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Movement transforms a physical object from static 
to alive.  Multi-material 3D printing has the potential 
to create complex organic effects, given its ability to 
blend rigid and flexible materials.  Add in the fourth 
dimension of time and the designer’s role extends 
beyond the design of the object itself and into the 
choreography of its movement.  Despite the presence 
of this technology over the last decade, there is a 
lack of research that explores the aesthetics and 
application of organic movement.  Current designs 
that are dynamic tend to focus on a single motion 
or lack a supporting context.  Meanwhile, there is 
a desire for authentic, immersive experiences in 
museums, theme parks and films.  In response, 
this research aims to showcase the potential for 
multi-material 3D/4D printing to design the organic 
performance of objects for the exhibition and film 
industry.  

In this thesis, a thematic analysis defines the 
qualities of organic movement as having a curved 
shape, variable speed and multimodal composition.  
Research through Design with a Criteria-Based 

approach is then used to guide an iterative design 
process, seeking to translate these qualities into 
moving objects.  The outcome of this research is 
a series of futuristic aquatic plants, 3D printed with 
pneumatic chambers and filmed within the context of 
a narrative.  Effective organic behaviour is designed 
through the digital control of form and materiality, 
combined with natural physical interactions involving 
the environment, humans and other 3D prints.  The 
interplay between these two disparate worlds builds 
on the concept of computer-generated objects 
(CGO).  The design output demonstrates the value 
of CGO in creating compelling visuals on-screen 
and sensory interactive encounters in real life.  The 
work highlights the importance of movement and 
tangibility in bringing objects to life in the same world 
as the audience.  The research also contributes 
to advancing the practice of physical prop design 
through the development of 4D printing techniques.  
It elicits discussion around how multi-material 3D/4D 
printing aligns with the future of creating immersive 
experiences for the exhibition and film industry.

A b s t r A c t
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It used to be:

Things that weren’t real 
were magic,

but now,

things that are real have 
never felt more

magic

(Andrews, 2018, para. 5)
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In experiences designed to educate or entertain, 
physical props help audiences connect with ideas 
and stories.  With computer-generated imagery (CGI) 
capable of creating alluring visual effects, there is 
a desire to reach out and touch the objects behind 
the screen.  Encounters with physical props can 
seem less exciting in comparison, being hindered 
by the limitations of reality.  Movement is a powerful 
design element that can bring physical objects 
to life in an emotive, engaging way.  Surpassing 
static 2D and 3D displays, designers now have 
4D printing to create objects that can transform 
their shape, position or appearance over time.  
Meanwhile, immersive experiences are becoming 
a growing trend in the exhibition and film industry.  
Museums are becoming more visitor-centred while 
filmic worlds are expanding into theme parks.  This 
research proposes that physical props have value in 
creating visceral experiences within these contexts; 
designing dynamic, interactive objects with multi-
material 3D/4D printing (MMP) has the potential to 
justify this proposal.  

When it comes to the representation of living things, 
physical organic movement can be challenging to 
capture.  Animatronic creatures can risk coming 
across as awkward or predictable.  MMP can create 
complex organic effects that are difficult to achieve 
with traditional manufacturing.  Such effects are 
possible through the ability to integrate rigid and 
flexible materials within a single object and build 
cavities for inflation.  Existing designs using MMP 
are yet to fully exploit the opportunity to control 
flexibility, leaving the aesthetics and application of 
organic movement relatively unexplored.  Designs 
that are dynamic tend to focus on a single motion 
or lack a supporting context.  With MMP, the digital 
world offers precise control over form, materiality 
and detail on a virtually infinite scale.  The physical 
realm allows an object to interact with and respond 
naturally to its surroundings.  Computer-generated 
objects (CGO) is a term used to describe designs 
that harness the power of both of these worlds 
(Stevens & Guy, 2015).  This research builds on the 
concept of CGO by exploring how MMP can be used 
to design the organic performance of objects for the 
exhibition and film industry.  

i n t r o d u c t i o n

In the context of this research, ‘organic performance’ 
refers to the ability of objects to behave in ways 
similar to nature.   The research explores this 
concept using Stratasys PolyJet technology through 
an iterative process of designing and evaluating 
against a set of criteria.  This knowledge manifests 
as a series of futuristic aquatic plants, capable of 
moving independently through pneumatic activation 
and performing organically.  A film is produced as 
part of the design output of this research, featuring 
the 3D printed plants.  The film aims to showcase 
the potential of MMP to create compelling animate 
objects.  The research develops new 4D printing 
techniques for designing a range of organic 
performances, which aims to advance the practice of 
physical prop making.  The design output also elicits 
discussion around how CGO could be implemented 
within the exhibition and film industry to support 
authentic, immersive experiences.  Holistically, 
the research endeavours to bring the digital and 
physical worlds closer together.  Now, objects can 
become ‘actors’ on screen and be experienced in 
the same world as the audience with 4D printing 
(Figure 2) - this is tangible Animation.

Figure 2.  A 4D printed object that demonstrates the concept of Tangible Animation.
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How can multi-material 3D/4D printing be used to 
design the organic performance of objects to advance 
physical prop making for the exhibition and film 
industry?

chApter 1 -  methodology

To set out a clear direction for the research, the 
first chapter justifies how Research through Design 
combined with a Criteria-Based approach is applied.  
The chapter also outlines the project aims and 
objectives and explains the iterative design process. 

chApter 2 -  bAckground reseArch

The second chapter sets out to understand three 
themes: The Exhibition and Film Industry, Designing 
Movement and Multi-material 3D/4D Printing.  These 
themes are key to contextualising and validating the 
research question.  To assist the review of literature, 
design precedents are analysed, providing a 
crucial insight into how design techniques and 
technologies are creatively applied.  The chapter 
also looks at the future of synthetic biology to guide 

the subject matter of the designs.  Movement in 
nature is analysed to define the qualities of organic 
movement. 

chApter 3 -  experimentAtion

The first design phase focuses on exploring the 
material and dynamic qualities of MMP through 
a series of 2D, 3D and 4D sketches.  It begins by 
speculating on the possible function of futuristic 
synthetic biological plants.  The relationship 
between organic movement qualities and MMP 
capabilities is explored to guide the direction of the 
material experiments.  A workflow is established for 
creating CGO, characterised by a cyclical journey 
through physical and digital platforms.  A systematic 
investigation into the behaviour of digital materials 
results in the development of 4D printing techniques 
for designing organic performance.  

chApter 4 -  ApplicAtion

The second design phase applies and contextualises 
the 4D printing techniques developed in the previous 

r e s e A r c h  o v e r v i e w

chapter.  A series of futuristic aquatic plants, titled 
Hydrophytes, are 3D printed.  A film is produced to 
convey the organic performances of the designs 
within the context of a narrative.  The chapter 
concludes by presenting the film to industry experts 
to help evaluate the success and applicability of the 
research. 

chApter 5 -  discussion

The penultimate chapter provides a critical reflection 
on the design outputs and research process.  
Success is measured against the criteria developed 
throughout the research.  Limitations are discussed 
as well opportunities for further development of the 
knowledge and techniques discovered in this thesis.

chApter 6 -  conclusion

The closing chapter reinforces and connects the key 
findings and value of the research.

computer-generated objects (cgo)
Objects that harness the power of computing 
with the tangibility and interactivity offered by 
the physical world.  

multi-material 3d/4d printing (mmp)
The process of building physical objects from 
digital data in which material accumulates 
through a series of layers.  Rigid and flexible 
materials can be combined simultaneously 
within these objects.  The added dimension 
is time, where objects can move or change 
their shape or appearance.  

vero and tango
Vero is a rigid acrylic-like material while 
Tango is a flexible, rubber-like material; both 
are used in MMP. 

t e r m i n o l o g y

digital materials
The palette of materials available with MMP, 
including Vero, Tango and any blend of those 
materials.  Digital materials can offer a range 
of flexibilities, opacities and colours.

organic performance
The ability of objects to behave in ways 
similar to nature.

tangible Animation
The animation of physical objects that are 
capable of performing on-screen and in real 
life, with 4D printing.
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This chapter outlines and justifies the aims and 
objectives used to explore the research question.  It 
provides a detailed explanation of the methods applied 
and how they are important in obtaining the research 
goals.  Beginning the thesis with the methodology 
section sets out clear expectations for what is to come.  
It also allows the background research to flow more 
seamlessly into the design phase.

m e t h o d o l o g y

Figure 3.  Close up of the petals of the Haven Flower

1
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When exploring the potential of new technology 
such as MMP, rigorous practical experimentation 
acts as a designer’s method of testing out a theory.  
Practice-based design allows an intangible idea to 
be translated into a visual or physical manifestation 
that others can comprehend, interpret and discuss.  
With this understanding, this thesis employs 
the method of Research through Design, that 
acknowledges design practice as a valid way of 
contributing to knowledge (Frayling, 1993; Godin & 
Zahedi, 2014, p. 1).  The method usually involves an 
iterative process incorporating a variety of digital 
and analogue design tools such as sketching and 
prototyping.  Zimmerman, Stolterman and Forlizzi 
describe Research through Design as “a creative 
way of investigating what a potential future might 
be” (2010, p. 312), which best communicates the 
application of the method in this thesis.
 
In design research, there needs to be a process 
in which success can be measured.  This thesis 

combines the Research through Design method 
with a Criteria-Based approach (Rodríguez Ramírez, 
2017).  This approach involves developing a set of 
criteria to guide the design process and discuss 
how successfully the designs fulfilled the criteria.  
The criteria evolve throughout the research which 
acknowledges the fluid, iterative nature of design 
practice.  This approach ensures that practical 
design exploration is purposive and carried out 
systematically (Lawson, 2005, p. 70).  In this research, 
background research informs the initial criteria.  They 
are used to direct design experimentation with MMP 
technology.  A developed set of criteria evolves 
from this process.  These final criteria help focus the 
application of 4D printing techniques into a more 
resolved series of dynamic objects.  The criteria are 
used to assess how well the final designs address 
the research question and ultimately how the work 
contributes to the wider body of knowledge.  Figure 
4 describes the various phases that the research 
progresses through in relation to each chapter.

r e s e A r c h  A p p r o A c h

Figure 4.  An overview of how the thesis is structured.

Ch. 1

Ch. 2

Ch. 3

Ch. 5

Ch. 4

thesis structure
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ideAte

experiment

prototype

communicAte

contextuAlise
Ch. 6

How can multi-material 
3D/4D printing be used 

to design the organic 
performance of objects 

to advance physical prop 
making for the exhibition 

and film industry?
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Aims objectives methods

1. background research: 
To investigate opportunities for multi-material 
3D/4D printing to support experiences within 
the exhibition and film industry and understand 
the qualities of organic movement.

1a. Examine trends in the exhibition and 
film industry, current methods of designing 
movement and MMP precedents.

Literature and precedent review (Creswell, 
2013, pp. 25-50; Martin & Hanington, 2012, p. 
154).

1b. Analyse movement found in living organisms 
to define the qualities of organic movement.

Thematic analysis of videos (Braun & Clarke, 
2006).

2. design experimentation and Application: 
To explore and showcase the potential for 
multi-material 3D/4D printing to design a range 
of organic performances that bring objects to 
life.

2a. Generate ideas for subject matter and 
develop 4D printing techniques to translate the 
qualities of organic movement into objects.

Morphological Analysis (Zwicky, 1967) and 
Mindmapping (Davies, 2011, p. 280-282)

Research through Design (Frayling, 1993; Godin 
& Zahedi, 2014, p. 1; Zimmerman, Stolterman & 
Forlizzi, 2010, p. 312) using the Criteria-Based 
Design Research Model (Rodríguez Ramírez, 
2017).

2b. Design and film a series of futuristic 4D printed 
plants in the context of a narrative, highlighting 
their organic performance and tangibility.

3c. Evaluate the success and applicability of the 
work through critical reflection and an industry  
perspective.

Presentation of the design output to experts in 
the exhibition and film industry and 3D printing 
field.

A i m s  A n d  o b j e c t i v e s

literAture And precedent review

The first aim looks at situating the research within 
the broader design discipline.  A review of relevant 
literature intends to gain an understanding of 
the three key themes underpinning the research 
question.  Given that Research through Design 
involves a forward-thinking perspective, the review 
includes assessing trends in the exhibition and film 
industry.  Research into the concept of designing 
movement and use of MMP technology supports 
this.  A critical analysis of design precedents is 
carried out to understand how others have explored 
new theories and technologies through practical 
experimentation and application.   The review of 
literature and precedents (Creswell, 2013, pp. 25-50; 
Martin & Hanington, 2012, p. 154) justifies the need 
for design research and reveals opportunities for 
new printing technology and techniques to benefit 
the exhibition and film industry.

m e t h o d o l o g y  f o r 

b A c k g r o u n d  r e s e A r c h

scientific explorAtion

A speculative design approach proposes a new 
species of synthetic plants as the subject matter for 
the 4D printed objects.  The background research 
includes a brief overview of synthetic biology and 
the future direction of the field.  A resulting “What 
if…” question is formulated to guide idea generation 
and acts as a frame of reference to develop the 
narrative of each plant for the final film.

themAtic AnAlysis

This research focuses on how organic performance 
can be designed into objects, so an understanding 
of the qualities that define organic movement 
is essential.  A thematic analysis of movement 
found in marine invertebrates helps develop this  
understanding (Braun & Clarke, 2006).  A vocabulary 
to describe movement also evolves during this 

stage which informs the process of designing and 
evaluating the performance of objects.

supplementAry reseArch

An understanding of plant morphology and ecology 
is needed to inform the design of futuristic plants.  
Studying articles, books, diagrams, photos and 
documentaries, provides an insight into how the 
living world appears, functions and behaves.  
Observational field research also offers a sensorial 
exploration of the natural world.  While the thesis 
does not go into detail about this part of the 
background research, it is a necessary part of 
sourcing inspiration to spark new ideas and assist in 
creating believable designs.

