.  
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When the lower ends of MCs are fully prevented from rotating, the samples reshaped already 

at medium temperatures under 20g, and low temperatures under 30g. This, together with the 

observation that the samples melted when reshaping was attempted under 10g/FP, may 

indicate that, for fully prevented end rotation, samples may require lower temperatures to 

reshape as the weight increases.  

Under 10g, particularly at lower temperatures, while the helical shape is visibly formed by the 

monofilament crossing points, this does not greatly influence the contour of the third-order 

structure, which is mostly linear. At medium temperatures when the lower end is partially 

allowed to rotate, the helix starts influencing the contour of the third-order structure (e.g., RS-

29-1, RS-5-2, RS-4-1, RS-23-1): this predominance apparently increases with temperature 

increments (e.g., AC-13-3, RS-6-1, RS-21-1, RS-26-1). 

Under 20g and low temperatures, when the lower ends of MCs were fully and partially allowed 

to rotate, the resulting samples present similar structures to those arising under 10g and 

medium temperatures (e.g., RS-20-2, AC-5-2, AC-1-3). Under medium temperatures and 

20g, samples start acquiring a coiled third-order structure, and these coils present mainly 

very short pitch or even contiguous third-order rings (i.e., the helical form has very short pitch 

and a large diameter, e.g., RS-24-2, RS-28-2, RS-29-2, RS-23-2). However, under the same 

values, there are also samples presenting a curved third-order contour, given by very long 

helical pitch (e.g., RS-4-2, RS-5-3, RS-26-2, RS-6-3). 

Coiled third-order structures also result under 20g, when the lower ends of the MCs have 

been fully prevented from rotating, and under 30g when lower ends have been partially 

allowed to rotate. In both cases, the resulting samples present variations in third-order pitch, 

with some third-order coils even showing contiguous rings (e.g., RS-8-2, AC-11-3, ST-13-A). 

However, when lower ends were fully prevented from rotating under 30g, the third-order coils 

quite consistently presented longer pitch than the samples arising from the former values 

mentioned. 

This exploration has rendered a wider range of reshaped morphologies than those previously 

identified as arising from this particular way of reshaping MCs (i.e., samples 6-A, 6-B and 7; 

Figure 24 and 25). Roughly, the morphological structures of samples 6-A ad 6-B resemble 

those arising from the reshaping of mandrel coils under 10g/PA/LOW, although a similar 
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structure also arose from fully allowing end rotation (i.e., MC-24). However, these samples 

present a denser loop distribution than that observed in samples 6-A and 6-B. Although no 

clear resemblance can be observed between sample 7 and the structures presented here, 

some of those arising under 20g/PA/MED-HIGH (e.g., RS-26-2, RS-6-3), share some of the 

characteristic features of sample 7, such as the orientation of the loops changing at a slow 

rate along the longitudinal axis of the structure, resulting in a long pitch in the third-order helix. 

However, in the samples presented here, the pitch of these helices seem to be shorter than 

that in sample 7. 

As mentioned earlier, due to the characteristics of the working set-up, parameters considered 

relevant to the reshaping technique have not been accounted for in this exploration. These 

include the speed of travel of the heat gun along the MC and the time the MC was exposed 

to heat, both influencing the temperature at which the MC reshapes, as well as the exact 

number of turns released during reshaping for each sample, which have only been specified 

as general cases. Furthermore, the precursor MCs used in this exploration present variations 

among them, particularly according to pitch and whether they have been previously heat 

activated or not. The influence of these two aspects on the resulting reshaped structures was 

only initially explored and, given that no clear effect was observed, I subsequently discarded 

them. Nevertheless, exploring these parameters further, considering the outcomes of this 

exploration, might enable a better understanding of the variations observed in the resulting 

reshaped structures. Lastly, a wider range of samples formed under the same set of values 

would be necessary to confirm the preliminary observations presented here.  

Given these constraints, it is not possible to specify parameter values for the formation of the 

wide range of structures resulting from this stage of the exploration of the reshaping 

technique. Nevertheless, it does seem likely that reshaping MCs under values corresponding 

to both ends of the weight and temperature ranges used (i.e., 10g/LOW and 30g/MED-HIGH), 

will render structures that present significantly different characteristics between them, 

particularly if under 10g/LOW MCs are partially or fully allowed to release turns and under 

30g/MED-HIGH they are completely prevented from releasing turns during reshaping.  

