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Developing Shape Change-Based Fashion Prototyping Strategies:
Enhancing Computational Thinking in Fashion Practice and

Creativity

Huang, Xinyi, Kettley, Sarah and Lycouris, Sophia

Emerging technologies enable fluid and versatile material forms of fashionable
wearables and e-textiles, with experts in engineering and material science
proposing numerous strategies for dynamic textile and garment structures to
satisfy various needs. Nevertheless, a critical gap remains in developing practical
fashion prototyping strategies that fuse with computational thinking to challenge
current norms and envision the future of fashion. This study introduces shape
change-based fashion prototyping as a design strategy for dynamic expressions
and affordances to inspire fashion practitioners' interdisciplinary endeavors. We
present three studio-based practices as case studies to demonstrate how shape-
changing mechanisms including servo motors, shape memory alloys, and
pneumatics, spur new fashion construction skills and broaden the scope of
potential applications. By doing so, this study contributes to material and
conceptual innovation, creating pathways for the seamless integration of
technologies from conceptualization, and implementation to envision. Our
findings shed light on design possibilities and challenges and offer design
recommendations that guide future endeavors. The implications of our research
underscore the importance of adopting a relational approach to design variables,
emphasize the value of fostering shared vocabulary between fashion and
technical design, and highlight the transformative potential of shape-changing

prototyping in reshaping the intricate body-material relationship.

Keywords: prototyping strategies, fashion and textile design, computational

thinking, material movement, creativity

Introduction

Nowadays, academic interest in smart textiles and wearable technology has been

growing, particularly in the exploration of shape-changing materials that respond to
environmental or human-related stimuli through sensing and actuation technologies

(Kontovourkis, Phocas, and Tryfonos 2013). Although current research on shape-



changing wearables mostly centers on human-computer interaction and material
science, there is an emerging need to incorporate a fashion and tailoring perspective.
This comprehensive approach can help designers holistically consider how these
wearables align with the body shape, occupy physical space, and lead to a more
engaging fashion future (Freire et al. 2018). By integrating shape-changing mechanisms
and fashion prototyping, designers can expand dynamic design vocabularies, pushing
the boundaries of textile manipulation, pattern-cutting, and creative draping. This paper
targets traditional fashion designers venturing into wearable tech. We developed shape
change-based design strategies for fashion prototyping to bridge the gap between
traditional fashion design practices and technological innovation, enabling the
establishment of a shared communication language in interdisciplinary design (van Zilt
et al. 2022). We present our research-through-design practice as case studies,
showcasing knowledge generated through iterative crafting and making, which adapt to
new situations, enabling self-expression, and cultivating skills and material
understanding (Yair, Tomes, and Press 1999). We perceive this process as a path to self-
mastery, where distinct fashion design skills are honed to interpret the evolving forms
and contours, consequently guiding novel approaches to shaping techniques (Townsend
and Mills 2013). Through detailed design analysis, we extract creative attributes
encompassing both conceptual and material dimensions at each phase. Consequently,

we provide design recommendations to inspire forthcoming research endeavors.

Literature review

Introducing Shape-Changing Mechanisms into Fashion Design

Material deformation systems employ various technical mechanisms like motors, shape

memory alloys, and soft robotics to alter materials in orientation, form, spatiality, and



texture. These alterations lead to diverse kinetic parameters, including changes in
velocity, path, and direction. Furthermore, they can impart expressive qualities to the
material, such as anthropomorphism and perceived softness (Rasmussen et al. 2012).
Compared to conventional garments, shape-changing fashion offers numerous benefits.
Its adaptable shapes and patterns can be customized in real-time, catering to the wearer's
needs and preferences. This allows for a broad spectrum of self-expression and fulfills
various functional needs (Rasmussen et al. 2012). Additionally, interactive technologies
facilitate the programming of temporal structures, merging physical crafting with
intellectual computation. This integration enables a tangible interaction with expressive
material qualities (Vallgérda et al. 2017). Such interactions respond to the wearer's
physical requirements and offer an immersive sensory experience, thereby promoting
emotional sustainability through a deeper connection between the wearer and the
garment (Huang et al. 2023).

This study incorporates three distinct shape-changing technologies, namely
servo motors, shape memory alloys (SMAs), and pneumatics, into fashion prototyping.
This approach aims to cultivate problem-solving skills and foster design thinking as a
way of knowing (Bequette and Bequette 2012). The selection of these technologies is
based on their comprehensive skill coverage, established use in fashion, potential for
creative exploration, and feasibility for practical implementation.

Servo motors have found application in wearable fashion for altering silhouettes.
Their actuation capabilities facilitate fabric manipulation through pulling and twisting,
providing a versatile range of adjustable parameters such as rotation speed, angle, and
acceleration. For instance, Geng et al. (2018) employed servo motors to transform the
neck area of a dress into a flat poncho-like shape, making it adaptable to different

occasions. Similarly, in the Moving Skirt project, servo motors located near the ankles



in the skirt control its drape by winding threads connected to specific folds. This creates
deliberate, dynamic movements in the skirt, enhancing the dancer's performance,
seamlessly blending natural sway with programmed patterns (Toeters and Feijs 2014).
However, our study transcends the conventional use of servo motors for gathering and
shifting fabric surfaces. Instead, it reconsiders the spatiality and rhythms emerging from
changes in fabric shape. The objective is to foster fluidity, ambiguity, and versatility in
pattern cutting and overall aesthetics.