Figure 5.  The aims, objectives and methods used to respond to the research question.
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define
 
The aims of the research and the knowledge learnt 
through previous experiments define the intention of 
the design.  This stage involves proposing a theory 
that can be tested through design practice and 
demonstrates an awareness of the opportunities 
and constraints afforded by the technology.
  
ideAte
 
The ideation phase involves generating and 
visualising concepts in response to the design 
intention.  In the early design phase, a Morphological 
Analysis (Zwicky, 1967) is used to explore the 
relationship between the qualities of organic 
movement and the capabilities of MMP.  Mind 
Mapping (Davies, 2011, p. 280-282) is also used to 
quickly generate a range of ideas for the function 
of the speculative plants in preparation for creating 
a narrative.  Pencil sketches act as visual notes to 
quickly express design thoughts.
 
3d model
 
A combination of Computer-Aided Design (CAD) 
tools is used to translate ideas into digital forms.  
Rhinoceros 3D with Grasshopper, ZBrush and 
Netfabb are the main programmes used in this 
research.  The early experiments are created as 
one-off objects while parametric design and digital 
sculpting are used later for complex models.  3D 
modelling is an iterative process in itself, working 
between a multitude of programmes depending on 
the requirements of the design.

3d print
 
3D printing allows digital forms to manifest in the 
physical world.  All designs are printed on the 
Stratasys Object Connex 350 and combine different 
blends of rigid and flexible materials.  Once the 
support material is removed, the object can be 
inflated to test how it performs.  
 
evAluAte
 
A range of tools and techniques are used to reflect 
on and analyse the designs critically.  This process 
involves evaluating the designs in the context of 
their specific aim and holistically against the broader 
design criteria.  The process is driven by internal 
evaluations (designer/researcher), complemented 
by external perspectives (industry experts).
 
photography and film  
Each 4D print is filmed to understand and assess 
its performance from an aesthetic and technical 
perspective.  The movement is slowed down and 
repeated to observe the sequence and shape of the 
movement in detail.  Filming the prints also helps 
discover the best orientation and composition of the 
objects for communicating the organic performance.  
All designs are documented through photography 
to capture their physical essence, demonstrating the 
contrast between the digital and physical version of 
the design.
 
interactive exploration  
Manipulating and exploring the designs through 
touch offers an intuitive understanding of the way 

the materials behave.  This recognises the valuable 
tacit knowledge that designers use to inform 
design-making (Wong & Radcliffe, 2000, p. 506).  
Feeling and interacting with the object as it moves 
is a visceral experience, central to the concept of 
Tangible Animation.
 
Annotations  
Each design is accompanied by a brief written 
analysis that describes the aim of the experiment 
and the discovery of any significant opportunities or 
limitations.  This type of analysis is imperative to a 
systemic design process as it helps to articulate the 
research findings and inform future iterations. 
 
professional opinion
The final film is presented to experts within the 
industries of exhibition and film as well as 3D 
printing.  Their feedback helps evaluate the success 
and relevance of the research.  Gaining an outside 
perspective assists in eliminating personal bias and 
contextualises the research within the broader field 
of design.  The dialogue also builds a connection 
between academic research and the relevant 
industries.

methodology conclusion

Research through Design with a Criteria-Based 
approach is essential to the exploration of new 
technology such as MMP.  Understanding the 
methodology applied in this thesis sets up a 
foundation for approaching the background 
research and defining the initial design criteria.  

Figure 6.  Iterative Design Process

define ideAte 3d model 3d print evAluAte

iterAtive design process

An iterative design process refers to one that is fluid 
and evolutionary and can vary depending on the 
nature of the project.   Lawson (2005, p. 37) describes 
the general building blocks of the design process as  
 
- Analysis:  Defining the problem or objective
- Synthesis:  Creating a response to the objective
- Evaluation:  Critiquing the response in the  
 context of the original objectives.
   

m e t h o d o l o g y  f o r  d e s i g n 

e x p e r i m e n t A t i o n  A n d  A p p l i c A t i o n

Throughout this process, designers may discover 
new or unexpected ideas.  These revelations allow 
designers to expand their understanding or alter 
their perspective on the problem; or in this case, 
the gap in design knowledge.  Different stages of 
the design process can be revisited and repeated 
when necessary (Lawson, 2005, p. 48-49; Milton & 
Rodgers, 2013, p. 15).  Hence, an iterative process 
emerges that builds layers of knowledge.  Figure 
6 illustrates the design process applied in this 
research, discussed on the opposite page.
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Figure 7.  The tail of the Imp Root

This chapter examines trends in the exhibition and 
film industry, current methods of designing movement 
and MMP precedents.  It also looks at the future of 
synthetic biology and plants to define the subject 
matter of the designs.  A thematic analysis reveals the 
qualities of organic movement found in nature.  This 
chapter contextualises the research, in response to the 
first research aim.  The result is a set of design criteria.

b A c k g r o u n d  r e s e A r c h

2
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l i t e r A t u r e 
A n d  p r e c e d e n t 
r e v i e w

2 . 1

This section aims to review current literature and 
design precedents to position the research within the 
broader context of design and other relevant industries. 
 
First, it aims to understand the changing landscape 
of the exhibition and film industry to define a niche 
for computer-generated objects.  Secondly, it gains 
insight into the aesthetics of movement through the 
lens of industrial design and CGI.  The section ends 
with an investigation into the opportunities of multi-
material 3D/4D printing and analyses precedents 
that have creatively used the technology.

Figure 8.  T-Rex animatronics head similar 
to that used in Jurassic Park (Jim5, 2008). 

edutAinment And the museum

Contemporary museums are adopting the concept 
of edutainment, where attractive design and styles 
of presentation are used to simultaneously entertain 
and educate (Kotler & Kotler, 2000, p. 283).  The focus 
is shifting towards creating immersive experiences 
that can attract, surprise and amaze visitors.  There 
are many examples of research that explores how 
digital technology, such as virtual and augmented 
reality, can support immersive experiences 
(Jung, Dieck, Lee & Chung, 2016; Carrozzino & 
Bergamasco, 2010; Wojciechowski, Walczak, White, 
& Cellary, 2004) but little evidence of how physical 
objects can contribute to these experiences.  
Animatronic technology is being implemented within 
the museum space to represent living things and 
attract audiences.  Animatronics is where robotic 
movement is created using electronics, pneumatics, 
or hydraulics (Kalnad, 2016, p. 1168).  It is commonly 
applied to large-scale props like dinosaurs (Figure 8) 
to give them the appearance of breathing, blinking, 
swaying or stretching (Tunnicliffe, 2000, p. 741).  It 
can be challenging to achieve realistic natural 

movement with animatronics given the complexities 
of coding and mechanical parts.  The movement can 
seem awkward or jerky and becomes predictable 
when a creature is programmed to repeat the 
same sequence of motions.  Soft robotics, such as 
the Tetrapod (Shepherd et al., 2011), use compliant 
materials and pneumatic chambers to create more 
fluid motion.  The technology is targeted at practical 
applications (Rus & Tolley, 2015) and still relies on 
moulding processes; its aesthetic potential awaits 
discovery.  This research seeks to advance the 
practice of physical prop making by demonstrating 
how pneumatically-activated 4D printing can 
animate objects.  Having tangible objects that exist 
in the in the viewer’s space offers a perceptual 
experience that is “more vivid, more alive, and more 
intense” (Dunne & Raby, 2013, p. 90).  

issues-bAsed exhibitions

Museums are changing to become more relevant 
to the needs of society.  They are transforming into 
visitor-centred, socially responsive educational 
spaces (Anderson, 2004, p. 1; Kotler, 2001, p. 418-

e x h i b i t i o n  A n d  f i l m  i n d u s t r y

419).  Some contemporary museums have introduced 
issues-based exhibitions, often centred around 
the future of science and technology.  Examples 
include Genes and Food (Delicado, 2009, p. 763) 
and Climate Change Reimagined (Dubai Future 
Foundation, 2018).  These types of exhibitions are 
designed to challenge people’s values and beliefs 
(Cameron, 2010, p. 213; Meyer, 2010), encouraging 
discussion about the future and reflection on 
current issues.  Issues-based exhibitions provide 
opportunities for speculative design to enter the 
museum space.  This type of design uses fiction to 
“facilitate imagining” in alternative or future worlds 
(Dunne & Raby, 2013, p. 92; Auger, 2013).  In response 
to new content appearing in museums, this thesis 
employs a speculative design approach to inform 
the creation of subject matter.  This ensures the 
design output is relevant to its potential application.  
The subject matter centres on how synthetic biology 
could create plants adapted to a future climate.  This 
is explained further in section 2.2.
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Figure 10.  The Valley of Mo’ara in Pandora - The World of 
Avatar at Disney’s Animal Kingdom (Jedi94, 2017)

Figure 9.  Wizarding World of Harry Potter - Hogwarts 
Castle (The Conmunity - Pop Culture Geek, 2010)

films expAnding into theme pArks
 
The film industry is expanding beyond the screen and 
beginning to enter theme parks.  A film is no longer 
just a film; it is a brand and an experience; a concept 
exemplified by Disney (Telotte, 2011).  Recent trends 
involve the recreation of filmic worlds into physical 
‘lands’ that viewers can walk through.  Examples 
include The Wizarding World of Harry Potter (Figure 
9), which allows guests to explore Hogsmeade and 
Diagon Alley, and Pandora - The World of Avatar 
(Figure 10) where visitors can travel through floating 
mountains and bioluminescent forests.  Advances in 
CGI allow an infinite range of characters, effects, or 
environments to be recreated from the imagination 
with photorealistic clarity.  This freedom leads to 
the invention of extraordinary fictional worlds; so 
compelling that there is a desire to reach out and 
touch what is seen on-screen.  By expanding films 
into theme parks, through the creation of entire 
environments and multi-sensory stimulus, audiences 
have the opportunity to become immersed in the 
fantastical worlds of the films (Lukas, 2012, p. 4).  
Architecture, props and scenery work cohesively to 
create this experience.  Many of the props featured in 

these ‘lands’ are static or only perform basic motions, 
struggling to capture the same ‘magic’ that the films 
offer.  Dynamic physical props could enhance the 
way viewers become immersed in filmic worlds.  It is 
suggested that technology will allow the boundaries 
of reality and fantasy to blur together in these ‘lands’ 
(Rodriguez, 2017).  This research begins to open up 
this possibility through the exploration of 4D printing 
and Tangible Animation.
 
relevAnce
 
Immersive experiences are becoming trends in 
the exhibition and film industry.  In both contexts, 
physical-based experiences currently lag behind 
the capabilities and excitement of digital-based 
experiences.  This research aims to advance 
physical prop design by introducing the concept of 
Tangible Animation; allowing objects to perform as 
‘actors’ on-screen and be experienced in the same 
world as the audience.  Gaining insight into industry 
trends contextualises the research while envisioning 
the application of MMP.
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Figure 12.  Jellyfish Vase (Nendo, 2017).Figure 11.  Philip Beesley’s Hylozoic Ground (Dalbéra, 2010)

Aesthetic movement 
 
The concept of designing movement can be 
approached from two angles (Hoffman & Ju, 2014, 
p. 92).  The first is a pragmatic approach where 
movement is designed to carry out a required 
function, focused on efficiency and practicality.  
The second is a visual approach that involves 
designing the aesthetic qualities of movement, 
centred on expression and communication.  Hopson 
(2009, para. 5) defines this as Kinetic Design and 
suggests that movement is an essential element 
of a designer’s vocabulary alongside form, colour 
and material.  Recent research exploring aesthetic 
movement looks at the relationship between 
movement and emotion (Hoffman & Ju, 2014; Lee, 
Park, & Nam, 2007; Weerdesteijn, Desmet, & Gielen, 
2005), the semantics of movement (Klooster & 
Overbeeke, 2005), and the design of entertainment 
robots (Kim, Kwak, & Kim, 2009; Ribeiro & Paiva, 
2012; Madhani, 2009).  This existing research 
covers movement that is abstract, mechanical 
or human-like but there is minimal evidence of 
organic performance.  Fayazi and Frankel (2017) 
look at the design of kinetic jewellery that illustrates 
biologically inspired movements but produce 
prototypes that are rudimentary.  Philip Beesley’s 
Hylozoic Ground is a responsive artificial forest that 

demonstrates more advanced organic movement 
(Figure 11).  The forest appears to breathe and 
swallow through a series of pulsating and quivering 
motions.  Mechanical components and sensors are 
an inherent part of the movement and visual style 
of the forest.  In contrast, Nendo demonstrates a 
greater sensitivity to materials and their relationship 
with the environment.  Nendo’s Jellyfish Vase series 
(Figure 12) are made of thin silicone and rely purely 
on water currents to undulate and deform naturally 
(Nendo, 2017).  This thesis utilises both inbuilt 
movement mechanisms and the unique qualities of 
digital materials to design organic performances.   
 