As mentioned earlier, reshaping MCs under 10g/PA-FA/LOW is likely to render structures 

similar to that of samples 6-A and 6-B (Figures 24 and 25). However, the structures resulting 
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under 30g/FP/MED-HIGH, had not been previously revealed. Moreover, when testing the 

heat-responsive behaviour of the latter, it contracted, differing from the behaviours previously 

observed in samples 6-A, 6-B and 7 (Figures 25, 26, 27). Compared to the broader set of 

reshaped structures presented in Chapter 6, those resulting from 30g/FP/MED-HIGH share 

the heat-responsive contraction observed in sample 5 (Figure 30). However, the disposition 

and orientation of its loops differs from those of the latter.  

It should be noted that similar structures to those arising from 30g/FP/MED-HIGH also result 

from 30g/PA/LOW-MED-HIGH (e.g., RS-29-3 and ST-9-A) and 20g/FP/HIGH (e.g., ST-4-A). 

Nevertheless, the consistency with which this type of structure results from the former set of 

values seems to be higher.  

Given the particular morphological structure and behaviour of samples arising from 

30g/FP/MED-HIGH, together with the above-mentioned consistency with which they result 

from this set of values, I have considered this type of structure as a new morphological kind 

with heat-responsive behaviour, resulting from the reshaping technique. Hence, preliminary 

recipes for two types of reshaped MC[S-S] – corresponding to the morphologies depicted in 

the transformations tree (Figure 42) – have been specified (Appendix C), based on the 

following set of values: 

• Type 1 (RS-MC[S-S]-1): 10g/PA-FA/LOW; 

• Type 2 (RS-MC[S-S]-2): 30g/FP/MED-HIGH. 

Type 2 structures arising in this exploration present variations in the density of loops along 

the sample, as well as in the pitch and diameter of the third-order structure (Figure 105; see 

also Figure 51), which cannot be explained by the parameters that have been considered. 

The pitch of these structures tends to decrease over time before being heat activated (Figure 

106, left and centre), and also after samples are trained (Figure 106, right). Given that these 

structures contract in response to heat, longer pitch would allow larger amplitudes in their 

heat-responsive shape change. I consider this to be a desirable feature in these structures, 

which could be further optimised.  
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Figure 105. Variations in the structure of RS-MC[S-S]-2. 

 

   

 Figure 106. Evolution of the form of RS-MC[S-S]-2: sample depicted just after being reshaped (left), a 
few days after being reshaped (centre) and after being trained (right).  

 

RS-MC[S-S]-2 can be trained in hot water, at temperatures around 50ºC-60ºC. The preliminary 

recipe for RS-MC[S-S]s is included in Appendix C. The heat-responsive behaviour of RS-

MC[S-S]-2 under activation set-up 1 (Table 9), is shown in Figure 52. While the shape change 

of RS-MC[S-S]-1 under the same activation set-up is hardly noticeable, this structure displays 

a readily visible torsion when its ends are both anchored, forming a loop (i.e., activated under 

set-up 2; Table 9, Figure 107). The behaviour of RS-MC[S-S]-1 and RS-MC[S-S]-2 under 

different conditions is presented in clip-charts 14 and 15, respectively.  

Reflections prompted by this structured exploration of the reshaping technique, and in 

particular by the emergence of RS-MC[S-S]-2, are offered in section 7.4.4. 
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Figure 107. Activation of RS-MC[S-S]-1 under set-up 2, described in the next section (Figure 108). 