Given that servo motors are noticeable devices that take up physical space, we
considered their strategic placement in our prototypes. However, the bulkiness and
stiffness inherent in servo motors, present certain limitations. In contrast, Shape
Memory Alloys (SMAs), which are wire-like materials with the ability to regain a
predetermined shape after being deformed, offer a more lightweight and flexible
solution. Nabil et al. (2019) skillfully infused fabrics with SMAs using sewing
techniques. This approach grants fabrics self-morphing capabilities to display precise
deformation and convey messages. Additionally, when SMAs are thoughtfully patterned
around the body, they can generate purposeful force and torque. For example, Kim et
al.(2020) applied SMA actuators into trousers, enhancing ankle movement through a
unique structure with anchor points and wire routing. In this study, we explore the
artistic and skillful integration of SMAs with traditional smocking techniques, yielding
diverse shape-changing patterns and behaviors. Additionally, we integrate the inherent
shape-changing principles of SMAs with zero-waste cutting methods, enhancing both
the aesthetic and sustainable dimensions of our exploration.

In contrast to the shape memory capacity of SMAs, pneumatic structures have
the ability to alter their shape by inflation and deflation. Such innovative designs, like

the wing-like pneumatic bladders designed by Tsaknaki (2021), offer both visual and



tactile sensations, creating affective experiences for the wearer. This interplay between
temporal material qualities and human perception is a key area of exploration (Dassen
and Bruns Alonso 2017). To facilitate the seamless integration of aesthetic expression in
fashion, Perovich, Mothersill, and Farah (2013) combined pneumatics with origami
patterns. This combination allows garments to strategically alter their shape in both
length and width through precise folding mechanisms. In our study, our emphasis
extends beyond dynamic interaction with material forms. We thoroughly consider
production feasibility and technical structures. Additionally, we prioritize understanding
and responding to the sensations experienced by the wearer. (Lee and Jirousek 2015).
Our goal is to investigate viable approaches for on-body experimentation with
pneumatic fashion prototypes, ensuring that our designs are innovative, wearable, and

personalized.

Parallel Synergies: Computational Thinking and Fashion Design Approaches

In our research, we go beyond the material design layer of shape-changing
fashion by integrating digital materials into wearables' design, form, and finish at a
system and service level to develop holistic design solutions (Andersen et al. 2019).
This involves the application of computational thinking, employing technical
mechanisms, programming, and algorithmic thinking for problem-solving, pattern
identification, stepwise solution development, and logical data organization (Gonzalez
2015). We further this innovation by embedding shape-changing mechanisms
throughout the fashion prototyping process, from the initial conceptualization to the
final stages of draping and fitting. This approach aims to blend digital crafts with
technical and conceptual innovation. Compared with the conventional fashion design
approach that relies on static patterns and fixed forms, our dynamic approach enables

designers to experiment with adaptable material. These materials are designed to be



responsive to a variety of influences, such as embodied experience, environmental
conditions, or specific functionalities (Sgro 2020). In this context, computation is
approached as moldable physical materials that can be manipulated to enhance material
properties and create new forms (Gowrishankar, Bredies and Ylirisku, 2017).
Parameters of kinetic computational materials, such as velocity, path, and direction
(Rasmussen et al. 2012) play a crucial role in defining the aesthetic qualities of a
fashion piece. This necessitates a thorough examination of fashion design elements such
as space, shape, and texture, as well as fashion design principles like rhythm, contrast,
and proportion (Lee and Jirousek 2015), ensuring their harmonious integration with
computational materials. By exploring the influence of these materials on fashion
design variables, we aim to transcend limitations and elevate the fashion practice to a
new level.

Computation, a key aspect of information technology, shares parallels with
fashion and textile production processes like threading and weaving. These textile
practices, underpinned by information technology principles, effectively weave
information into their fabric through the use of mathematical models and metaphors
such as strings, knots, and fabrics (Scafidi 2008). The logic of textile construction
inherently mirrors computational processing, manifesting through codes, patterns,
repeats, and variations (Schneiderman and Winton 2016). Building on the idea of
fashion itself as technology leads to a convergence of fashion and computation into a
seamless synergy, where fashion construction techniques, such as patterns and textures
become integral to the overall wearable technology system. This concept is exemplified
in projects like Aeolia, where Kettley and Briggs-Goode (2010) creatively integrated
stretch sensor fibers into textiles such as weave, knit, and embroidery. They adopted a

processual and open-ended method, focusing on textile attributes like texture, color, and



touch over mere functionality. This mirrors computational thinking, with its emphasis
on iterative exploration, systematic analysis, and adaptability for evolving solutions.
Furthermore, Kettley et al (2010) highlighted the significance of the spaces between
pattern pieces, experimenting with fabric density, blending rigid and flexible areas, and
introducing conductive threads into seams. This innovative approach marries fashion,
interaction design, and textile processes, striving to enhance both the aesthetic and
functional facets of wearable technology. Our study will delve deeper into the natural
alignment of fashion construction methods with computational approaches. This
includes coding temporal fabric parameters, recording dynamic fabric patterns, and
controlling shape-changing structures. Such an approach aims to not only improve the
precision and efficiency of fashion practices but also to open new possibilities for

creativity in materials and aesthetics.

Methods

The case study section of this paper provides an in-depth analysis of three studio-based
design projects led by the first author, a Design Ph.D. student (referred to as ‘the
designer’), who possesses a combination of fashion design background and a passion
for incorporating wearable technology into shape-changing fashion. Through
collaboration with electrical engineers, she gained valuable insights into effectively
incorporating technological tools (e.g., microcontrollers and actuators) and
technological thinking (e.g., programming) into fashion design. The case study
emphasizes practical skills, detailing the project requirements, formulated design
frameworks, and future applications.