AnimAting movement with cgi
 
The process of animating movement with computer-
generated imagery (CGI) is a complicated process 
in which movement is digitally crafted/rendered 
frame by frame.  Whether this movement is 
shaped manually or simulated through algorithmic 
processing (Manovich, 1999, p. 5); every single detail 
must be meticulously designed and controlled.  This 
also includes the simulation of surface texture, 
reflectance, colouration and distance, all of which 
help ground CGI movement in perceptual reality 
(Prince, 1996, p.33).  Regardless of the design intent 
and execution, the result does not always translate 

d e s i g n i n g  m o v e m e n t

the nuances and complexities of organic movement.  
With CGI, designers control “chance and gravity” 
(Singh, 2007, p. 544) which can offer immense 
possibilities in creating fantasy worlds.  Sometimes, 
this power to play ‘God’ leads to “beauty over 
believability” (RedShark, 2015) which can impede 
the audience’s immersion in the filmic world.  
Viewers are becoming conditioned to CGI and have 
a keen eye for what ‘feels’ natural.  Practical effects 
are beginning to re-emerge in combination with 
CGI, evident in films such as Star Wars: The Force 
Awakens.  At the beginning of CGI, “things that 
weren’t real were magic, but now, things that are 
real have never felt more magic” (Andrews, 2018, 
para. 3).  

relevAnce
 
This thesis focuses on designing aesthetic 
movement through a balanced methodology that 
integrates both digital and physical platforms.  The 
research aims to capture the complexities of the 
natural world within an object’s performance that is 
challenging and time-consuming to design with CGI.  
Tangible Animation is proposed to work alongside 
CGI, offering life-like physical props to help ground 
films in reality.    
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Figure 13.  The Imp Root encased in support material.

m u l t i - m A t e r i A l  3 d / 4 d  p r i n t i n g

technology
 
Design software and 3D printing technology have 
given rise to a new era of creative freedom in design.  
3D printing is an additive process where only the 
required amount of material is added and fused 
together in layers.  While there are many different 
methods of 3D printing, this research focuses on the 
application of PolyJet technology (Stratasys, 2018), 
or multi-material 3D printing.  The process involves 
spraying individual layers of liquid polymers onto 
a build platform where each layer is cured with 
ultraviolet light (Prince, 2014, p. 41).  Support material 
is printed to fill any gaps or overhangs within the 
object (Figure 13).  It has a jelly-like consistency and 
can be carved away with tools and water.  Acrylic-
based resins and rubber-like polymers, known 
as Vero and Tango respectively, can be blended 
and printed simultaneously to create composite 
materials.  These are known as digital materials.  A 
single object typically consists of multiple parts that 
are joined together in an assembly, with each part 
assigned a particular material.  This research uses 
the Stratasys Objet Connex 350, referred to as 
the Connex in this thesis.  Printing processes and 
software are discussed further in section 3.2.
   
4d printing
 
4D printing allows designers to create dynamic 

objects as a result of the unique relationship 
between digital form, materiality and performance.  
In 4D printing, the added dimension is time, which 
is where a 3D printed object can transform its 
shape or position over time (Tibbits, 2014, p. 119). A 
significant portion of existing research focuses on 
stimuli-responsive materials including hydrogels 
and shape memory polymers rather than native 
digital materials.  Current 4D printing tends to adopt 
a pragmatic approach to designing movement.  The 
4D prints are often designed to carry out a particular 
function, resulting in movement that appears 
structured or linear.  Examples of 4D printing include 
expandable anatomy for the medical industry 
(Zarek, Mansour, Shapira, & Cohn, 2016) and self-
assembling structures for packaging solutions 
(Ge, Dunn, Qi, & Dunn, 2014).  One exploration 
into biomimetic 4D printing starts to elicit some 
organic qualities, demonstrating twisting and curling 
motions in an orchid-like object (Sydney Gladman, 
Matsumoto, Nuzzo, Mahadevan, & Lewis, 2016).  
The rate at which its hydrogel composite material 
absorbs water restricts the speed of its movement.  
This thesis looks at how to vary the speed of motion 
using 4D printed digital materials.
 
creAtive opportunities
 
Materialise complex forms, detailed surface textures 
and fragile structures:  The Connex is highly 

accurate and can print in 16-30 micron thick layers 
(Chua & Leong, p. 51).  This allows the creation of 
high-resolution models with intricate details.  The 
freedom of digital modelling software, and the way 
the Connex builds objects opens up new possibilities 
for creating complex forms.
 
Integrate rigid and flexible materials and create 
graduated transitions:  Variation in object behaviour 
can be achieved with precise control over the 
placement and properties of digital materials (Barclift 
& Williams, 2012, p. 876.).  The heterogeneous 
material compositions created with MMP reflect 
those found in nature (Oxman, 2011).  
 
Create shape-changing effects using the material 
‘memory’ of digital materials:  Digital materials have a 
unique type of material ‘memory’ that allows objects 
to return to their original position upon deformation.  
Each object will respond slightly differently 
depending on their composition.  This ability can 
sometimes cause materials to behave unpredictably 
or surprisingly, reflecting organic qualities.
 
Initiate movement through external stimuli:  
Interconnected parts, hollow sections and moving 
structures can be printed to create mechanisms 
for movement.  Pneumatic or hydraulic activation 
methods can be used to control movement, similar 
to the way some soft robots function.
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Figure 14.  Renders from the Wanderers project (Oxman, 2014),  Figure 15.  Caress of the Gaze (Farahi, 2015),  
Figure 16.  Blossom (Clarkson, 2014), Figure 17.  Lissom. (Stevens & Guy, 2015), Figure 18.  Okris (Robinson, 2017)

forms seen in Living Mushtari, Lissom highlights the 
elegance of simplicity.  It is the first example of design 
that explores the concept of computer-generated 
objects (Stevens & Guy, 2015).  Lissom is digitally 
created and brought into the physical world with 
3D printing; its tendrils swirl and respond naturally 
to the surrounding body of water.  Both Blossom 
and Lissom are unsealed, meaning that air or water 
escapes during the movement.  They only display a 
single open-close motion and lack a specific context 
or narrative to strengthen the meaning of the objects.  
Robinson (2017) does contextualise her designs as 
she explores the use of CGO specifically for the 
film industry.  Her 3D printed fruit, Okris (Figure 
18), is encased in jelly before being dissected and 
manipulated by the actors.  While this contrasts with 
the illusion of independent movement displayed 
in Lissom, Robinson uses human interaction and a 
futuristic narrative to enhance the believability of 
Okris.
 
relevAnce
 
This thesis looks at harnessing the creative 
opportunities of MMP to design organic performance 
into objects, with a particular focus on exploiting the 
flexibility of digital materials.  The research aims to 
create a range of organic performances through 
a series of interrelated objects to expand the field 
of 4D printing.  The 4D prints in this research are 
intended to be airtight to investigate the advantages 
this may have in designing movement.

(Farahi, 2015).  The exterior skin is created using 
MMP and is assembled with shape memory alloy 
actuators that control its movement.  This allows 
the surface to undulate fluidly, causing the hair-like 
structures to move according to their pattern and 
flexibility.  While Caress of the Gaze does not feature 
the vibrant use of colour seen in Living Mushtari, it 
does demonstrate greater sensitivity towards the 
flexible nature of the materials.  In doing so, Farahi 
has created the illusion of a sentient skin that helps 
communicates her vision of futuristic interactive 
clothing.  The movement of the skin relies on two 
separate elements working together; the actuators 
and the response of the materials, which can limit 
the range of motion achieved.  This thesis looks at 
how the actuation method can be digitally designed 
into the object to allow the materials to respond 
more organically.
 
blossom, lissom and okris
Victoria University of Wellington is building a 
reputation for its creative exploration of 4D 
printing with MMP.  Blossom (Figure 16) has internal 
cavities that cause its petals to open upon inflation 
(Clarkson, 2014).  The design is recognised as the 
world’s first inflatable 3D print.  Blossom features in 
an interactive display composed of multiple printed 
flowers.  The anticipation and surprise of watching 
them bloom intermittently create an engaging 
visual experience.  Advancing on Blossom, Lissom 
(Figure 17) highlights the life-like behaviour of digital 
materials.  The long delicate tendrils of the squid-like 
creature elegantly pulsate as they are activated by 
a hydraulic mechanism.  In contrast to the complex 

existing designs
 
Multi-Material 3D printing is still in its early stages 
of development as a tool used by designers.  
Aside from current use in the product, jewellery 
and medical industries (Chua & Leong, 2015, p. 
56), few examples focus on aesthetic movement. 
 
living mushtari
Living Mushtari is a futuristic wearable designed to 
sustain human life on other planets, designed using 
generative growth algorithms (variations shown in 
Figure 14).  The wearable is fabricated using multi-
material 3D printing and features a continuous 
network of hollow channels (Bader et al., 2016).  The 
design becomes intriguing when chemiluminescent 
fluid flows through its cavities.  The liquid glows 
as it bubbles and snakes along, changing in 
speed according to the geometry of the channels.  
Although, the physical version of Living Mushtari 
seems disconnected from its digital design.  In the 
digital space, its form appears malleable as it fluidly 
morphs and grows.  In the physical object, its form 
is composed of rigid material and lacks the sense 
of movement and life conveyed in the digital object.  
The design utilises the ability to create complex 
geometries and successfully illustrates graduation 
in colour and transparency.  However, it does not 
make use of the flexibility of digital materials, which 
this research addresses.
 
caress of the gaze
Caress of the Gaze (Figure 15) is an artificial skin that 
can change shape in response to the human gaze 
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Figures 19 and 20 illustrate previous projects 
undertaken at Victoria University of Wellington,  
using multi-material 3D printing.  This provides a 
solid foundation of understanding in regards to the 
printing process.  The Sap Dweller demonstrates 
very basic leg motion through a form of puppetry 
while the creature from Synthetic Jellies moves 
through a very simple inversion technique.  The 
latter was designed at the very beginning of this 
master’s degree and served as inspiration for the 
thesis.   

p e r s o n A l  m m p  e x p e r i e n c e

Figure 20.  Synthetic Jellies (2017)Figure 19.  Sap Dweller (2016)

Multi-material 3D/4D printing offers a unique tool 
for designers, with the opportunity to create life-like 
effects within objects.  Designing the aesthetics of 
movement with 4D printing is relatively unexplored 
territory.  Concurrently, there is a need for physical-
based immersive experiences within the exhibition 
and film industry while audiences desire tangible 
experiences that connect them with the incredible 
fantasy worlds seen in films.  CGO offers the 
freedom to digitally design forms but differs from 
CGI as these forms can become tangible, interactive 
objects through 3D printing.  This thesis presents 
the concept of Tangible Animation that offers 
the possibility of bringing on-screen ‘magic’ into 
the world of the audience with 4D printing.  This 
research focuses on the aesthetics of movement to 
develop new 4D printing techniques for designing 
the organic performance of objects.  The intention 
is to demonstrate the ability of MMP to bring static 
physical objects to life.

o v e r v i e w
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2 . 2

This section aims to define a context for creating 
subject matter to inspire the 4D printed designs and 
their supporting narrative. 

What if we could 
design intelligent 
plants that could 

adapt to our future 
climate?

current stAtus of synthetic biology

Synthetic biology can be considered “the design and 
construction of biological devices and systems for 
useful purposes” (Porcar & Peretó, 2014, p. 1).  The 
technology involves the re-design of existing natural 
structures to perform new functions and ultimately 
the creation of novel life forms.  Currently, experts 
are working on a microscopic scale by manipulating 
and combining the genomes of microbes and cells.  
Synthetic biology has the potential to remedy some of 
the most challenging problems faced by society with 
intentions to assist human and environmental health 
(Konig, Frank, Heil & Coenen, 2013, p. 12).  The next 
logical step involves the transition of the technology 
into multicellular systems such as plants, to fulfil these 
ambitions (Cook, Martin & Bastow, 2014, p. 1922).  
Plants could be designed to sense and respond to 
contaminants (Liu & Stewart, 2015, 312-313), restore 
polluted ecosystems through phytoremediation, fight 
disease and eliminate invasive species (Redford, 
Adams, Carlson, Mace, & Ceccarelli, 2014, p. 333-
334), or even produce new chemicals and materials 

(Konig, Frank, Heil & Coenen, 2013, p. 16).  These 
new functions could allow synthetic biological plants 
to play an essential role in future environments 
transformed by the effects of anthropogenic climate 
change.  Such effects include ocean acidification, 
warming temperatures as well as rising seas and 
extreme weather (Karl & Trenberth, 2003; National 
Research Council, 2010). 

futuristic AquAtic plAnts

This thesis uses a speculative design approach 
to create the aesthetic and narrative of a series of 
futuristic aquatic plants.  The question posed on 
the opposite page is used to guide initial design 
experimentation (Chapter 3) and is revisited during 
the latter part of the design application phase (Chapter 
4).  The question is themed around extrapolating 
synthetic biology, speculating how the technology 
could create plants with new characteristics and 
functions.
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2 . 3

This section aims to understand and define the qualities of organic 
movement through a thematic analysis.

Figure 21.  The different types of invertebrates with examples from 
each group, informed by the New World Encyclopedia (2014).

phylum exAmples

cnidarians Jellyfish, corals, sea anemones

platyhelminthes Flatworms

Annelida Segmented worms

echinodermata Starfishes, sea urchins, sea cucumbers

mollusca Squid, snails, bivalves

Arthropoda Lobsters, spiders, insects

porifera Sponges

invertebrAte groups

introduction

What are the aesthetic qualities of organic movement?

The natural world provides a fascinating and 
valuable source of inspiration for designers.  To be 
able to design organic performance, it is imperative 
to understand the aesthetic qualities of organic 
movement portrayed by actual living organisms.  
A thematic analysis is used to evaluate the visual 
expression of movement displayed by various 
marine invertebrates.  These types of animals have 
bodies made of hard and soft materials which are 
akin to the nature of digital materials.  Invertebrates 
are also the next evolution of life above plants, 
meaning their qualities of movement would translate 
more appropriately into the creation of speculative 
intelligent plants.

method And AnAlysis

A total of 20 videos are analysed, including at least 
two marine invertebrates from each of the taxonomic 
categories established in Figure 21.  This selection 
process ensures that a diverse range of movement 
is evaluated.  The analysis excludes Porifera as their 
motion is minuscule.  The aesthetics of movement 
tends to be intuitively understood and challenging 
to express in words.  Therefore, a combination of 
deductive and inductive approaches to analysis are 

used to help find themes within the data.  The formal 
characteristics of movement (Figure 22) are used as 
a guide to describe and analyse the performance of 
the organisms.  The process involves viewing each 
video multiple times with the sound muted to focus 
on the visual expression of movement.  The animals 
are then observed in slow motion to study their 
movement in greater detail.  Codes are generated 
by assessing the style and formal characteristics 
of movement for each invertebrate.  The codes 
are categorised into three themes that define the 
fundamental qualities of organic movement.

results

themes and their relational codes

Curved Shape:  Bending, probing, leaning, wiggling, 
flapping, curling, pedalling, flexing, undulating, 
swaying.  