 

B.5. Documentation of the heat-responsive shape 
change of the morphologies  

B.5.1. Selection of sample arrangements 

Following the principle for the activation of the samples introduced in Chapter 6, sample 

arrangements were selected to allow morphologies to be activated either with one end loose 

or from relaxed, non-stretched nor compressed states (Table 9). Single anchoring and no 

anchoring present a limited degree of constraint to the sample and constitute simple and 

convenient ways of repeatedly activating them. Double anchoring was included to consider 

a potential way in which individual kinetic morphologies could be assembled into textile-

inspired structures (see Chapter 8): referencing floats, this arrangement was initially devised 

with some distance between the ends of the sample. Given the limited length with which some 

morphologies result when formed under the working set-up used, this distance was 

eliminated and the ends brought together, with the sample adopting a looped shape.  
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B.5.2. Activation set-ups 

The heat gun was used to supply hot air in set-ups 1 and 2. In an attempt to minimise the 

effect of the air flow on the sample, as identified in Appendix A, heat was supplied from the 

top and a curved metallic background was implemented with the intention of diminishing 

temperature loss at the location of the sample, enabling the heat gun to be moved further 

away. The heat gun was supported and kept at a fixed distance from the sample, using a 

tripod to hold it (Figure 108, left).101 Despite this consideration, the effect of the air flow still 

affected the heat-responsive behaviour of the sample, interfering with its appreciation by 

overlaying a vibratory, shaky motion. However, this set-up still provides information on the 

trajectory, direction and amplitude of the shape change displayed by the morphologies. 

Activation set-ups 3 and 4 incorporate active cooling of samples by immersing samples 

alternatively in hot and cold water, offering a faster recovery of the shape than when samples 

are cooled down at room temperature. Two transparent acrylic cubes were used as water 

containers, allowing the behaviour of the samples to be video recorded from one of the sides 

of the cubes. A metal rod with an attached alligator clip was used to hold the samples and 

immerse them alternately in the two volumes of water (Figure 108, right-bottom). As 

implemented, this set-up also presents some drawbacks. The lighting conditions necessary 

to avoid reflections of the surroundings on the transparent acrylic water containers made it 

difficult to adequately capture certain morphologies, particularly those formed from mandrel 

coils, given that the transparency of the monofilament was accentuated when the samples 

entered the water. Certain interference with the complete appreciation of the heat-responsive 

behaviour of the samples is also present, given the required displacement of the samples to 

immerse them in the water volumes.   

The hot plate used in activation set-up 5 is composed of a pair of table-top cooking hobs and 

a black metal tray, which is placed on top of the hobs, at a height of approximately 6cm, in 

order to increase the homogeneity of the temperature of the plate (Figure 108. right-top).  

                                                        
101 The tripod enabled a constant vertical distance to be maintained between the heat gun and the 
sample (d in Figure 108, left) while at the same time allowing the heat gun to be rotated around the 
vertical axis of the tripod. This rotation enabled me to turn the heat gun on for some seconds before 
placing it over the sample.  
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Activation temperatures in set-ups 1 and 2 are determined by the combination of the 

temperature set in the heat gun and the distance between the heat gun and the sample (d in 

Figure 108, left).102 In these set-ups, temperature varies considerably over time (e.g., within 

one minute) and along the activation length (15cm approx.), particularly at higher 

temperatures (see Appendix D, Table 20). Hence, temperatures are given as indicative of the 

range within which a sample has been activated, and these are provided as combinations of 

heat gun temperature setting (ºC) and distance between the heat gun and the sample (cm).  

In activation set-ups 3 and 4 the temperature of the hot water was constantly monitored, and 

readings taken before a sequence of immersion started for each sample. The temperatures 

indicated assume a variation of 3ºC in both directions, to account for the decrease in the hot 

water temperature during the immersion sequence. Water at room temperature varied 

between 20ºC and 25ºC approximately during the working sessions.  

In set-up 5, the surface temperature of the hot plate was adjusted before each activation and 

measured at several points within the area defined for activation,103 across which variations 

of approximately 5ºC were noticed. Temperature was measured using K-type thermocouples 

(hot air and hot water) and an infra-red temperature sensor (hot plate). 

Activation temperatures used for each morphology under each activation medium were either 

identified through the formalisation process or later determined experimentally. The risk of 

overheating samples prevented me in some cases from applying higher temperatures, 

resulting in some samples not reaching the intended large shape-change amplitudes (see 

section 7.4.6; Table 18).  

While the selected activation media do not offer, in principle, directly transferable conditions 

for the activation of kinetic textile elements in interior design applications, they do provide, 

however, a convenient way to trigger the heat-responsive kinetic behaviour of the 

morphologies and are thus considered a satisfactory option for its demonstration. 