The design framework presented serves as a practical tool for designers to
enhance their skills in cutting-edge design practices. It involves five iterative phases

(Figure 1), including conceptualization and motivation, low-fidelity fabric samples,



digitalizing shape-changing fabric samples, finalized/speculative prototypes, and
envisioned future applications. Each phase involves a non-linear process of testing,
evaluating, and refining ideas, fabric samples, or prototypes (van Zilt et al. 2022). This
contrasts with the traditional linear fashion design framework, which typically follows a
three-phase sequence: problem definition and research, creative exploration, and
implementation (LaBat and Sokolowski 1999). Our design framework adopts an
iterative development approach, progressively conceptualizing shape change through
diverse stages, from initial understanding to practical samples, hands-on
experimentation, and automated realizations, thereby refining the design. Moreover,
unlike traditional industrial design projects, this study adopts a speculative rather than
an outcome-oriented approach. It focuses on exploring uncharted creative possibilities
and potential scenarios (Auger 2013). The following sections will delve deeper into

each of these design phases.

e Conceptualization and motivation: The first phase involves researching and
brainstorming design ideas, leading to the design brief. The designer draws
inspiration from real-life shape-changing movements, such as those in dance
performances and animal behaviors. Methods like sketches, collages, and desk
research are used to generate ideas and analyze the movement morphology. To
better understand body-material relationships, the designer performed material
props on the body and used video recording techniques to capture the dynamics
of movement (Castan and Tomico 2018). This exploration results in valuable
data that informs a design brief that outlines the project's objectives, scope, and
design theme, serving as a project guide.

e Low-fidelity fabric samples: The second phase involves creating low-fidelity

fabric samples and iterative testing to generate knowledge and refine design



concepts in a tangible form. Material properties such as durability, texture, and
color are explored to achieve the desired shape-changing effect, visual
expression, and overall performance. To fully unlock fashion's potential in
shape-change material design, textile manipulation techniques such as sewing
and smocking are utilized. These methods trigger shape-changing behaviors,
creating new design possibilities for form and craft (Gowrishankar, Bredies, and
Ylirisku 2017). The kinetic parameters of the prototypes are examined to
understand the underlying technical mechanisms driving the shape change.
Digitalizing shape-changing fabric samples: This phase involves close
collaboration with technicians to embed the circuits, actuators, and other e-
components into the fabric. This integration realizes automatic material
movement with digital mechanisms and physical programming.
Finalized/speculative prototypes: In the fourth phase, the development of
shape-changing garment involves finalizing or creating speculative prototypes to
demonstrate the potential of the design concept. This phase requires the
seamless integration of electronic components, which includes strategically
placing these components for wearability and designing the circuit layout. Also,
the incorporation of shape-changing elements requires innovative pattern-cutting
and draping techniques to ensure fluidity and desired form. Attention is also
given to managing trims and finishes associated with shape-changing elements
(e.g., assembling inflatables). Finalized prototypes (e.g. case studies 1 and 3)
prioritize functionality, scenarios, ease of use, and hedonic expectations (Koo,
Dunne, and Bye 2014). Speculative prototypes (e.g., case study 2) explore
imaginative variations in scale and form, inspiring future possibilities in shape-

changing fashion.



e Envisioned future application: The showcased projects in this study vary in
completion levels, ranging from fully realized functions to speculative designs
awaiting further exploration. Driven by experimental practice rather than market
demands, they foster discourse and narrative, enriching the perspectives and
experiences of both users and designers (Flanagan 2017). In the final phase, the
designer broadens their focus, considering the wider applications and
implications of the design concept. This involves envisioning scenarios,
assessing environmental impact, considering social relevance, and exploring

aesthetic languages of the prototype in the context of future applications (Ferrara

2018).

Case Study 1: Textile-Flow--Creating Shape-Shifting Structures with Servo
Motors

(1) Conceptualization and motivations

Textile-Flow aims to revolutionize conventional garments by incorporating dynamics,
temporality, and energy into wearables, inspired by the fluid sleeve movements of the
Chinese classical Water Sleeve Dance. In the Water Sleeve Dance, a dancer wears a
gown with long sleeves that drape to the floor. As the dancer lifts and positions their
arms, the sleeves respond to the forces of movements with dynamic curves, billows, and
rotations (Erickson 1994). These transformed and entangled sleeves are regarded as an
extension of bodily movement and emotional embodiment. In Textile-Flow, these textile
structures are used to expand the design language of shape-changing mechanisms,
fostering emotional and personalized fashion expression.

To unfold the morphology of fabric structures, the designer identified three main

factors to consider: body mapping, design aesthetics, and material properties (Figure 2).
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Through body mapping, the designer experimented with the strategic placement of
water sleeves to inform intricate shape variations in sleeves. Drawing from body
mapping insights, the designer engaged in creating sketches and collages, delving into
the aesthetic elements of design, such as color, texture, and fabric shape. The goal was
to craft an abstract, poetic, and ethereal visual effect, simultaneously conveying a slow
and dreamy mood. To define the material properties, the designer explored various
fabrics such as organza, linen, millinery, and chiffon to determine the characteristics
including handle, stretchiness, durability, and weight, as described in Table 1. These
properties were crucial in shaping the morphology, impacting the garment's

functionality and aesthetics.