Variable Speed:  Random sequence, smooth rhythm 
combining different speeds, irregular overall pace, 
varying speeds of body parts, patterns of speed 
change.

Multimodal Composition:  Change in volume, 
independent motion, multidirectional, expanding 
and contracting, opening and closing.  

Figure 22.  These descriptions of the formal characteristics of movement have been adapted from a 
range of literature (Vaughan, 1997, p. 549; Bacigalupi, 1998, p. 175-177; Lee, Park & Nam, 2007, p. 403).

term definition

rhythm 
and 

sequence

The pattern or structure 
formed by a series of 

motions and the way they 
are ordered.

speed and 
continuity

The speed or pace 
at which rhythmic 

components occur and 
how they flow together.

path and 
direction

The shape and direction 
of the line of movement.

volume
The size of the 

movement and the way it 
uses space.

formAl chArActeristics of movement
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Figure 23.  Tomopterid Worm  (National 
Oceanic & Atmospheric Adminstration, 2017)

Figure 24.  Cosmic Jellyfish (NOAA 
Ocean Exploration & Research, 2016)

Figure 25.  Sabellastarte Magnifica (Magnificent 
Feather Duster worm) (Hobgood, 2010)

rapidly snaps shut and jumps away.  By juxtaposing 
speeds of movement through sudden changes, the 
movement becomes unpredictable and surprising.  
This outcome differs from movement with subtle 
variation in speed and gradual transitions.  The 
irregular pulsation of the Cosmic Jellyfish (Figure 
24) is visually smoother and more rhythmic.  The 
individual body parts of the animal are also capable 
of moving at different speeds.  For example, the 
swimmerets of the Mantis Shrimp flutter very quickly 
in comparison to its twitching eyes and probing 
antennae.  Variable speed within organic movement 
creates visual complexity and diversity which makes 
the performance more captivating.

3. multimodal composition
Movement with a multimodal composition refers 
to movement that either combines different styles, 
progresses through multiple stages, or is made up 
of many smaller modes of activity.  The first type 
is illustrated in the Spanish Dancer Nudibranch 
as it combines bending and fluttering within the 
same motion.  The Feather Duster Worm (Figure 
25) exemplifies the second type of multimodal 
composition with its two distinct stages of movement; 
its arms push upwards then twist and fan outwards.  
The movement of the Dandelion Siphonophore 
demonstrates the third category.  This organism 
consists of numerous bulbs that expand and contract 
individually and repeatedly, bringing attention to the 

holistic effect of many moving parts.  Multimodal 
composition occurs because living organisms have 
a brain that controls separate parts of their body 
to behave uniquely.  While this may seem obvious, 
it suggests that multimodal movement is key to 
communicating the intelligence of a creature.

discussion 

This thematic analysis reveals the qualities of organic 
movement as having a curved shape, variable 
speed and multimodal composition.  These qualities 
are related to small animals with predominantly 
flexible anatomy, meaning that results could differ 
when considering larger, more complex creatures 
including vertebrates.  In the context of this research, 
it is necessary to limit the sample to correlate with 
the capabilities of MMP.  A multimodal composition is 
found to be the most important quality in conveying 
sentience.  Therefore it is an essential part of 
designing convincing organic performance.  The 
three qualities, described above, are all connected 
by the central theme of variation.  Despite the radial 
or bilateral symmetry of the organism’s anatomy, 
their movement is visually asymmetrical.  Whether 
it be diversity in shape, speed or style; variation is 
key to creating a natural aesthetic.  The next chapter 
focuses on developing MMP techniques that can 
translate these qualities of organic movement into 
designed objects.

 1:  curved shape
Organic movement tends to follow curved paths.  
The shapes created by the movement can reflect 
abstract versions of the letters ‘s’, ‘r’ and ‘o’.  This 
type of movement can be based on a single axis, 
like the Tomopterid Worm (Figure 23) that wiggles 
side-to-side (s-shape), or the feather star that 
curls its arms in a series of up-and-down strokes 
(r-shape).  These types of movement create a 
strong sense of rhythm and sustain the attention 
of the viewer.  In opposition, curve-shaped motions 
that occur through multiple axes produce a more 
chaotic visual effect.  The Purple Sea Urchin exhibits 
this effect as its tentacle-like appendages bend in 
multiple directions, causing the viewer’s focus to 
dart around.  The curvature of the movement can 
range from having a tight structure to being loose 
and free.  Curvature enhances visual continuity 
by allowing smoother movement transitions.  
Achieving movement with a curved shape appears 
to have a direct correlation with the form and body 
composition of the animal, where greater flexibility 
amounts to increased curvature in the movement.  

2. variable speed
Another quality of organic movement is variable 
speed, where activity transitions between fast and 
slow paces.  Variation in speed can occur in the 
organism’s overall performance.  The clam features 
different speeds of action as it opens very slowly then 
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2 . 4

The first set of design criteria (Figure 26) are 
developed from the background research and are 
used to guide the design experimentation phase in 
Chapter 3.

Figure 26.  First Design Criteria

t h e  d e s i g n  e x p e r i m e n t s  s h o u l d . . .

1 2 3

explore the creative 
opportunities of multi-material 

3d/4d printing.

demonstrate the qualities of 
organic movement.

be informed by the potential of 
synthetic biology.

The test prints should utilise the 
ability to print complex and fragile 
forms, exploit digital materials and 
experiment with ways to activate 

movement.

The performance of the printed 
objects should display a curved 

shape, variable speed and 
multimodal composition to create 
complexity in organic movement.

The type of movement should 
be inspired by the speculative 
function of aquatic plants to 

eventually develop a futuristic 
narrative for the final designs.

bAckground reseArch conclusion
 
The Background Research chapter finds that there 
are two main opportunities for designers in terms of 
creating experiences and utilising new technology.  
Firstly there is the shift towards authentic, immersive 
experiences within exhibition and film contexts.  
Secondly, there is the developing field of 4D printing 

and the possibility to explore the aesthetics of 
movement with digital materials.  The coexistence 
of these opportunities gives rise to the research 
question: How can multi-material 3D/4D printing be 
used to design the organic performance of objects 
to advance physical prop making for the exhibition 
and film industry. 
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Figure 27.  Close up of the Nomadic Cleaner

Chapter 3 focuses on developing a range of 4D printing 
techniques to design the organic performance of 
objects.  Various text-based and visual tools are used 
to begin formulating ideas for aesthetic movement.  
These ideas lead to rigorous experimentation with 
MMP that explores the qualities of digital materials 
and their potential to create movement.  This design 
phase helps develop the criteria used to inform the 
final design output. 

e x p e r i m e n t A t i o n

3
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3 . 1

This section explores how ideas can be generated 
through a range of tools including field observation, 
mind mapping, morphological analysis and 2D 
sketching.

Knowledge of existing nature is needed to design 
novel plants.  Forests, botanical gardens and 
beaches are visited to offer a first-hand experience 
that contributes to this knowledge and inspires new 
ideas.  Exploration and documentation of real nature 
aid an understanding of the structure, aesthetic 
quality, texture and materiality of plants found in 
both terrestrial and aquatic environments.  The 
images collated in Figure 28 feature highlights from 
these field observations.

f i e l d 

o b s e r v A t i o n s

Figure 28.  Terrestrial and Aquatic Plants
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Figure 29.  Mind map of the effects of climate change and ideas for future aquatic plants.

A mind map generates new ideas about how the 
plants might appear, behave or function in response 
to a future climate (Figure 29).  The mind map stems 
from the effects of climate change and their main 
impacts on aquatic ecosystems (Karl & Trenberth, 
2003; National Research Council, 2010).  The outer 
circle proposes new ideas for plants, made with 
synthetic biology, which could adapt to or remedy 
these effects.  This mind map guides the reasoning 
behind the movement experiments and is reflected 
on during the creation of the final designs.

s p e c u l A t i n g 

p l A n t  f u n c t i o n

transformers:  Absorbs 
excess carbon dioxide before 
it fully dissloves in the ocean.  
Transformig CO2 into energy.  
What does the plant do with 
surplus energy?

sanctuaries:  Plant that 
provides protection for fish to 
restore energy.  A safe place 
for fish to recover as their 
bodies expel acidic contents.

nurseries:  Plants with empty seed pockets that 
produce oxygen and a chemically stable environment 
for fish to lay eggs in and nurture juveniles.

sacrificial:  Plants that absorb caronic 
acid to help neutralise PH levels in the 
water.  This results in a morphological 
change within the plant.

Adapters:  Intertidal plant species 
will need to adapt to living longer 
periods of time submersed in 
water.  Could develop fs that reach 
up above the surface.

buoyancy:  Terrestrial plants 
become drowned and could 
develop floating mechanisms to 
stay dry.

irrigation:  Hotter daytime 
temperatures and low spring 
tides means exposed marine 
species can dry out and 
die.  Rock pool plants could 
store and disperse water to 
dehydrated organisms.

strongholds:  More 
robust plants that could 
remain stable during 
floods to protect newly 
laid fish eggs.

fans:  Underwater 
plants with broad 
petals that flutter to 
help circulate oxygen.  
Prevents negative 
ocean stratification or 
dead zones.

vents:  Plants that 
produce and pump 
oxygen in a small 
radius, attracting 
organisms that may 
be suffocating.

catchers:  Plants with 
thin membranes that 
stretch out into open 
water to capture baby 
coral and help them 
settle and grow.

cleaners:  Plants that 
help clean unwanted 
algae off dead coral 
so that once remnants 
recover, the soft coral 
can grow back quickly 
over the old skeleton.

refrigerant:  Plants that live next 
to corals and cool down water in 
the surrounding areas.

protection:  Plants that produce 
and distribute a type of chemical 
sunscreen for coral, lives near coral 
or has a symbiotic relationship with 
fish that visit coral.

carnivorous:  Plants attract small 
pests, lure through emitting smells 
and has leaves that form cavities to 
trap and digest prey.

carriers:  Plants that produce 
medicine seed pods; fs will attract 
large species and pods will attache 
to visiting organism who then 
distributes medicine throughout the 
ocean.  Could help cure diseases. 

inquilinism:  Baby crustaceans 
and mollusks can shelter in plant 
cavities while the plant grows 
new strong synthetic shells. 

inquilinism:  Baby 
crustaceans and 
mollusks can shelter 
in plant cavities 
while the plant 
grows new strong 
synthetic shells. 

climAte chAnge

rising seAs 
And extreme 

weAther

oceAn 
AcidificAtion

wArming 
temperAtures

what effects will climate change 
have on the future marine ecosystem 
and how could synthetic biological 
plants respond to or help remedy 
these effects?

comprised 
reproduction of 
Aquatic species

ocean 
deoxygenation

coral 
bleaching

disease 
migration and 

incubation

drowning 
and sunlight 
deprivation

saltwater 
intrusion and 

dilution

larvae 
at risk

existing shells 
dissolving

impaired 
Ability to 
calsify
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Figure 30.  Morphological analysis looking at how to design an object’s performance that reflects 
the qualiteis of organic movement and harnesses the creative opportunites of MMP.

complex forms and textures 
as well as fragile structures

integration of rigid and flexible 
materials and graduated 

transitions

material ‘memory’ of digital 
materials

mechanisms through 
pneumatic actuation

curved 
shape

S-shaped wavering motion 
of very thin petal shapes, 

ripple-like effect.

Spiral tendril with hard 
base and soft tip allows 
variation from gentle to 

tight curvature of motion.

R-shaped curling motion of 
long leaves deforming in 

water current and returning 
to shape.

Long tendril covered in 
tiny petals with harder 
segments on one side 

where  inflation will trigger 
bending motion.

variable 
speed

Spherical plant contracting 
slowly and releasing 
quickly, hiding and 

revealing its internal 
flowers.

Umbrella shaped plant with 
many tendrils connected to 
hard prongs that pull them 
inwards upon retraction.

Stems transitioning from 
firm to soft structures 
will change the rate at 

which they spring back to 
position when squashed.

Multiple plants attached to 
individual air tubes where 

air can be pumped at 
different speeds.

multimodal 
composition

Many stems leaning in 
all directions in a type 
of sensing motion, like 

antennae.

Leaf stems with hard 
bases attached to flexible 

tabs allow leaves to be 
triggered individually.

Thin flexible shell covered 
in long hairs, invert to 

create tension, shell snaps 
back to shape causing 
array of hairs to move 

vertically and horizontally.

Hole covered by twisted 
petal flaps, pump air 

through channel causing 
petals to simultaneously 

rise up and rotate.
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The morphological analysis in Figure 30 examines 
the relationship between the creative opportunities 
of MMP (section 2.1), with the qualities of organic 
movement (section 2.3).  The results suggest 
approaches for exploring organic performance with 
MMP.  In this thesis, a morphological analysis is used 
as a loose guide to establish a frame of reference for 
the design experimentation phase.