                                                        
102 This distance considers the top end of the sample, where it is clamped. 
103 The activation area in the tray is determined above the left half of the large hob, located to the right 
of the set-up, and the area between the hobs. The homogeneity of the temperature across the activation 
area was increased by balancing the temperatures of the two hobs. 
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B.5.3. Video recordings and clip-charts 

Movement is best experienced and understood through its perception. Hence, video 

recordings have been used to capture the behaviour of the morphologies under the 

conditions mentioned above. A constant angle of the camera and framing of the scene were 

used to record activations under the same heat source. Activation set-ups 1 and 2 (hot air) 

were recorded using a frontal view and a portrait frame, and set-ups 3 and 4 (hot water) were 

recorded using a frontal view and landscape frame. Set-up 5 (hot plate) was recorded using 

a diagonal view, with an approximate tilt angle of 60 degrees in relation to the hot surface. 

The orange rectangles in Figure 108 indicate the approximate framing used with each heat 

source. While in set-up 5 the distance between the camera and the activation area in the hot 

surface was kept constant, given that the samples were not anchored, both their initial 

position and their location during activations within the video frame varies across samples.  

 

 

Figure 108. Diagrams of the activation media, as implemented in the documentation of the heat-
responsive behaviour of monofilament morphologies. Hot air supplied with the heat gun (set-ups 1 
and 2; left). Hot and cold water (set-ups 3 and 4; right-bottom). Hot plate (set-up 5; right-top). The 
orange rectangles indicate the approximate framing used in the video recordings. 
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Table 18. Perceptual assessment of the amplitude of the movement effect displayed by the morphologies under the 
conditions depicted in the clip-charts. 

 
 

Collected video recordings were edited to generate short clips, which are organised into 

charts – or clip-charts – following two rationales: 

• grouping of clips by morphology: these clip-charts present the shape change of each 

morphological kind, jointly under the five activation set-ups, depicting the kinetic 

repertoire of each morphology under different conditions (clip-charts 6 to 21; e.g., 

Figure 47); 

• grouping of clips by activation set-up: these clip-charts provide an overview of the set 

of behaviours offered by the third-order morphologies addressed in this exploration as 

manifested under the same activation set-up, inviting comparison between the 

behaviour of the different morphologies under the same constraint conditions (clip-

charts 1 to 5; e.g., Figure 48). 
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Clip-charts include information such as morphological kind, initial monofilament length (when 

relevant), activation medium and approximate activation temperature range. 

Table 18 presents my perceptual assessment of the amplitude of the movement effect 

displayed by the morphologies under the conditions depicted in the clip-charts. Although not 

discussed in this Appendix, TW-MCs (supplementary material) are included in this table and 

in the clip-charts. 

B.6. Scaling of monofilament morphologies 
The scalability of kinetic morphologies can be considered in relation to both the diameter of 

the monofilament from which they are formed and their length, with each dimension carrying 

different implications (e.g., in terms of formation processes) and presenting different 

opportunities and challenges. 

The scalability of the structure and the tensile stroke of TCPAs has been demonstrated for 

monofilament diameters between 0.15mm to 2.45mm (Haines et al., 2014b). Hence, it is 

foreseeable that kinetic morphologies could also be scaled within such a range. While TCPAs 

are also expected to be scalable for monofilament diameters in a centimetre range, this may 

have implications for the speed of the actuation stroke, particularly in its reversibility, as these 

may take longer to cool down (Haines et al., 2014b). In the morphologies, such a time-lag in 

the recovery of the initial shape may condition the rhythms that it is possible to compose.  

The visual effect of the behaviour of third-order morphologies formed from smaller diameters 

may be smaller than that of morphologies formed from larger ones when experienced at the 

same distance range. Likewise, structural details, which constitute a relevant aspect of the 

aesthetic identity of the morphologies, may be lost in morphologies from smaller monofilament 

diameters when experienced at a certain distance. While the implications of this are bound 

to the intended application, a smaller visual effect may diminish the relevance of the 

morphologies for their use in interior spaces, as envisioned in this research. 