(2) Low-fidelity prototypes with winding structures

To achieve the desired shape changes in prototypes, the designer utilized
unconventional techniques to construct winding structures for an unusual sleeve on the
mannequin using organza and twisted boning (Figure 3). To manipulate shape changes,
the designer attached a transparent thread underneath the boning. By pulling the thread
by hand, the boning could be bent, resulting in a transformation in structures. The
elasticity of the boning enabled the shape to instantly recover once the thread was
released. Throughout the prototyping process, the designer identified various variables

related to shape-changing mechanisms and forms:

¢ Winding structure: The winding structure of the garment was identified as a
crucial element in creating unique three-dimensional forms that can expand and

contract. Therefore, iterative refinement of the pattern is necessary.

11



e Magnitude and direction of pulling force: During the digital simulation, the
magnitude and direction of the pulling force play a significant role in shaping
the garment and affecting body movements.

e Time of deformation and recovery: The time required for the garment to
deform and recover its shape should be considered to achieve a natural and
gradual transformation. By attending to the often-neglected temporal structures

of garments, we can expand both material expression and the body-material

relationship (Bidgander 2021).

e Point of application of force: The location of the actuators (devices that
convert energy into motion or force to produce shape change) should be
considered to avoid hindering body movement while achieving effective shape

change.

(3) Digitalizing shape-changing fabric samples

In order to create a delicate sleeve structure that is layered, foldable, and rotatable, linen
fabric and organza were spliced together. A servo motor was utilized as the primary
pulling force, with its arm replaced by a bobbin that could wind both forward and in
reverse. This allowed for the pulling and releasing of nylon thread, thus achieving the
desired deformation and recovery effect. To ensure a slow, graceful, and natural
transformation, the motor speed was adjusted accordingly. An Arduino Flora
microcontroller (Adafruit 2023) was sewn into an internal pocket of the sleeve to
control the motor, along with a battery and actuator placed in the same pocket (Figure
4). Additionally, a button was connected to the circuit and fixed around the cuff for the

wearer's control.

(4) Finalized prototype

12



In the final prototype (Figure 5), winding elements and curved forms were applied
throughout the entire design, creating a cohesive and harmonious aesthetic that echoes
the unique sleeve structure. The internal pocket, specifically crafted to house essential
electronic components, was designed to be detachable. This thoughtful feature grants
the wearer flexibility to transition between static and dynamic looks effortlessly. To
enhance wearability, we minimized the device’s weight by selecting a lightweight (10.5
grams) Lithium-Ion Polymer Battery (Adafruit 2023). This is essential as batteries are
often the primary source of weight in wearable devices (Zeagler 2017). Additionally, to
avoid interference with body movements during actuation, we placed the e-components

in the internal pocket within the sleeve, at a distance from the body and joints.

(5) Envisioned future application

Incorporating intricate and eye-catching shape-changing structures into avant-garde
garments challenges traditional ideas of how clothing should interact with the body. The
resulting garments are tailored to fit the body and respond to the wearer's movements
and behaviors, creating a spectacle of motion and fluidity. This transformative approach
can reshape runway shows and red-carpet events, turning fashion into an interactive and
discursive experience that engages both the audience and the wearer. Also, this kind of
fashion emphasizes dynamic lines and energetic expressions achieved through shape-
changing patterns and cuts. These elements contribute to a futuristic aesthetic that can
find application in streetwear, providing constant novelty and enjoyment for the body

(Balla 1973).

Discussion and Design Recommendations Drawn from Case Study 1

In summary, the Textile-Flow project inspires fashion practice by pushing the

boundaries of traditional garment design and construction, fosters creativity through
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sensory engagement and expressive design, and enhances technical thinking by
integrating digital tools and exploring the mechanics of garment movement.

This project exemplifies the critical role of a dynamic and iterative design
approach in fashion practice, emphasizing the value of continual prototyping and
refinement for achieving creative solutions. It traces the progression from low-fidelity
mocking up to technology-embedded digitalization, showcasing a consistent problem-
solving mindset. The designer's continuous prototyping on mannequins facilitated
constant variations in the size, structure, and form of the garment, mirroring the fluid
and experimental nature of parametric design. Although the fashion industry has
adopted computer-aided parametrical design tools like Grasshopper to manipulate fabric
shape and layering to generate free-form surfaces (Jeong et al. 2021), the project
highlights the underutilized potential of hands-on parametric methods in fashion
prototyping. While digital tools offer precision, working with physical fabrics provides
an intuitive understanding of form and texture that is difficult to replicate digitally.
Future research should delve into how this hands-on approach, infused with parametric
design principles, unlocks new creative possibilities in fabric manipulation and garment
construction. This exploration could potentially lead to new methodologies and designs
that blend traditional crafts with modern technology, enhancing both creativity and
technical proficiency in fashion practice.

This project advocates for a sensory-driven approach to creativity, encouraging
the use of tactile and visual sensations as primary sources of creative inspiration in
fashion practice. Reflecting the insights of Petreca, Baurley, and Bianchi-Berthouze
(2015), it highlights the opportunity for fashion designers to leverage their own tactile
and visual sensations to make situated design responses. This approach enables

designers to respond aptly to the specificities of their design context, accurately
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simulate material behaviors, and effectively evoke emotional and imaginative
responses. We recommend future research embrace a hands-on craft approach
throughout each stage of the creative process to address the emerging parameters in
fashion practice.