This research employs sketching as a tool to 
visualise ideas quickly.  Due to the timeframe, the 
focus is on expressing thoughts rather than crafting 
refined drawings.  In this thesis, the design process 
involves a fluid workflow between sketching and 
3D modelling, where many sketches inform multiple 
experiments.  It is difficult to assign particular 
drawings to individual designs, so Figures 31 - 34 
show a montage of highlights from the sketching 
process.

m o r p h o l o g i c A l 

A n A l y s i s

s k e t c h i n g 

p r o c e s s
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Figure 31.  Sketching Montage 1 Figure 32.  Sketching Montage 2
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Figure 33.  Sketching Montage 3 Figure 34.  Sketching Montage 4
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s o f t w A r e  A n d 
3 d  p r i n t i n g 
p r o c e s s e s

3 . 2

This section explains how a combination of 3D 
modelling software is used to design dynamic objects.  
Each programme offers particular advantages to 
creating digital form.  A digital workflow is outlined, 
followed by a description of the process of cleaning 
Connex 3D prints.

rhinoceros 3d
Rhino (Figure 35) can create both structured and 
freeform geometry through the manipulation of 
curves, surfaces and solids (Robert McNeel & 
Associates, 2018). This CAD software offers excellent 
accuracy in building models, essential for designing 
complex objects on a small scale and working with 
the tolerances of the Connex.  Rhino is the dominant 
software used throughout the design process.
 
grasshopper
Grasshopper (Figure 36) is a plug-in for Rhino 
that enables parametric design through a type of 
visual coding.  Components of a 3D model can be 
linked and controlled through sliders.  Geometry 
automatically updates to provide a live preview 
of the design as its parameters are manipulated, 
offering a means of rapid visualisation.  It also makes 
the process of iterative design more efficient.
  
Zbrush
ZBrush (Figure 37) is a digital sculpting programme 
that allows more fluid manipulation of an object’s 
surface.  Objects with an organic aesthetic can be 
created by utilising the precision of Rhino combined 
with the sculptural qualities that ZBrush offers. 
 
netfabb and meshmixer
Netfabb (Figure 38) is ideal for editing and reviewing 
STL files that are exported from programmes such 
as Rhino and ZBrush.  STL is a file format that 
contains a mesh of the object which is required by 
the 3D printer to translate data into a print.  Netfabb 
is advantageous for completing complex boolean 
operations and repairing errors in files.  A boolean 
operation involves either adding, subtracting or 
intersecting forms with each other.  Meshmixer is a 
mesh editing programme similar to Netfabb.

Figure 35.  Rhinoceros 3D Screenshot - Work in Progress
Figure 37. ZBrush Screenshot - Work in Progress

Figure 36. Grasshopper Definition Screenshot
Figure 38. Netfabb Screenshot - Ready for 3D Printing
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begin with sketch or idea

No No

No Yes

No Yes

Create Grasshopper definition 
alongside Rhino model

correct aesthetic and scale?

Perform booleans in Rhino

parametric design? sculpted parts?
booleans involving complex 

forms or meshes?

Create base surface in Rhino 
and export as STL

Import into ZBrush and 
duplicate

Sculpt desired form using 
DynaMesh

ZRemesh, divide surface, 
polish, decimate, export as OBJ

Import into Rhino and integrate 
into model or GH definition

Return to ZBrush file

Create digital 3D mock-up to 
test scale, form and proportion

Create model in Rhino

Yes Yes

Figure 39.  Digital Workflow - Concept to 3D print

correct orientation for 
printing?

digitAl workflow

Figure 39 delineates a workflow for 3D modelling to 
transform a concept into files ready for 3D printing.  
This involves an iterative process, transferring the 
files between different software to carry out different 
tasks.  Parts within an assembly must not overlap 
which makes Boolean operations imperative.

No

No

Yes

NoYes
errors in files?

end with multi-body assembly 
ready for connex 3d printing

error in files?

Export individual parts as STL 
files

Import into Netfabb

Perform manual or automatic 
repair in Netfabb

Complete any boolean 
operations and repair again

Merge parts based on material 
type, rename for the Connex

Rotate entire model
Export all parts into folder for 

printing

Import into Meshmixer to 
double check cross section

Return to Rhino or ZBrush file 
and make adjustments

Yes
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Figure 40.  3D prints, straight off the Connex 
machine, encased in support material.

Figure 41.  Carving Away Support Material

Plate 
(Dry Surface)Towel

Glass Dish 
(Holds water)

Toothbrushes 
and Toothpicks

Support material has the texture of firm jelly and 
encases objects as they are 3D printed on the 
Connex (Figure 40).  Many of the designs created 
in this research exhibit extraordinarily delicate 
and detailed forms.  A great deal of time and care 
is invested in the cleaning process to ensure the 
3D prints remain intact (Figure 41).  The method 
of cleaning MMP objects becomes an art form 
in itself.  Figure 42 explains the equipment used 
in the cleaning process which is outlined below. 
 
1.  The prints soak briefly in warm water.  If left too 
long, the object can split as the support material 
expands and breaks it apart.  Water that is too hot 
can lead to the same result.
 
2.  The support material is carefully scraped away 
with a toothpick.  It is imperative to clean methodically 
from the most fragile parts through to the sturdy 
pieces.  It is typical to clean the print on a dry surface 
and occasionally submerse it in water to rinse off 
support material.
 
3.  A range of brushes is used to polish away residual 
support material.  Any chambers are pumped with 
water first to carefully loosen the print and wash out 
the internal support material.

c l e A n i n g  p r o c e s s

Figure 42.  Cleaning Equipment
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m A t e r i A l  A n d 
m o v e m e n t 
t e s t i n g

3 . 3

This section forms a substantial part of the iterative 
design process and endeavours to develop 4D printing 
techniques for designing the organic performance of 
objects.  This exploration is guided by the first set of 
design criteria (Figure 26) and begins by outlining 
how the experiments are tested and documented. 

Figure 44.  An example of the cross section of an 
object showing the skin dimensions and deformation.

Skins separate 
to form internal 
chamber that fills 
with air.

Top Skin = 0.8mm
Gap = 0.3mm
Lower Skin = 0.8mm

visuAl And written presentAtion

The following range of experiments are multi-material 
3D/4D printed objects, built with the Connex.  Each 
design is presented through the following elements:
 
render of 3d model
The render illustrates the different parts and 
materials of the digital object.  A colour coding 
system is employed to represent specific digital 
materials using different colours (Figure 43).  The 
render often displays a cross-section view to help 
describe the internal workings of the movement 
mechanism.  
 
photograph of physical form
A close-up photo is included to highlight a particular 
detail and expose the physical qualities of the design. 
 
sequence shots of movement
Dynamic designs are assisted by a series of stills 
captured from filming their movement.  These 
images show how the objects progress through the 
movement as they change from a dormant to an 
active position.

written Analysis
The ‘Aim’ states the intentions of the experiment, 
stemming from the broader criteria.  The ‘Discovery’ 

explains what is learnt from the experiment, 
outlining opportunities and limitations to inform 
future iterations.  This critique is approached from 
both a technical and aesthetic perspective.
 
estAblishing tolerAnces
 
skin thickness 
In the context of this research, ‘skin’ refers to the 
thin piece of material that moves or deforms when 
the object is inflated.  According to the behaviour 
of experiments #1 and #2, the ideal skin has a 
thickness of 0.8mm and is made of a soft digital 
material, preferably Tango (Figure 44).
 
minimum spacing
Based on personal experience with MMP and 
knowledge of the printer’s resolution, the minimum 
spacing between parts should be no smaller than 
0.3mm.

bAtch printing

It is significantly cheaper and more efficient to 3D 
print a collection of objects at the same time on the 
Connex.  The batch number features on the top left 
and right side of the pages.  Each batch tests out 
a variety of movements and forms to maximise the 
knowledge gained from each 3D printing batch.

f o r m A t  o f  e x p e r i m e n t s

Figure 43.  Shore hardness is a term used to describe the hardness of a material; each 
colour in the rendered model represents a digital material with a different shore hardness.

vero s100

s95

s85

s70

s60

s50

s40

tAngo s27

shore hArdenss of 
digitAl mAteriAls
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86 x 34 x 2.6 mm #1 45.9 x 18.1 x 5 mm #356 x 28 x 1 mm #2

flexibility swAtch

Aim:  To create a swatch of digital materials to be 
used as a tactile reference for future design work 
and to understand how the materials respond to 
deformation.  Each petal has an identical shape and 
thickness of 1mm.
 
Discovery:  When the petals are bent, all return to 
their original position.  The more flexible the material, 
the faster it reacts, with the Tango petal being first to 
return to a flat position.

minimum thickness

Aim:  To test how thin the Connex can 3D print flat 
forms.
 
Discovery:  The 0.05mm petal is too thin to survive 
cleaning.  The 0.1mm remains attached, but the tip 
is torn off.  A thickness of 0.2mm demonstrates the 
ideal minimum thickness.  When prints become 
extremely thin, they can peel and curve naturally.  
This peeling tends to occur in the upwards direction 
relative to the printing orientation.

vAriAble thickness

Aim:  To see how variable thickness and flexibility 
affect the deformation of an object.
 
Discovery:  When the pair of leaves are parted and 
bent back, the tips flick up faster while the rest of 
its body straightens up gradually.  The softer pair, 
#3a, moves smoother than 3b which is too stiff and 
unnatural.  Only the tips of the leaves peel up which 
reflects the behaviour of real leaves when they dry 
and curl up.

b
A

t
c

h
 1

Figures 45 - 50.  Batch 1, Experiments #1 - #6 - Primitive Material Experiments

texture

Aim:  To explore intricate texture.
 
Discovery:  The crinkled texture only runs along the 
edge of the leaf which creates anisotropic flexibility.  
The opacity of the leaf transitions from translucent 
in the centre to more opaque at the edges.  The 
crinkled edges are fragile and weak, causing the 
material to disintegrate slightly.  This deterioration 
creates a more jagged, organic appearance.

recoil

Aim:  To test how variable thickness and curvature 
affects the material’s ability to recoil.
 
Discovery:  The softer spirals whip back into shape 
while the harder spirals move more gradually.  In 
both instances, the thick base of the spiral snaps 
back before the thinner end.  The path of movement 
follows the direction of the spiral, creating the illusion 
of the tendril growing and tightening towards the 
centre.

flicker

Aim:  To test whether a series of hinged objects can 
create independent motion.  
 
Discovery:  When the bases of the leaves are 
triggered, they do jump slightly.  This motion does 
not appear as expressive as initially visualised.  The 
hinges are restricting, and the leaves are heavy.  The 
natural bending of the leaves by themselves, when 
twirled, is more organic than the forced movement 
created using hinges.

44.2 x 15.7 x 6 mm #4 35 x 22.6 x 2.9 mm #5 34 x 24 x 3 mm (b) #6

b
A

t
c

h
 1
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Vero and Tango at the base is weak and has 
split, preventing complete inflation.  The way the 
object wriggles, due to the chambers inflating at 
different rates, is reminiscent of a caterpillar-like 
motion.

b
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t
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h
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Aim:  To test whether a print can expand and 
contract by creating a series of interconnected 
chambers.
 
Discovery:  Some of the chambers can expand 
and contract.  However, the junction between 

expAnd
23.6 x 13.5 x 13.5 mm #7

Figure 51.  Batch 2, Experiment #7 - Expand

thin and become a point where splitting occurs.  
Judging by experiment #7 and #8, it is risky to 
create designs with multiple interconnected 
chambers.  More pressure is required to inflate 
each chamber, and if one fails, the design cannot 
perform and is rendered useless.
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Aim:  To achieve simultaneous expanding and 
bending motions.
 
Discovery:  The print partially expands open 
and bends, reflecting a breathing motion.  The 
joins between each elliptical chamber are too 

fAn open
28.7 x 24 x 27.7 mm #8

Figure 52.  Batch 2, Experiment #8 - Fan Open
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15.8 x 13.9 x 11.5 mm #9

Aim:  To test how an unfurling motion can be 
created.
 
Discovery:  The broader base of the spiral 
unfurls first and quite quickly.  If more pressure 
is applied, the tighter end gradually continues to 
flex open.

unfurl

Figure 53.  Batch 2, Experiment #9 - Unfurl

65.3 x 19.2 x 8.5 mm #10
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curvature of the folded wings, the join between 
the two chambers and the junction where 
Vero and Tango meet at the base.  Multi-stage 
movement does occur in one section of the 
design, where the wings unfold before vertical 
expansion takes place.

Aim:  To see whether multiple stages of inflation 
can occur by creating two distinct interconnected 
chambers with restricted air flow in the centre. 
 
Discovery:  Only partial inflation is achieved due 
to splitting.  The problem areas are the very tight 

double inflAtion

Figure 54.  Batch 2, Experiment #10 - Double Inflation
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55 x 24.2 x 15.6 mm #11
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the left wing.  The object has bilateral symmetry 
but produces an asymmetrical movement which 
conveys a more organic aesthetic.  The design 
also leans from side-to-side as each wing 
inflates.

Aim:  To test how two parts of the object can 
unfurl with the addition of a semi-rigid central 
bar to provide structure.
 
Discovery:  Each wing unfurls, then puffs out, 
with the right wing reaching full extension before 

duAl unfurl

Figure 55.  Batch 2, Experiment #11 - Dual Unfurl

22 x 22 x 17.4 mm #12

b
A

t
c

h
 2

the stems to collide with the sides of the bowl 
making them appear as if they are trying to 
wriggle their way out.  Having a deep, curved 
skin allows greater deformation upon inflation 
which creates more exaggerated intriguing 
movement.

Aim:  To understand how the skin inverts upon 
inflation.  
 
Discovery:  The skin folds and distorts 
unpredictably.  It tends to invert on one side 
first, controlling the order in which the stems are 
pushed out.  The inversion of the skin causes 

inversion

Figure 56.  Batch 2, Experiment #12 - Inversion
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61 x 23.9 x 4 mm #13
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the time of inflation, rather than the materials.  
According to previous experiments, more 
expressive movement is created by printing an 
object in a closed or pre-curved position so that 
deformation occurs when the print inflates.

Aim:  To create an S-shaped motion from a flat 
print using alternating sections of S50 and Tango. 
 
Discovery:  The design achieves a minimal 
bending motion.  The motion is likely caused 
by gravity and the orientation of the print at 

irregulAr bending

Figure 57.  Batch 3, Experiment #13 - Irregular Bending

23.3 x 15.8 x 13.9 mm #14
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through the chamber which allows staggered 
movement.  The broader base of the spiral 
gradually inflates before the top half springs up, 
demonstrating two stages of movement with 
variable speed.