In terms of the length of the morphologies, the formation processes used in this research 

allow samples to be obtained in a narrow length-range, determined by the working set-up 

and tools used for the different formation operations (e.g., twisting and coiling set-up, oven, 
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reshaping set-up). The transference of these processes into continuous ones in industrial set-

ups would certainly require significant efforts of translation, as well as the development or 

adaptation of dedicated equipment. A particular challenge I foresee in such an undertaking 

is the handling, within a continuous process, of the radical and abrupt changes in length that 

the monofilament undergoes under several of the transformations employed in these 

processes. Engineering efforts have already achieved the formation of continuous twist-

induced coils (Haines et al., 2016), and building on such an experience would certainly be of 

value. The stage of formalisation in which formation processes are offered here could serve 

as a starting point for this endeavour. When considering the assembly of morphologies into 

flexible material systems inspired by textile structures, obtaining continuous morphologies 

may offer opportunities to scale them up, as discussed in Chapter 8. 

B.7. Sketches for kinetic assemblies 
This section provides complementary information to Chapter 8: Kinetic assemblies.  

 

 

   

  

   

  

Figure 109. Examples of sketches for kinetic assemblies. 
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Appendix C: Recipes 
This appendix provides provisional recipes for the formation of monofilament morphologies 

with heat-responsive kinetic capacity, formulated based on the formalisation of formation 

processes, as described in Chapter 7 and Appendix B. 

 
This recipe continues in the next page. 
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Figure 110. Preliminary recipe for the formation of twist-induced coils (TICs) as precursors for third-
order morphologies. 
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Figure 111. Preliminary recipe for the formation of twisted twist-induced coils (TW-TICs). 
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Figure 112. Preliminary recipe for the formation of coiled twist-induced coils (C-TICs). 
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Figure 113. Preliminary recipe for the formation of mandrel coils (MCs) as precursors for third-order 
morphologies. 
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Figure 114. Preliminary recipe for the formation of reshaped mandrel coils (RS-MC[S-S]). 
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Appendix D: Temperature references 
This appendix provides approximate temperatures measured at the set-ups used in the 

training of TW-TICs and the reshaping of MCs (Table 19), and activation set-ups 1 and 2 

(Table 20). 

 

Table 19. Approximate temperatures at heat gun-sample distances. 

 
 
 
Table 20. Temperature variations recorded for activation set-ups 1 and 2. 
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Glossary 
Activation medium: medium (or means) by which heat is supplied to samples of nylon 

monofilament morphologies in order to allow them to perform a thermally-induced change in 

shape; e.g., hot air, hot water, a hot surface, resistive heating, etc. 

Activation set-up: combination of the medium (or means) through which heat is supplied to 

the samples (i.e., activation medium) and the arrangement of the sample in terms of its 

placement, the anchoring of its ends and its state of stretch or relaxation.  

Activation signal: electrical signal used to activate coiled actuators through resistive heating.  

Activation temperature: temperature range at which heat-responsive twisted and coiled 

polymeric actuators and monofilament morphologies perform a change in shape.  

Bias angle (of a coil): the angle formed between the coiled filament and the cross-section of 

the coil (Haines et al., 2014a). 

Chiral: a structure is chiral or has chirality when it is “asymmetric in such a way that the 

structure and its mirror image are not superimposable” (Oxford Dictionary of English, 2010, 

2013, chiral entry). A typical example of a chiral thing is a hand.  

Chirality: see chiral. 

Coil pitch: distance between consecutive coil rings. 

Coil ring: one turn in the coiled form.  

Duty cycle (of an electrical signal): for an electrical signal that is intermittent rather than 

continuous, the duty cycle is the fraction of one period of the signal in which it is active. 