This project elevates technological thinking by exploring of kinetic parameters
of the actuated garment, including magnitude and direction of pulling force, time of
deformation and recovery, point of application of force, and shape-changing speed. This
enhanced understanding of temporal dynamics informs the approach to pattern-cutting,
allowing for designs that adapt and morph over time in response to these forces.
Additionally, the project goes beyond mere physical alterations, considering how the
perceived qualities of these kinetic parameters, such as their speed, can create more
natural material movements in materials. Recognizing the importance of both
expressive and sensory dimensions in these kinetic parameters marks a significant
advancement in design thinking, resonating with the findings of Rasmussen et al. (2012)
who highlighted the necessity of integrating both physical and expressive parameters to
influence user experience and effectively convey the designer’s intentions. Therefore,
our recommendation for future works is to conduct comprehensive investigations into
the relationship between kinetic parameters, interaction expressivity, and sensory

experience as a holistic approach to fashion practice.

Case Study 2: The Elephant Dress-- Incorporating Coding System into fabric

manipulation

(1) Conceptualization and motivations

The Elephant Dress is a speculative project exploring flexible shape changes in fabric

and garment structures to realize sustainable design (Figure 6). Drawing inspiration
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from the muscle movements of the elephant trunk, the project aims to create versatile
structures and styles in one garment, catering to the wearer's preferences and needs.
During prototyping, the primary objective is to emulate the crisscrossing muscle fibers
of the elephant trunk, thereby enabling a wide array of shape changes within a single
fabric sample. To further enhance its sustainable approach, the project incorporates the
principles of zero-waste cutting. This seamless integration aligns with the main goal of
creating adaptable garments that minimize their environmental impact. The inherent
flexibility embedded within the fabric's ability to morph in shape plays a pivotal role in
advancing the zero-waste cutting approach. This adaptability facilitates the effortless
transformation of the fabric into various dimensions, ensuring a precise fit on the
wearer's body. Significantly, this is achieved without resorting to traditional darting

techniques or excessive cuts.

(2) Low-fidelity prototypes with shirring

During this phase, the designer utilized the shirring technique to create shape-changing
forms, stretching and manipulating fabric in specific directions (Figure 7). Three layers
of shirred fabrics were stitched together at their four edges to form a cohesive
composite fabric, echoing the layered, crisscross muscle fibers of an elephant trunk.
This fabric can be deformed through thread manipulation, with each layer contracting in
different directions: horizontally for the first layer, vertically for the second layer, and
diagonally for the third layer. Thread manipulation was systematically coded: letters
representing the thread and numerical values indicating the length pulled out. This
coding (e.g., A3D5H7) precisely documented each fabric deformation. Although non-
technological, this approach refined traditional smocking, opening new design avenues
through innovative thought. Using the coding method, the designer created variations in

fabric structures. For instance, in a three-layer fabric with three rows of shirring stitches
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on each layer, there will be nine different threads. These threads in various
combinations and lengths, facilitated diverse grouping methods. This pyramid-like
thread selection and manipulation yielded a complex array of shape-changing effects
across the fabric. The forces applied to the selected threads distribute across the entire
composite fabric, causing adjacent areas to experience varying levels of deformation as
well. Consequently, the fabric exhibited a dynamic range of changes, with some areas
experiencing subtle shifts while others underwent pronounced alterations. Additionally,
there could be unexpected and surprising emergent patterns, adding a layer of

complexity to the final result.

(3) Digitalizing shape-changing fabric samples

Informed by the variables of shirring techniques (e.g., direction, length), the designer
tried to translate the shirring languages and simulate the shrinking behaviors by
applying shape memory alloys (SMA) (Figure 8). A spring-like Nickel-Titanium
memory alloy wire with a 70% contraction rate was used, capable of contracting upon
the application of electric current. To mimic the hand-shirring technique, the designer
marked the shirred pattern on the back of the fabric, precisely defining the shrinking
location, direction, and length. The SMA wire was then cut into uniform segments on
strategically placed on the fabric, aligning with the designated shirred pattern. These
wires were subsequently welded at both ends to form a complete circuit. Activating the
current causes the SMA segments to contract between certain points, reducing the
distance between points and mimicking the traditional shirring process. The degree of
shrinkage was determined by varying the duration of the current, akin to adjusting the
length of the thread pulled in the low-fidelity prototypes, thereby offering precise

control over the fabric’s transformation.

17



In this application, SMA segments connected in the same circuit can contract
together, like how a row of threads behaves in each layer of the low-fidelity prototype.
Each circuit acts as a separate entity, providing precise control to achieve optimal
shape-changing effects. Also, we tried to link different rows of the SMA segments
together within one circuit, forming a complex shirring pattern with shrinkage in
horizontal, vertical, and diagonal directions in one layer. Compared with low-fi
prototypes, SMA-incorporated shape-changing fabrics enable automatic shape

alteration, eliminating the need for manual thread pulling.

(4) Speculative prototypes

While SMAs hold promise for future exploration, the immediate goal was to leverage
the shirring patterns for rapid prototyping. Integrating SMA into larger-scale
prototyping poses several challenges, notably the high temperatures generated by the
circuits, rendering it unsuitable for wearable applications. Additionally, the relatively
high cost of SMA makes it less ideal for cost-effective rapid prototyping. Therefore, to
facilitate practical and efficient prototyping while preserving the fabric's draping ability,
our focus centered on the low-fi shirring technique. This strategic decision aligns
perfectly with our design philosophy, as we interrogate the underlying technological
thinking and regard textile logic as the foundation for programmable material systems
(Scott 2018). By adopting this approach, we achieved better manageability throughout
the design process. The resulting speculative prototypes push the boundaries of fashion,
leveraging embedded shape-changing patterns to enhance temporal structures. During
the speculative prototyping phase, the designer combined coded shirring with zero-
waste cutting techniques to revolutionize the traditional form-giving process. By
integrating the coding system into a one-meter squared fabric composite, the designer

draped the fabric on the mannequin. By manipulating specific areas, they crafted three-
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dimensional functional structures such as waistlines and collars directly on the form.
This innovative approach eliminates traditional tailoring, thus reducing fabric waste

caused by cutting and trimming (Figure 9).