Aim:  To create an asymmetrical unfurling motion 
by creating a curved split down the middle of the 
spiral, with a chamber running down one side only. 
 
Discovery:  The airflow is restricted partway 

restricted unfurl

Figure 58.  Batch 3, Experiment #14 - Restricted Unfurl
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40 x 40 x 14.5 mm #15
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it with water allows complete inflation.  The 
bands of stiffer material only slightly influence 
the order in which the sections invert.  Each pod 
section collapses sideways upon deflation due 
to the lack of structure in the outer layer of skin.  
The way the stems flick out in all directions is 
particularly interesting.

Aim:  To control the order in which different 
sections of the print invert.  Bands of slightly 
stiffer material run through the centre with the 
intention to cause variable inversion rates. 
 
Discovery:  One of the sections splits on the first 
inflation attempt, making it difficult to test the 
movement.  Submerging the print and pumping 

section-bAsed inversion

Figure 59.  Batch 3, Experiment #15 - Section-Based Inversion

29.7 x 28.5 x 18.7 mm #16
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central stems.  The stems cluster together and 
wiggle about before they rapidly flare out.  This 
design is the first example of MMP that shows 
potential to convey a scary vibe; the interior 
stems lurch forward aggressively in a grabbing 
motion.  The print split in one corner after a 
few attempts at inflation, suggesting that the 
curvature of the geometry is too sharp in that 
area.

Aim:  To control the order in which different areas 
of the pod invert.  This is tested by creating more 
variation in the curvature of the skin and adding 
a band of slightly stiffer material running through 
the centre.
 
Discovery:  The sides pop out first at a slow pace 
before the central section pops out rapidly.  As 
the sides inflate, they push the hairs against the 

vAriAble inversion

Figure 60.  Batch 3, Experiment #16 - Variable Inversion
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53 x 24.1 x 19.1 mm #17

Near the end of inflation, the print compresses, 
adding a third layer of complexity to the 
movement.  When attached to a long tube, the 
design is capable of floating and sinking in sync 
with the rate of inflation which offers greater 
volume to the movement.

Aim:  To achieve the two motions of untwisting 
and unfolding within one object.  A slightly 
harder strip of material runs down the centre to 
help stagger these actions.
 
Discovery:  The wings unfold at a slightly faster 
speed compared to the untwisting of its body.  

untwist And unfold

Figure 61.  Batch 3, Experiment #17 - Untwist and Unfold

Experiments #18 - #26 explore the concept of fibre 
optics, alongside movement, as part of an object’s 
performance.  Fibre optics involves guiding light 
through a transparent object using the principle of 
total internal reflection (Mitschke, 2016, p. 17-27).  This 
principle occurs when the core material of an object 
has a higher reflective index value than the cladding 
material.  Light rays can enter a long filament at 
point A and exit point B with a similar intensity.  
Current research looks at 3D printed fibre optics in 
the context of static, interactive displays (Pereira, 

Rusinkiewicz, & Matusik, 2014; Willis, Brockmeyer, 
Hudson, & Poupyrev, 2012).  Their findings help guide 
the experiments in this research.  
  
The addition of light is an effective addition to an 
object’s performance.  However, fibre optic 3D prints 
require substantial use of Vero which significantly 
limits an object’s flexibility and ability to move.  
Therefore, after experiment #26, the exploration 
into fibre optics is abandoned in favour of an explicit 
focus on movement.

e x p l o r i n g  f i b r e  o p t i c s
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50 x 4 x 4 mm

a b c d e f g h

#18
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shaped cores of hard material have little 
influence over the strength of light produced 
at the tips of all tests, but this did affect their 
flexibility.  Experiment #18d displays a secondary 
circle of brighter light at the centre of its tip, due 
to the VeroClear core, which is an interesting 
effect.  Vero Clear is much better at transmitting 
light than the S95 material.

Aim:  To test how core shape and material 
hardness affects the transmittance of light and 
the bendability of the filaments.
 
Discovery:  Experiment #18g transmits the most 
intense light due to its Vero core and conical 
shape that helps concentrate light at the tip.  It 
mains some flexibility near the thinner end but 
is still very restricting.  In general, the differently 

core shApe And flexibility

Figure 62.  Batch 3, Experiment #18 - Core Shape and Flexibility
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30.5 x 17.6 x 15.8 mm #19 43 x 38.1 x 3.3 mm #20

Figure 63.  Batch 3, Experiment #19 - Light Dispersal 1 Figure 64.  Batch 3, Experiment #20 - Light Dispersal 2



7 1 7 2

T a n g i b l e  a n i m a T i o ne x p e R i m e n T a T i o n

b
A

t
c

h
 3

48 x 19.9 x 1 mm #21 50.4 x 19.9 x 4 mm #22

Figure 65.  Batch 3, Experiment #21 - Light Dispersal 3 Figure 66.  Batch 3, Experiment #22 - Light Dispersal 4
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34.4 x 26.5 x 1 mm #23 50.1 x 45.7 x 1 mm #24

Figure 67.  Batch 4, Experiment #23 - Light Dispersal 5 Figure 68.  Batch 4, Experiment #24 - Light Dispersal 6
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55.1 x 11 x 11 mm (e) #26

b
A

t
c

h
 4

a b c d e f g

Aim:  To explore how flexibility can be achieved 
with thin printed Vero.
 
Discovery:  Experiment #25f represents the 
optimal balance between the intensity of light 
transmitted and flexibility.  The tests in #26 allow 
great flexibility but their ability to transmit light 
is poor.

flexibility with vero

Figures 69 - 70.  Batch 4, Experiments #25 - #26 - Flexibility with Vero

69.7 x 26.5 x 18 mm #27
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a slightly different manner and at varying times.  
The movement becomes diverse, and the 
stems appear to move independently from one 
another.  After many inversions, splits appear at 
the deepest part of the pod, between where the 
stems attach to the skin.  At this stage, the cause 
of splitting is unclear but experiments #28 - #31 
attempt to resolve this issue.

Aim:  To explore how stems flare out when they 
are arranged in an irregular-shaped pod.
 
Discovery:  The shallow end of the pod inflates 
first, causing the stems to move upwards in a 
cluster slowly.  They rapidly spread apart as the 
deep end finally gives way and inverts.  Even 
though both pods are identical, each inverts in 

flAre

Figure 71.  Batch 4, Experiment #27 - Flare
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29.9 x 20.8 x 18 mm #28

up and down.  The pod remains sealed after 
repeated activation.  There is an area opposite 
the deepest part of the pod where the skin 
folds quite sharply, as the excess material has 
less space to move through.  This discovery 
highlights the problem area causing splitting in 
#27.

Aim:  To understand how the skin of an irregular-
shaped pod inverts, using the pod identical to 
#27.
  
Discovery:  Even without the stems, the pod 
still inverts at its shallow end first.  The skin 
undulates while the lip at the shallow end flexes 

simple inversion

Figure 72.  Batch 5, Experiment #28 - Simple Inversion
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35.2 x 27.2 x 18 mm #29

occurs due to the narrow spacing of stems at 
the deepest part of the pod.  The way the stems 
flare out row by row, in this design, appears less 
natural than the random pattern of flaring seen 
in #27.

Aim:  To see how reversing the orientation of the 
stems affects the way they flare out and whether 
this eliminates splitting.
 
Discovery:  The pod remains sealed after 
repeated activation.  This confirms that splitting 

reversed stems

Figure 73.  Batch 5, Experiment #29 - Reversed Stems
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its own, moving at variable speeds in different 
directions.  Despite reducing the number of 
tendrils compared to #27, a small split did occur 
in roughly the same spot.  In both #30 and #31, 
the designs struggle to revert to their original 
position.  The outside of the pod requires a more 
rigid structure.

Aim:  To explore how the inversion of the pod will 
affect the movement of long stiff tendrils.  The 
tendrils have an internal Vero core that narrows 
to a point 75% of the way along their length.
 
Discovery:  Longer tendrils greatly exaggerate 
the motion created by the inverting skin of the 
pod.  Each tendril appears to have a mind of 

long stiff tendrils

Figure 74.  Batch 5, Experiment #30 - Long Stiff Tendrils

124.5 x 34 x 18 mm #31
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a smoother, lazier motion which feels more 
organic.  The increased flexibility of the tendrils 
allows them to be more affected by collisions 
with other tendrils as well as water currents.  
The spiked tips help accent the movement and 
entice the viewer’s gaze to follow the tendrils as 
they swirl around.

Aim:  To explore how the inversion of the pod 
will affect the movement of long flexible tendrils.  
The tendrils have an internal Vero core that 
narrows to a point 25% of the way along their 
length.
 
Discovery:  Similar to #30, this design features 
tendrils that move independently but through 

long flexible tendrils

Figure 75.  Batch 5, Experiment #31 - Long Flexible Tendrils
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41.3 x 41.3 x 27 mm #32

leaves flex open while the spiky stems slowly 
emerge from inside.  Secondly, the central stalks 
flick out in a quick burst of motion.  The sudden 
reveal of these stalks heightens the visual impact 
of the design as it reaches full ‘bloom’.

Aim:  To create three stages of inversion using a 
terraced pod design.
 
Discovery:  Only two stages of inversion occur 
because the middle section is not restricted and 
moves with the widest section.  First, the top 

multi-stAge inversion

Figure 76.  Batch 5, Experiment #32 - Multi-Stage Inversion

Batches 5 - 7 begin to progress from abstract forms 
into more developed plant-like organisms.  ZBrush 
starts to be used as a tool to explore more sculptural, 
organic forms (Figures 77 & 78).

f o r m  p r o g r e s s i o n

Figure 77.  Render of Experiment #37 - Dual Fan Figure 78.  Render of Experiment #38 - Uncurl
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138.8 x 38 x 18.8 mm #33

and down creating a curved arc of motion.  The 
other two only rotate rather than flicking out 
which is caused by their stems being placed 
too far along the side of the pod.  All variations 
are unfortunately too heavy to stand upright in 
the water and work better upside down.  Future 
iterations need to be more delicate.

Aim:  To create a series of kelp-like leaves that 
sway in different directions.  In each design, the 
stem attaches either to the side or centre of the 
pod.
 
Discovery:  Experiment #33 displays the most 
expressive movement as it sways gracefully up 

swAy

Figure 79.  Batch 6, Experiment #33 - Sway 1
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138.8 x 38 x 18.8 mm

(Top) (Bottom)

#34 138.8 x 38 x 18.8 mm #35

Figure 80.  Batch 6, Experiment #34 - Sway 2
Figure 81.  Batch 6, Experiment #35 - Sway 3

Figure 82.  Sway Collection and Interaction



8 3 8 4

T a n g i b l e  a n i m a T i o ne x p e R i m e n T a T i o n

b
A

t
c

h
 6

41 x 39.4 x 29.4 mm #36

flicking motion of the leaf combined with the 
bursting effect of the stems contributes to this 
multimodal composition of movement.  The 
way the leaf pulls away from the surface of the 
water is a fascinating interaction.  The zone at 
the boundary between air and water is a unique 
environment to explore.  The texture of the stem 
tips is too small to be defined.

Aim:  To control the sequence of movement by 
purposefully arranging the different components 
on the skin.
 
Discovery:  The back of the pod opens first 
because the hard spikes around the edge 
restrict the front section of the pod.  This 
restriction allows the top leaf to begin opening 
before the inner stems start to emerge.  The 

flip

Figure 83.  Batch 6, Experiment #36 - Flip
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132.1 x 63 x 13 mm #37

but they tend to remain quite stiff.  The lack 
of variation in the movement makes it more 
predictable and less compelling than some of 
the previous experiments.  Splitting occurs at 
the top of the chamber inside the folded wings 
where there is a significant amount of strain on 
the material.

Aim:  To create a dramatic fanning-open motion 
consisting of two folded wings.
 
Discovery:  While the design does fan open 
and closed as intended, the movement is very 
subtle as the wings do not close all the way.  
The bristles are expected to swish in the water, 

duAl fAn

Figure 84.  Batch 6, Experiment #37 - Dual Fan
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86.6 x 54.9 x 41.57 mm #38

meaning the flicking motion cannot be obtained.  
The overall motion becomes very basic, and the 
solid base does not make appropriate use of 
digital materials.  The design looks impressive 
in its digital form, but its performance in the 
physical world is rather dull.

Aim:  To design a plant with a long tail-like leaf 
that can flick up and down.
 
Discovery:  The tail does gradually uncurl, but 
the restrictive chamber traps air which makes 
it difficult for the tail to return to the dormant 
position.  Speed is unable to be controlled 

uncurl

Figure 85.  Batch 6, Experiment #38 - Uncurl
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94.8 x 28.4 x 16.3 mm #39

agile.  Instead of a graceful swaying motion, a 
curious, searching motion is created as the stem 
curves and leans in multiple directions.  The 
design produces more variable movement than 
expected.

Aim:  To create a free-form swaying motion, 
building on #33 - #35 and #38.
 
Discovery:  The reduced length and new style of 
the thin scale-like leaflets make the design more 

flick

Figure 86.  Batch 7, Experiment #39 - Flick
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through the central leaves and create a slight 
quivering motion.  More intriguing movement 
is observed when the object is dropped, 
twirling, bending and flickering its leaves as it 
falls.  This effect is interesting but not useful for 
designing an independently moving plant.  The 
screenshots above show a range of different 
experiments with the object as opposed to a 
sequence of movements.

Aim:  To test whether a fluttering movement can 
be created by pumping bubbles up through the 
centre of the print.
 