First-, second-, third-order structures: terms adopted from the terminology used to refer to 

the hierarchical order of materials (Lakes, 1993; see footnote 39), to denote the structural 

levels resulting in monofilament morphologies form sequential and cumulative instances of 

transformation. In this thesis, the straight monofilament is considered level 0. First-order 

structures are those resulting from one instance of transformation (i.e., the twisted 

monofilament). Second-order structures are those resulting from two instances of 
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transformations (i.e., the twisted and coiled monofilament). Third-order structures are those 

resulting from three instances of transformations (i.e., the twisted and coiled monofilament 

that is subsequently twisted, coiled or reshaped). Further structural levels result from applying 

subsequent levels of cumulative transformations to the monofilament. See p.65-7 for a 

detailed description of the use of these terms. Assemblies of modules of second-order 

morphologies are also third-order structures, and assemblies of modules of third-order 

morphologies are also fourth-order structures.104 

Glass transition temperature (Tg): a property of amorphous polymers and amorphous regions 

in semi-crystalline polymers. It is the temperature range at which the polymer reversibly 

transitions from a hard and brittle state to a soft and rubbery one. The glass transition 

temperature of the polymer is always lower than its melting point.  

Heat setting: thermal process that enables polymeric filaments to permanently adopt a pre-

formed shape or structure. 

Heat-responsive kinetic morphology: monofilament morphology that is able to perform a 

change in shape in response to heat. 

Heterochiral: property of the structure of twisted and coiled polymeric actuators. It describes 

actuators in which the chirality of the twisted filament is opposite to the chirality of the coiled 

form (Haines et al., 2014a). Heterochiral coils result from twisting and winding the 

monofilament in opposite directions (e.g., an S-twist and a Z-coil). In this thesis, also used 

more generally to indicate when the different structural levels of a monofilament morphology 

have opposite chiralities.  

Homochiral: property of the structure of twisted and coiled polymeric actuators. It describes 

actuators in which the chirality of the twisted filament matches the chirality of the coiled form 

(Haines et al., 2014a). Homochiral coils result from twisting and winding the monofilament in 

the same direction (e.g., an S-twist and an S-coil). In this thesis, also used more generally to 

indicate when the different structural levels of a monofilament morphology have the same 

chirality.  

                                                        
104 I am grateful to Professor Sarah Kettley for prompting me to consider this last point.  
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Hylomorphism: from the Greek terms hulē (matter) and morphē (form) (Oxford Dictionary of 

English 2010, 2013, hylo- and hylomorphism entries). The notion implies the conception of 

matter as something that is passive and inert, over which form is imposed (Deleuze & Guattari, 

1987, pp.475-6; DeLanda, 2004; Ingold, 2013, pp.20-1). 

Mandrel coil: a heat-responsive twisted and coiled polymeric actuator, formed by wrapping 

a twisted monofilament around a mandrel and heat setting it, before removing the structure 

from the mandrel.  

Mandrel coiling: process of formation of mandrel coils. 

Mandrel: “a rod round which metal or other material is forged or shaped” (Oxford Dictionary 

of English, 2010, 2013, mandrel entry). In this thesis, the metal rods used to wind the 

monofilament around them to form mandrel coils.  

Morphogenesis: from the Greek terms morphē (form) and genesis (generation, creation) 

(Oxford Dictionary of English 2010, 2013, morphogenesis and genesis entries). In opposition 

to the notion of hylomorphism, in neo materialist accounts morphogenesis implies the 

conception of matter as something that is inherently active and possesses its own intrinsic 

resources for the generation of form and structure (DeLanda, 2004; Ingold, 2013, pp.21-2). 

Morphological family: monofilament morphologies resulting from a specific sequence of 

mechanical transformations of the monofilament (i.e., twisting, coiling, reshaping), not 

considering the direction in which these transformations are performed, and consequently 

the chirality of the resulting structure. 

Morphological kind: monofilament morphologies resulting from a specific sequence of 

mechanical transformations of the monofilament (i.e., twisting, coiling, reshaping), where 

each transformation is performed in a specific direction (i.e., S or Z; see S direction), hence 

the chirality of the resulting structure is considered. 

Morphology: form or structure of a thing or living organism. In this thesis, the form and 

structure of the transformed monofilament. 

Pitch (of a coil): see coil pitch. 
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Reshaping: technique for the formation of monofilament morphologies introduced through this 

research, by which a mandrel coil is transformed into an alternative heat-responsive 

morphology with kinetic capacity. 