(5) Realization

This project offers an effective approach to sustainable fashion and customized
garments. One garment can adapt to versatile scenarios by altering dimensions such as
scale, texture, and silhouette, creating various styles for occasions and daily wear. With
elastic properties, these garments can be customized to fit individual body types,
providing a one-garment-fits-all solution.

The integration of the coding system can enhance the production-consumption
relationship. This allows customers to efficiently order specific pieces, adding a sense
of individuality and exclusivity to the garments, as exemplified by Maison Margiela's
unique numerical identifiers (Marigorta 2021). This strategy can potentially strengthen

the connection between customers and fashion brands.

Discussion and Design Recommendations Drawn from Case Study 2

This project demonstrates creativity through the fusion of biomimetic inspiration
from elephant trunk movements, inventive experiments with SMA, and creative shirring
techniques, expanding traditional textile design boundaries. This aligns with Sgro's
(2014) proposition that mimicking animal movement catalyzes dynamic designs and
innovative textiles, achieving a harmonious synthesis of aesthetics and functionality in
fashion, mirroring the elegance and adaptability found in nature. Thus, we recommend
that future research continues to explore and innovate in biomimicry through textile

manipulation.
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This project exemplifies technological thinking in fashion by innovatively
integrating coding with textile manipulation, digitalizing traditional shirring techniques
through shape memory alloys, and evolving prototypes to demonstrate a fusion of
technology and craft. This project utilized numerical coding as a communicative tool for
storing, retrieving, and interpreting dynamic changes in fabric structures, enhancing the
accuracy and efficiency of the research process. We recommend adopting coded fabric
manipulation in future research, as it facilitates the exchange of information and
knowledge between different parties to drive systematic and innovative design
solutions.

During design practice, this project demonstrates the fusion of fashion craft and
technological thinking, creating new design vocabularies and possibilities, resonating
withwith Harris’s (2012) concept of combining digital and traditional crafts for
enhanced creativity. The SMA experiment, translating textile techniques into
computational design patterns, provided deeper insights into the material behavior and
possibilities for shape-changing designs. Furthermore, the synergy of zero-waste cutting
and coded shirring highlights the potential of technological thinking as design material,
reshaping how fabrics are layered, folded, manipulated, and seamlessly integrated
(Dongen et al. 2019). We suggest further exploration of coded shirring within the zero-
waste cutting framework to advance design iterations. This integration not only
augments adaptability and efficiency but also promotes real-time fabric transformations
and ecological alignment. It establishes a feedback loop that harmonizes malleability
and precision, balancing aesthetics and sustainability. This innovative amalgamation not
only fosters creativity and environmental stewardship but also signals a significant shift

in design paradigms, advocating for a sustainable and creative future in fashion design.
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Case Study 3: The Pneum-Muscle--draping with pneumatics

(1) Conceptualization and motivations

The Pneum-Muscle project draws inspiration from the functioning of human muscles,
which generate movement by pulling on tendons and bones through contraction (Figure
10). During desk research, the designer discovered the use of pneumatic mechanisms in
rehabilitation wear. These pliable, tube-like silicone muscles expand with the
introduction of air. By regulating the amount, timing, and pattern of airflow, the
pneumatic system can simulate the contraction of a human muscle, providing
supplementary support during body movement.

The integration of pneumatic technology into fashion draping can fulfill a
variety of motivations (Figure 11). First, on a somatic level, pneumatic structures can
aid body movement, expand the range of motion, and enhance overall comfort. At the
aesthetic level, the integration of pneumatic technology in fashion design offers a
unique expression of fluid identity, emphasizing interactive and flexible movement that
challenges traditional concepts of garment form. Furthermore, by designing pneumatic
apparel with user-controlled systems, wearers can effortlessly modify the shape and fit
of the garment to align with their preferences or requirements. This personalized and
flexible customization empowers wearers to participate in the design process, fostering

a more engaging and immersive user experience.

(2) Low-fidelity prototypes with balloons

During the low-fidelity prototyping process, the designer utilized a variety of materials,
such as long balloons, pumps, calico, and spandex fabrics, to construct three-
dimensional shapes. The whole prototyping process can be divided into the following

three steps: Embedding inflatables, draping, and fitting (Figure 12).
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e Embedding inflatables: To incorporate the inflatables into the garment
structure, the designer inserted the balloons into a fabric tunnel of the
appropriate size. This involves measuring the diameter of the fully inflated
balloon and creating a fabric sleeve that can accommodate it. The choice of
material for the fabric sleeve is critical; a stretchy fabric allows for a slightly
smaller tunnel width than the balloon diameter, whereas a non-stretch fabric
requires more space. The actual measurement of the tunnel width may vary
depending on the fabric used, and testing is necessary before draping to ensure
accuracy.

e Draping: During the draping phase, the designer intertwined, connected, and
overlapped the balloons to create imaginative structures that spanned across
various body parts and muscle groups, forming intricate three-dimensional lines.
The inflation process was manually controlled using a pump, and different
volume levels were observed to bring about diverse transformations in the
structures. The use of calico and spandex fabric tunnels resulted in varying
styles, with calico presenting a clean and crisp appearance, and spandex offering
a more natural aesthetic.

o Fitting: After completing the initial prototypes, the designer tested and modified
them by wearing them on her own body. This allowed her to determine the
optimal design solution that would enhance the overall wearing experience and

improve comfort during body movements.