Discovery:  The leaves are 0.2mm thick, so 
they are very delicate and curl at the edges 
which gives them more three-dimensionality.  
Unfortunately, the leaves are not strong enough 
to stand on their own.  The bubbles only rush 

flutter

Figure 87.  Batch 7, Experiment #40 - Flutter

84.2 x 18 x 15.8 mm #41
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and yanks the stem up.  The movement is 
exaggerated to the point where it almost 
appears unnatural.  Although, the behaviour of 
the leaves as they swish through the water has 
an organic essence.

Aim:  To create a swishing effect where the 
group of leaves waver back and forth.
 
Discovery:  This motion is achieved but occurs 
very vigorously with a slight bounce in the 
movement.  The tiny, tight pod inverts abruptly 

swish

Figure 88.  Batch 7, Experiment #41 - Swish
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peel And reveAl

to sit flat on the water once it returns to 
its dormant position.  Absorbing too much 
water causes the leaf to swell and curl up. 
There are also too many interior stems 
which hinder the bursting motion.  The main 
enhancement is that the texture of the leaf and 
body is more clearly defined. 

Aim:  To exaggerate the bending motion of the 
top leaf and explore the effect of an alternate 
composition of interior stems, building on #36.
 
Discovery:  The larger, slightly thinner leaf 
appears delicate and flexes more when it 
pulls away from the surface of the water.  
However, once waterlogged, the leaf fails 

Figure 89.  Batch 7, Experiment #42 - Peel and Reveal

entirely.  The stem of the leaf is positioned lower 
in an attempt to prevent splitting at the hinge.  
The leaf now gets caught on the edge spikes as 
it opens.  The extended tendril on the top leaf 
snapped off while in storage prior to cleaning.  
Similar to #42, this design also appears to be 
less functionally successful than #36.

Aim:  To exaggerate the bending motion of the 
top leaf and explore the effect of an alternate 
composition of interior stems, building on #36.
 
Discovery:   The top leaf is thinner in this iteration 
to allow more flexibility.  However, this causes 
the leaf to peel meaning it does not close 

40.9 x 36.7 x 31.9 mm #43
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peel And reveAl 2

Figure 90.  Batch 7, Experiment #43 - Peel and Reveal 2



9 1 9 2

T a n g i b l e  a n i m a T i o ne x p e R i m e n T a T i o n

b
A

t
c

h
 7

141.5 x 34.7 x 21.7 mm #44

made of Tango.  The harder material of the 
left pod requires more pressure to invert.  A 
surprising discovery here is the way the ends of 
the tendrils twitch and kick about independently 
which enhances the organic performance.

Aim:  To control the order in which the pods 
invert and exaggerate this movement with 
medium-length tendrils.
 
Discovery:  The left pod is made of S40 material 
and opens second to the pod on the right side, 

stAggered flAre 

Figure 91.  Batch 7, Experiment #44 - Staggered Flare
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79.8 x 42 x 12.5 mm #45

and amplify the undulating motion of the belly.  
The bristles are longer and thinner than those in 
#37 and are capable of more curved movement.   
The fanning motion also causes the print to arch 
forwards, displaying an unexpected additional 
movement that adds overall complexity.  Splitting 
occurs in a similar spot meaning this particular 
area still needs reinforcing.

Aim:  To create an expressive fanning-open 
motion, building on #37.
 
Discovery:  The widest part of its folded body 
opens first while the tight, narrow end gently 
flexes open when more air pressure is applied.  
The row of baubles on its belly provide an 
engaging focal point when the design fans open 

single fAn

Figure 92.  Batch 7, Experiment #45 - Single Fan
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46.5 x 34.8 x 23.3 mm #46

The design is intended to uncurl completely, 
but the very tight curvature of its body and firm 
outer skin prevents this from occurring.  The 
claw becomes stuck on the top section, creating 
tension that results in the claw flicking forwards 
faster.

Aim:  To create creepy movement, inspired by 
#16.
 
Discovery:  The grasping motion of the row of 
spikes combined with the aggressive flicking 
claw does convey a creepy, threatening vibe.  

protrude

Figure 93.  Batch 7, Experiment #46 - Protrude

85.3 x 32.7 x 33.1 mm #47
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Aside from the failed attempt at inflation, the 
overall visual impact of the form is stunning.  The 
long petal stems sway beautifully in the current 
and create diverse movement as a cluster of 
multiples.  The petals also effectively interact 
with bubbles.  Although this design is ambitious, 
it is worth developing.

Aim:  To make design that pops and expands 
open in three distinct stages.
 
Discovery:  Only the top chamber opens before 
splitting occurs in multiple places.  The main 
reason for splitting is the overuse of stiffer digital 
materials that hinder the inversion of each pod.  

triple pop

Figure 94.  Batch 7, Experiment #47 - Triple Pop
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1:  Explore the creative opportunities of multi-material 
3D/4D printing.
 
complex and fragile forms
A combination of hard-surface and organic 
modelling, including the use of parametric design, 
enables complex patterning, biomorphic geometry 
and detailed textures.  This use of software enables 
initial abstract experiments to transform into more 
plant-like designs.
 
digital materials
There is an interesting juxtaposition between the 
solid appearance of the digital models and their 
softer, relaxed 3D printed versions.  This relaxation 
of the object is a response to the limitations of 
the physical environment; weight and gravity, 
temperature and medium (air/water).  The physical 
objects can display an asymmetrical arrangement of 
parts and bending of thin pieces, allowing the objects 
to appear organic before the movement even occurs.  
 
modes of movement Activation
Hydraulic activation can trap air bubbles which 
hinder the reverting motion of the object.  Water is 
heavier than air meaning that hydraulic activation can 
also restrict the speed of the movement.  Pneumatic 
inflation is the preferred method to activate the 4D 
prints.
 

optimal orientation
Laying flat on the platform is the best printing 
orientation for thin leaf-like structures, stems or 
tendrils.  The Connex has a higher resolution in the 
Z-axis which enhances structural quality.
 
material durability
Some forms and details are difficult to achieve due to 
the weaker material integrity of the Tango material.  
Such features include skins with sharp curvature or a 
high shore hardness; anything above S50 has a high 
risk of tearing upon inflation.  The more the object 
deforms and changes from its original position; the 
more likely it is to split.  Weak points occur where 
the material folds back on itself during inversion. 
 
size and cost
Connex 3D prints are notoriously expensive to print 
where the height of an object dramatically impacts 
the cost.  Long flat designs are cheaper to print than 
tall narrow prints.  An awareness of pricing partially 
influences the form and quantity of designs that are 
3D printed.

2:  Demonstrate the qualities of organic movement. 
 
medium affecting performance
Digital materials tend to behave more organically 
when performing in the medium of water, especially 
when the object contains thin or very flexible parts.  
Dry digital materials can become tacky and tangled, 

so the water acts as a lubricant to allow smoother 
movement.  The increased density of water, when 
compared to air, allows the parts to swish/float around 
freely; the movement is not overly restricted by the 
weight of the prints.  This freedom of movement 
also makes it easier to see variation in the speed of 
the motion.  A disadvantage to having the objects 
perform in water is that their transparency diminishes 
over time as the digital materials absorb water. 
 
primary, secondary and tertiary motion
MMP can create organic performances that feature 
primary, secondary and tertiary motion.  These 
various stages offer movement with a multimodal 
composition.  Primary motion relates to the global 
motion of the entire object; secondary motion 
involves the localised movement of parts in response 
to the primary motion; tertiary motion is subtle and 
occurs irregularly, it is dependant on the interaction 
of individual parts caused by the previous stages of 
motion.  The ability to capture primary, secondary 
and tertiary motion adds complexity and visual 
intrigue to the organic performance.
 
visually symmetrical with Asymmetrical movement
Most designs are printed with either bilateral or radial 
symmetry yet demonstrate asymmetrical movement.  
Often this is not controlled through design and 
depends on the natural way the materials behave 
and respond to the laws of the physical world.  
Nevertheless, this offers greater variation in the 

movement which enhances the organic aesthetic of 
the performance.
 
multiple chambers
Movement with a multimodal composition is the 
most challenging to achieve.  Multiple or complex 
chambers have an increased chance of splitting 
during inflation.
 
3.  Be informed by the potential of synthetic biology. 
 
ideation
At the beginning of this chapter, a mind map is 
created to explore how synthetic biological plants 
could adapt to or remedy the effects of climate 
change.  These ideas inform the starting point for 
the design experiments and inspire the types of 
movements that are explored.

revisit speculative function
As the design experimentation phase progresses, 
performance drives the iterations.  The majority 
of design decisions depend on how the design 
performs rather than how it reflects the future of 
synthetic biology.  Prioritising organic performance 
is necessary to align with the aims of this research.  
In the next chapter, the final designs revisit the 
original mind map to craft a narrative surrounding 
their future existence as aquatic plants.

e v A l u A t i o n 
o f  d e s i g n 
e x p e r i m e n t A t i o n

3 . 4

This following discussion evaluates the success of the 
design experimentation phase, measured against the 
first criteria defined in section 2.4.  These evaluations 
include the opportunities and limitations of the 
findings from a technical and aesthetic perspective.
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f i n A l  d e s i g n 
c r i t e r i A

3 . 5

The final set of criteria is informed by the knowledge 
gained during the design experimentation phase and 
features one additional criterion.  The final criteria 
(Figure 95) is used to guide the design application 
phase in Chapter 4.

t h e  f i n A l  d e s i g n s  s h o u l d . . .

1 2 3 4

showcase the creative 
opportunities of multi-material 

3d/4d printing.

embody the qualities of organic 
movement.

demonstrate natural interaction 
with their surroundings.

be contextualised within a 
narrative.

The final prints should utilise 
the ability to print complex and 

fragile forms, exploit digital 
materials and demonstrate 

different styles of pneumatic 
activation. 

The movement of the printed 
objects should display a 

curved shape, variable speed 
and multimodal composition 
to create compelling organic 

performances.

Each plant design should 
produce a compelling interaction 

with either its environment, a 
human being or other 3D printed 

plants.

The type of movement should 
connect to the speculative 

function of each aquatic plant to 
add meaning to the performance.

experimentAtion conclusion
 
The design experimentation phase reveals a range 
of 4D printing techniques for designing organic 
performance by harnessing the qualities of digital 
materials in combination with pneumatic activation 
methods.  While it is possible to create objects that 
display variation in organic movement, there is 

still potential to strengthen their connection to the 
physical world.  In response, the next chapter has 
a greater focus on how the 4D printed objects can 
interact with their environment, humans and other 
3D prints to help ground the objects in reality.  This 
helps highlight the uniqueness and effectiveness of 
CGO and the concept of Tangible Animation.

Figure 95.  Final Design Criteria
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Chapter 4 focuses on applying the 4D printing 
techniques, developed in the previous chapter, to 
create a final series of aquatic plant designs.  The 
series is filmed to showcase how MMP can be used 
to design the organic performance of objects.  These 
performances aim to bring the 4D printed objects to 
life; exploring how physical interaction and natural 
responses can enhance life-like performances.  The 
film is presented to industry experts who offer a 
valued role in evaluating the work.

Figure 96.  Close up of the Feather Nurse

A p p l i c A t i o n

4
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Figure 97.  Collection of final 4D printed plants - Hydrophytes 

Hydrophytes is the name given to the final series of 4D 
printed plants (Figure 97).  It refers to plants that grow 
only in or on water.  The final designs are presented 
through a range of images that illustrate their cross 
section and materials, interaction, grasshopper 
definition and movement sequence.  This is followed 
by final photographs of the plants in coloured light 
where they are also contextualised through a 
futuristic narrative.  The story of their existence has 
evolved after reflecting on the mind map in section 
3.1, and is supported with scientific research. 

h y d r o p h y t e s

d e v e l o p m e n t 
o f  f i n A l 
A q u A t i c  p l A n t s

4 . 1

This section covers the creation of the final series 
of aquatic plant designs, revealing their design 
development and how they are contextualised within 
a futuristic narrative.
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41 x 39.4 x 32.4 mm #48

Figure 98.  Final Plant 1 Figure 99.  Final Plant 1 - Grasshopper definition showing the 
construction of the edge spikes, inner stems and part of the leaf. 

Figure 100.  Final Plant 1 - Movement Sequence
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97.8 x 45.8 x 12.1 mm #49

Figure 101.  Final Plant 2 Figure 102.  Final Plant 2 - Grasshopper definition showing 
the construction of the tube, bristles and stems.

Figure 103.  Final Plant 2 - Movement Sequence
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142.9 x 39.4 x 21.6 mm #50

Figure 104.  Final Plant 3 Figure 105.  Final Plant 3 - Grasshopper definition showing 
the construction of the pod and tendrils.

Figure 106.  Final Plant 3 - Movement Sequence
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71.6 x 40.7 x 24.6 mm #51

Figure 107.  Final Plant 4 Figure 108.  Final Plant 4 - Grasshopper definition showing 
the construction of pod, spiral and spikes.

Figure 109.  Final Plant 4 - Movement Sequence
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82 x 33.2 x 33.6 mm #52

Figure 110.  Final Plant 5 Figure 111.  Final Plant 5 - Grasshopper definition showing 
the construction of the bowls, petal stems and centre bud.

Figure 112.  Final Plant 5 - Movement Sequence
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The future climate features frequent and unpredictable weather 
extremes (Meehl et al., 2000).  The Arrow Pod can rapidly react 
to weather conditions.  It grows in clusters near the surface to 
shelter marine life from the intense elements and provide shade 
for a cooler underwater environment.  The Arrow Pod also 
absorbs carbonic acid to help neutralise ocean PH levels, resulting 
in its vibrant pink colour.