S direction: In textiles, the direction of the twist in yarns is indicated with the letters “S” and 

“Z”. This nomenclature is based on the transversal orientation resulting in the fibre-bundle 

after twisting, which follows the orientation of the diagonals of the used letters (see Figure 66, 

left, p.161). In this thesis, the letters S and Z are used also to indicate the direction of the 

different structural levels in the morphologies resulting from transformations that provide 

chirality to the structure (i.e., twisting and coiling). See S-twist, S-coil, Z-twist and Z-coil. 

S-coil: a coil whose turns or rings follow the S direction. An S-coil results from inserting an S-

twist into the monofilament (in the case of twist-induced coiling), or from winding the 

monofilament or a twist-induced coil around a mandrel towards the right, assuming a vertical 

position of the mandrel and the winding of the monofilament from top to bottom (in the case 

of mandrel coiling).  

S-twist: one of the two possible directions of the twist in yarns; used in this thesis to refer to 

the direction of the twist in monofilament morphologies (see S direction). Assuming a vertical 

position of the monofilament (or coil) being twisted, where its bottom end is fixed, an S-twist 

results from rotating the top end of the monofilament (or coil) towards the left (see Figure 66, 

right, p.161). 

Snarl: a length of yarn twisted into itself due to twist liveness. Snarls are formed in twisted 

yarns when enough slack is given to the yarn and both ends are held, preventing it from 

untwisting (Primentas, 2003). 

Snarling: also, torsional buckling effect; behaviour of twisted yarns by which snarls are formed 

due to twist liveness (Primentas, 2003).  

Spring index: parameter of spring characterisation that defines the ratio between the mean 

diameter of the coil and the diameter of the wire (or filament). The mean diameter of the coil 

results from subtracting the diameter of the wire (or filament) to the outer diameter of the coil.  
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Structural hierarchy (of materials): arrangement of component elements into distinguishable 

structures at different levels of scale (Lakes, 1993). In this thesis, used to refer to the different 

structural levels of monofilament morphologies, as resulting from cumulative transformations 

of the monofilament (see a detailed description of the adoption of this notion in pp.65-6). 

Structural level (of monofilament morphologies): structure resulting in the monofilament from 

each instance of sequential and cumulative transformation (i.e., twisting, coiling, reshaping; 

e.g., first-order, second-order, third-order structures). 

Textile-inspired kinetic assemblies: modules of monofilament morphologies with kinetic 

capacity that are assembled using strategies that draw inspiration from the way in which linear 

elements (i.e., yarns) are handled in textile techniques through interlacing, and from the 

matrix-like arrangements characteristic of woven structures. 

Thermal activation: triggering of the heat-responsive shape change of monofilament 

morphologies by means of the provision of heat. 

Torsional buckling effect: see snarling. 

Twist density (of a yarn or a filament): number of turns per unit length of yarn or filament. 

Twist liveness: the tendency of twisted yarns to untwist due to residual torque generated 

during spinning (Primentas, 2003). 

Twist-induced coil: a heat-responsive twisted and coiled polymeric actuator, formed by 

inserting twist into a monofilament strand beyond the point of twist density after which the 

monofilament spontaneously adopts a coiled form. 

Twist-induced coiling: process of formation of twist-induced coils. 

Winding force: in mandrel coiling, the force applied to the monofilament or a twist-induced 

coil when winding them around the mandrel to form a coil. 

Winding pitch: in mandrel coiling, the distance between consecutive turns of the monofilament 

or a twist-induced coil, as laid over the mandrel when winding them to form a coil.  

Z direction: see S direction.  
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Z-coil: a coil whose turns or rings follow the Z direction. A Z-coil results from inserting a Z-

twist into the monofilament (in the case of twist-induced coiling), or from winding the 

monofilament or a twist-induced coil around a mandrel towards the left, assuming a vertical 

position of the mandrel and the winding of the monofilament from top to bottom (in the case 

of mandrel coiling).  

Z-twist: one of the two possible directions of the twist in yarns; used in this thesis to refer to 

the direction of the twist in monofilament morphologies (see Z direction). Assuming a vertical 

position of the monofilament (or coil) being twisted, where its bottom end is fixed, a Z-twist 

results from rotating the top end of the monofilament (or coil) towards the right (see Figure 66, 

right, p.161).  
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