(3) Digitalized shape-changing wearable design

To achieve the desired shape-changing behavior of the garment, the designer replaced

the original long balloons with custom-made inflatables constructed from TPU fabric
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with sealed seams. Unlike latex balloons, the TPU-manufactured tubes provide greater
shape control due to their reduced elasticity. This property allowed the designer to
translate the shapes generated with the latex balloons into precise patterns suitable for
industrial manufacturing. The use of TPU fabric not only enhanced the accuracy and
repeatability of the shape-changing effects but also smoothed the transition from low-
fidelity prototypes to production-ready final garments. These inflatables were connected
to small digital pumps through inflation tubes. The pumps were then linked to actuation
boards and a circuit that controlled the inflation time, resulting in a range of structures
for the prototype (Figure 13). However, two main challenges were encountered. Firstly,
the rather thin fabric cannot hold the TPU inflatables tightly, resulting in difficulties in
achieving smooth shape changes. To address this issue and avoid unintended shape
alterations, selecting a fabric with appropriate stiffness for the inflatable sleeves was
essential, as it helps to restrict random pneumatic movements. In addition, it was
necessary to connect multiple air pumps to the inflatables through tubes and place them
in stable and concealed locations to maintain the garment's aesthetic appeal. These

challenges need to be addressed in the finalized prototype.

(4) Finalized prototype

The designer overcame the challenges by selecting a stiff spandex fabric that avoided
excessive elasticity or thinness to maintain the intended shapes and positions of
inflatables. This resulted in a sculptural and flowing silhouette compared to the previous
soft appearance. On-body tests were conducted to optimize the inflatable's shape,
location, strength, and resulting sensations. To ensure stability and concealment, digital
pumps were integrated onto an internal detachable vest's belt. The remote-control
system was established with four buttons designated to control the inflation time on the

garment's four symmetrical parts: chest, shoulder, back, and sleeve. This enabled the
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wearer to achieve various shapes and added interactivity and playfulness to the

garment's functionality (Figure 14).

(5) Envisioned application

The proposed pneumatic draping method can revolutionize the way we experience
wearables. By offering tailored support to specific areas of the body, it holds the
promise of significantly improving effectiveness and comfort. This approach improves
user satisfaction by tailoring pneumatic wearables to individual needs. To fully realize
the potential of this method, the collaboration between fashion and interaction designers
is needed. It ensures a thorough evaluation of user experience aligns the design with
user requirements. Furthermore, the playful manipulation and innovative interactive
forms of pneumatic wearables can be integrated into entertainment, such as games, to
enhance user perceptions and engagement. Pneumatic draping can also inspire creativity
in performance art, enabling artists to create unique visual experiences that captivate the

audience.

Discussion and Design Recommendations Drawn from Case Study 3

This project significantly advances fashion practice and creativity leveraging pneumatic
technology to redefine garment aesthetics and functionality. This innovative approach
moves beyond traditional fabric shaping, introducing complex shapes, unique
expressiveness, and versatile experiences. This finding aligns with the early pneumatic
design project Awakened Apparel (Perovich, Mothersill, and Farah 2013), highlighting
how pneumatic technology enhances the informational, emotional, and functional
dimensions of fashion. By moving away from the often inaccessible technical
requirements of laboratory-based pneumatic processing, this study introduces a more

feasible, speedy, and efficient method for fashion designers to experiment with draping
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on their familiar mannequins. This method can minimize costs and enable designers to
generate ideas quickly, bridging the gap between high-tech engineering and everyday
fashion practice.

The fusion of tunnel structures with pneumatic actuation exemplifies how
technological thinking can elevate and transform the craft of fashion design. In future
research, we recommend that designers further explore the fusion of pneumatics with
fashion construction techniques. This could involve combining pneumatic actuation
with elasticity-enhancing techniques such as knitting, weaving, and laser cutting to
create new tensions, textures, and volume changes in fabrics. Also, pneumatics offer
advanced control over garment shaping, allowing for precision in design previously
unattainable. By strategically inflating and deflating specific areas of a garment,
designers can create intricate shapes and structures not achievable through traditional
means. This opens new design possibilities and enables designers to push the
boundaries. To further explore the control of material behaviors in pneumatic fashion,
we recommend that designers experiment with various fabrics and materials, paying
particular attention to how their elastic properties interact with pneumatic influences.
Additionally, testing different inflation and deflation patterns can help designers
comprehend how they influence the shape and structure of the garment. Furthermore, by
integrating sensors and microcontrollers, designers can create responsive garments that
dynamically adapt to the wearer's needs and preferences. Such advancements not only
highlight the symbiotic relationship between fashion and technology but also pave the

way for more personalized, interactive, and functional fashion experiences in the future.

Limitations, conclusions, and future works

This study does have certain limitations. The approach taken in examining the

design cases is rooted in a first-person perspective, serving as a means to acquire and
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share knowledge. However, it is essential to acknowledge that different practitioners
may hold diverse perceptions regarding prototypes, skill requirements, and design
choices. To address this, our future intention is to engage practitioners as subjects to
comprehensively evaluate the effectiveness of the methods generated. Furthermore, the
design methods presented herein can be developed into toolkits aimed at facilitating the
creative prototyping process. These toolkits can then be refined based on user testing
and feedback, ensuring their practicality and usefulness. Despite these limitations, the
three design cases have yielded insights that extend beyond the realm of shape-changing
mechanisms. They offer design qualities and philosophies that possess broader
applicability and relevance. These findings encompass innovative design principles,
novel ways of communicating design ideas, and a deeper understanding of the
relationship between the human body and materials. These insights lay fertile ground
for future exploration, as elaborated upon in the subsequent discussion.

For future investigations, a crucial focus is to address design variables
relationally. By incorporating technological components with shape-changing
parameters (e.g., location, form, and pattern), designers can unlock more dynamic and
expressive solutions associated with fashion prototyping. This approach compels
designers to finely balance design variables, allowing for innovative tensions. Case 1
serves as a prime example where the role of the servo motor in shaping sleeve patterns
showcases the interconnectedness of design variables. The motor's speed, torque, fabric
weight, texture, and properties intertwine in a fascinating interplay, generating versatile
design possibilities. These factors delicately balance to influence the garment's overall
appearance, lending it a perceived naturalness and softness that elevate its appeal and
enhance the wearer's experience. Similarly, Case 3 reinforces this relational approach,

highlighting the importance of harmonizing fabric sleeve weight and stretch with
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inflatable elasticity. The pairing of these elements leads to distinct variations in the
forms and aesthetics of the garment, demonstrating how subtle tweaks in design
variables can yield different outcomes. Future research can continue to explore and
refine this relational approach, leveraging technology to dynamically adjust design
variables in response to one another. This innovation has the potential to create
garments that transcend static limitations, adapting seamlessly to evolving user needs.
Moreover, delving into novel materials and cutting-edge fabrication techniques can
amplify the potential of this approach, facilitating the creation of garments that
seamlessly blend the domains of fashion, art, and technology.

Also, fostering a shared vocabulary between fashion practice and technical
design is crucial. Embracing computational thinking in fashion design not only refines
problem-solving but also boosts communication with technologists and systematic
documentation of ideas and prototypes. Case 2 exemplifies this by introducing coding
for fabric manipulation, yielding a spectrum of shape-changing patterns. Such variations
in parameters of fabric shrinking were translated into the layout of the SMA segments,
leading to optimized shape-changing material behavior. On the other hand,
technological tools offer designers an advanced level of control over the shape and
structure of garments, facilitating the creation of responsive and situated garments in a
dynamic way. For instance, in case 3, the inflation process enables the designer to
observe, evaluate and optimize the shape, space, and silhouette at different levels. The
translation of unconventional technical dimensions of time, space, and movement into
shape-changing fashion prototyping languages introduces interactivity, fluidity, and
energy to apparel, inspiring creativity in manufacturing (e.g. pattern-cutting, finishes)

and ways of utilization (e.g.controling of variations in styles).
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Furthermore, shape-changing prototyping reshapes the body-material
relationship. Case 1 exemplifies how human performance contributes to the temporality
of garment structures to challenge conventional static boundaries. This aligns with
Gemeinboeck's (2021) enactive and embodied approach, where human performance
intertwines with materials, contributing to movement qualities and material affordances.
Future research can delve deeper into this body-material entanglement for leveraging
the body's kinaesthetic dimension to shape garments. Vice versa, the shape-changing
garment expands the body’s performance and sensations. Its vibrant qualities permeate
the intrabody processing, heightening the wearer's consciousness of ongoing material
transformation and fostering a deeper mutual alliance between the body and the
wearable (Tsaknaki et al., 2021). Case 3, for instance, blurs garment-skin boundaries,
enhances body movement range, and introduces caring experiences through inflatable-
induced pressures, disrupting conventional garment structures. This versatile expression
prompts novel body-material scenarios. This aligns with Kao et al. 's (2017) kinetic
wearable, illustrating how material mobility and its proximity to the body convey
personalized aesthetics, interaction, and meaning. It is meaningful for future research to
reconsider how to utilize shape-change embedded garments to revolutionize dynamic
relationships, attachments, and alignments between body and material.

In conclusion, the case studies presented in this study demonstrate the potential
for shape-changing mechanisms and technological thinking to revolutionize traditional
garment design techniques and manufacturing processes. Such a paradigm shift can
stimulate interdisciplinary dialogues for new design methods, spur the development of
new formation and temporal patterns of garments, and open up more space in relation to
the body and environment (Dumitrescu 2013). However, these advancements also give

rise to broader issues that need to be addressed, such as sustainability, the evolving
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needs of consumers, and ethical concerns in fashion. As such, it is crucial for designers
to incorporate these considerations into their work and continue to push the boundaries
of what is possible in fashion practice through the incorporation of shape-changing

mechanisms and technological thinking.
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Fabric Handle/Texture Stretchiness Durability Weight
Organza Stiff, Crisp No stretch Delicate Light

Linen Textured, Rough Some stretch Durable Medium
Millinery Smooth No stretch Delicate Light
Chiffon Soft, Flowing Some stretch Delicate Light

Tablel. Material properties of fabrics.
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Figure caption list:

Figure 1. The process of shape-change incorporated fashion prototyping.

Figure 2. The exploration of material morphology.

Figure 3. Design variables emerged from the low-fidelity prototype.
Figure 4. The digitalized shape-changing sleeve.

Figure 5. The finalized garment

Figure 6. The prototype of the Elephant Dress

Figure 7. Low-fidelity shirred fabric samples

Figure 8. Automatic shrinking fabric with SMA embedded.
Figure 9. Zero-waste cut prototypes.

Figure 10. Motivations of the project.

Figure 11. The Pneum-Muscle project

Figure 12. Low-fidelity prototypes with balloons

Figure 13. Digitalized prototype.

Figure 14. The finalized prototype.
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