A r r o w  p o d

Figures 113 & 114.  Arrow Pod
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Warm waters impact the prevalence of infectious diseases 
(Karvonen, Rintamäki, Jokela, & Valtonen, 2010)  The bristles of 
the Feather Nurse secrete medicine that brushes onto visiting fish, 
helping strengthen their immune system.  The belly of the Feather 
Nurse is lined with scented lures to attract the fish.  These plants 
grow in pairs so that fish can swim between them, increasing the 
success of medicine transferal.

f e A t h e r  n u r s e

Figures 115 & 116.  Feather Nurse
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Coral are expelling their symbiotic algae which have become 
damaged by excess heat and light, causing their polyps to die off 
(Souter & Lindén, 2000).  The Nomadic Cleaner helps fend off 
harmful algae that can smother coral skeletons.  Clean structures 
ensure that infant coral can settle and regrow when conditions 
stabilise.  The Nomadic Cleaner can latch onto swimming animals 
to travel to different coral colonies.  Its icy barbed tendrils help 
reduce the surrounding water temperature.

Figures 117 & 118.  Nomadic Cleaner

a p p l i C a T i o n
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Invasive species are beginning to enter new territory as oceanic 
areas that were once cold are becoming warmer (Stachowicz, 
Terwin, Whitlatch, & Osman, 2002).  The Imp Root is designed to 
target pest animals that threaten native marine wildlife.  It has 
three poisonous, claw-like appendages that can strike pests.  The 
plant also boasts a long spiral tendril capable of hauling in large 
prey.  The Imp Root has a spiked abdomen to grind and digest its 
meals.

i m p  r o o t

Figures 119 & 120.  Imp Root

a p p l i C a T i o n
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Acidic oceans compromise the health of fish eggs and larvae 
(Pankhurst & Munday, 2011).  The Haven Flower provides a 
chemically stable habitat for fish in the early stages of their life 
cycle.  The flower blooms to invite adult fish to lay eggs and closes 
to offer protection from predators.  The Haven Flower has highly 
sensitive elongated petals and can retract when it detects threats 
or incompatible fish.

h A v e n  f l o w e r

Figures 121 & 122. Haven Flower

a p p l i C a T i o n
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Figures 123. Example of a 4D print ready for filming, 
with its tubing, squeeze bulb and tube clips.

The final film is shot with a 60mm macro lens to 
capture the details of the Hydrophytes.  The plants 
are individually attached to a small hand-held pump, 
for activating their movement, before being arranged 
within a large tank of water (Figure 123).  An LED 
projector is used to shine dynamic coloured light 
onto the objects to set the emotional tone of each 
performance.  Free-standing LED lights on each 
side of the tank add coloured accents and fill in the 
shadows.  The following pages contain still shots 
from the final video to describe the movement in 
context.  This is accompanied by a brief overview of 
the unique qualities that each organic performance 
displays. 

The film is true to life with no effects created in post-
production.  It can be viewed at:
www.vimeo.com/nicolehone/hydrophytes-4d-printing.

f i l m i n g

c r e A t i o n  o f 
f i n A l  f i l m

4 . 2

This section explains the film-making process and 
describes the qualities of the performances created.  
It is accompanied by screenshots from the final film.
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Figures 124. Film Sequence 1

curved shApe vAriAble speed multimodAl composition

The top leaf follows an arced path as it opens, 
and leans to the side.  The leaf itself also bows 

when it pulls away from the surface tension 
of the water.  The inner stems bend as they 
brush against the spiked edge of the pod.

Local:  Slower motion of leaf peeling away from 
water, speed increases slightly when stems 

burst out of the water.  Global:  Each Arrow Pod 
is capable of opening very rapidly. 

The top leaf opens first, then the anther tips 
peek out of the water while the leaf finishes 

opening.  Finally the stamen are fully revealed 
as they rise up and spread out.

environment humAns other 3d prints

Dancing reflections and ripples are created 
as the Arrow Pod breaks the surface tension 
of the water.  When the Pods move rapidly, 

droplets of water flick about.

Interaction with a human hand is possible 
but not necessary to show in the film for 

this particular design due to its interesting 
interaction with the environment and other 3D 

prints.

A tight arrangement of multiple Arrow Pods 
at different orientations allow their leaves to 

collide with each other on occasion.  The Pods 
disturb the water and which causes plants in 

the vicinity to wobble.

Figures 125. Arrow Pod Qualities

1.   Arrow pod

a p p l i C a T i o n
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Figures 126. Film Sequence 2

curved shApe vAriAble speed multimodAl composition

As the Feather Nurse fans open and closed, 
the bristles curve gently in the horizontal 

plane.  The belly displays greatest curvature 
in the middle section when it is inflated.  The 

spine and top stems arch forwards. 

The fanning out motion occurs at a medium 
pace and slows down when fully open to allow 
the belly to swell.  The design snaps back into 
position faster than it opens, causing the entire 

object to waver.

The bristles begin to fan out first near the 
top/middle section.  The belly continues to 
protrude outwards as the top stems arch 

forwards. 

environment humAns other 3d prints

The bristles sag under the weight of the 
mucus-like substance as it oozes down.  

Individual air bubbles are seen to catch on the 
bristles while numerous air bubbles rapidly 

escape from from the smaller Feather Nurse.

A human hand cups the Feather Nurse 
and tickles its belly, brushing past the inner 

medicine pods on each stroke.

The pair of Feather Nurses appear as if they 
are chatting and nodding in response to one 
another.  Their bristles also interact with each 

other, shifting accordingly.

Figures 127. Feather Nurse Qualities

2.  feAther nurse

a p p l i C a T i o n
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Figures 128. Film Sequence 3

curved shApe vAriAble speed multimodAl composition

Large wavering curves are created as the 
tendrils of the Nomadic Cleaner sway back 
and forth.  Some tendrils follow paths with 

tighter curvature when they are obstructed by 
neighbouring tendrils.

Each tendril cluster initially moves with ease 
before it fully flares open in a swift motion.  

Following a similar pattern on return, the tendrils 
lazily recompose themselves then snap back 

into their original positions. 

One cluster of tendrils flares out prior to the 
other side.  Multiple types of movement are 
illustrated through each tendril, some sway 

smoothly, others quiver, twitch and flick.

environment humAns other 3d prints

The chance occurrence of two tendrils 
hooking together is only possible in the 

medium of water, where the tendrils do not 
need to lift their own weight.  Interesting 
patterns are evident in the water as the 

tendrils break the surface tension of the water.

Interaction with a human hand is possible 
but not necessary to show in the film for this 

particular design due to the complexity of 
organic movement that is achieved by the print 

itself.

Having multiple Nomadic Cleaners in close 
proximity allows their tendrils to collide and 

tangle, to create a swarming, slithering effect.

Figures 129. Nomadic Cleaner Qualities

3.  nomAdic cleAner

a p p l i C a T i o n
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Figures 130. Film Sequence 4

curved shApe vAriAble speed multimodAl composition

The spiralled tail wiggles and distorts when 
unravelled.  It recoils and curls along the 

path of the spiral.  The belly of the Imp Root 
undulates and its long claws bend as they 

spring out and push through the water.

The tail recoils rapidly then gradually tightens 
its spiral form.  The claw-like appendages 

are capable of lurching out very quickly.  In 
instances where they emerge slowly, the belly is 

allowed to gradually ripple. 

Interaction with its tail is choreographed to 
trigger the claws to jerk out of their hiding 

spot.  While the claws are spreading out, the 
spiked belly becomes exposed.  Its entire 
body jolts with the force of the movement.

environment humAns other 3d prints

The jerky motion of the Imp Root allows its 
most flexible parts, such as the tail to waver 
back and forth in the water currents.  The 

hand also disrupts the water, causing patterns 
of light to ripple over the surface of the object. 

A human unravels and tugs the tail of one of the 
Imp Roots.  A finger is also seen provoking a 

reaction from the plant by poking its tail.

Although the Imp Roots do not physically 
interact with each other, they do appear 
to trigger each other as they disrupt the 

surrounding water currents.

Figures 131. Imp Root Qualities

4.  imp root

a p p l i C a T i o n
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Figures 132. Film Sequence 5

curved shApe vAriAble speed multimodAl composition

The blooming motion allows the long petals 
and bud stems to curve and flare outwards in 
a radial pattern.  The long petals bend in large 

arcs as they swish through the water.

The first stage of blooming occurs leisurely, 
followed by a brief pause.  The second stage 
of blooming initially happens gradually, before 

a springing-open motion occurs.  The plant 
rapidly retracts into a closed position.

Its movement consists of two distinct stages 
of blooming.  There are also three groups 
of petals that are activated according to 
the pattern of blooming.  Each long petal 
responds slightly differently to the next.

environment humAns other 3d prints

Masses of bubbles rush up through the long 
petals whose shape and position influences 

the flow of the bubbles.  The medium of water 
also enables the petals to partially float and 

sway with the current.

The Haven Flower shivers and changes colour 
when its petals are stroked.  It shrinks back to 
position when its sensitive stamens come into 

contact with the human hand.

An individual Haven Flower produces such 
captivating, dramatic organic movement on its 
own that adding in other prints to interact with 

could distract from its performance.

Figures 133. Haven Flower Qualities

5.  hAven flower

a p p l i C a T i o n
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relevAnce of design reseArch

Gaining an industry perspective on design research 
is valuable in providing a balanced scholarly 
critique of the work.  Industry professionals have an 
intuitive understanding of their specialisation and an 
awareness of the future direction of their discipline.  
In this research, the final film is presented to experts 
within the exhibition and film industry as well as the 
3D printing field, described below.  This feedback 
assists in evaluating both the success and potential 
of the design output of this research and is reflected 
on in the Discussion chapter.

weta workshop
Sir Richard Taylor - Co-Founder and Creative Director

“Weta Workshop is a multi-award winning design 
studio and physical manufacturing facility servicing 
the world’s entertainment and creative industries” 
(Weta Workshop, 2018, para. 1).  The company is 
best known for its outstanding work in The Lord 
of the Rings and The Hobbit film trilogies.  Weta 
Workshop’s artistry also extends into the exhibition 
space with the design of Gallipoli: The scale of 
our war and Bug Lab, both displayed in Te Papa, 
Museum of New Zealand.

stratasys
Ohad Meyuhas - Head of Innovation Labs & CSR 
Operation

Stratasys is a world-leader in the field of 3D 
printing, offering a range of prototyping and digital 
manufacturing solutions for a variety of professions.  
Their PolyJet technology has revolutionised the way 
objects are created with 3D printing; without it, this 
research is not possible. 

(See Appendix for ethics documents)

ApplicAtion conclusion
 
This chapter communicates the final design output 
of the research and states the how each design 
displays a unique organic performance.  The 
following chapter offers a discussion of these 
findings, taking into consideration the feedback 
from the industry professionals.

“Truly staggering Nicole!!! Really superb in every way and an 
incredible advancement from where you were a year ago. My 
heartfelt congratulations to you.  

For many years a tension has existed between the validity of 
physical vs digital effects and much has been debated on the 
matter.  I think your 4D printing research has put this debate 
to rest somewhat as it offers a way to capture the best of both 
worlds. The utilisation of the best of 3D modelling and printing 
technology combined with ‘good old’ practical effects and filming.  
This has created something so ethereal, so beautiful, that it really 
does eclipse both. 

I’m personally super excited to see where this will take us and 
where - under your inspiration and guidance, this new form of art 
can flourish! Wonderful Stuff Nicole.  You are an inspiration to your 
university and an inspiration to our industry intern programme.”

“For many years we have been amazed by the creative use of our 
multilateral PolyJet technology by staff and students at Victoria 
University of Wellington. Nicole Hone’s research takes that to 
another level of beauty, creativity and performance, I’m personally 
very excited to see where it takes us in the future with voxel level 
printing capabilities.” 

sir richArd tAylor
 

Victoria University / Weta Workshop industrial design intern programme

ohAd meyuhAs

Head of Innovation Labs & CSR Operation

w e t A  w o r k s h o p s t r A t A s y s

i n d u s t r y 
p e r s p e c t i v e 
o n  f i n A l  f i l m
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This section aims to gain an industry perspective on 
the final design output.
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This chapter aims to evaluate how the design process 
and output address the original research question.  
This evaluation helps contextualise the research 
within the wider design discipline and related 
industries.  The Discussion chapter also describes the 
limitations and opportunities of the research findings, 
suggesting potential development. 

Figure 134.  Close up of the Arrow Pod

d i s c u s s i o n

5
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1.  Showcase the creative opportunities of multi-
material 3D/4D printing.
 
harnessing digital materials
This research offers an insight into how the spectrum 
of flexible digital materials can be exploited through 
the notion of 4D printing.  Each Hydrophyte includes 
a range of digital materials, forms and thicknesses.  
In some instances, parts with different shore 
hardness values overlap or are integrated.  Variation 
in material properties translates directly into how 
the objects perform.  The compositions of the plants 
are analogous to the anatomy of living organisms, 
allowing the materials to perform organically.  The 
style of movement created through this research 
utilises the material ‘memory’ of digital materials; 
how an object can deform and revert to its original 
position.  Existing precedents are not airtight 
meaning the print relaxes back into its original 
position.  This research suggests that having sealed 
prints offers greater variation in the behaviour of 
each plant.  For example, the Haven Flower relies on 
a closed chamber to be able to perform two stages 
of blooming with varying degrees of speed.   Caution 
must be taken as the designs are not invincible and 
may split if inflated with excessive pressure.  An 
intimate understanding of the limitations of each 
print allows filming to be completed despite these 
vulnerabilities.  Surpassing previous MMP designs 
that focus on single motion, the Hydrophytes 
illustrate a range of organic performances that 

can be created with MMP.  Variation in movement 
is evident throughout the collection and within the 
individual objects.
 
4d printed Aesthetics
Dynamic CGO cannot yet be produced on a large 
scale like animatronics but it does demonstrate that 
MMP can create smoother organic motion.  This is 
made possible by the unique behaviour of digital 
materials, and the freedom to design movement 
without internal mechanical components.  However, 
this style of 4D printing, using pneumatic inflation, 
creates a very specific aesthetic.  All of the designs 
display some type of swelling or expanding motion 
as a direct result of their movement mechanism.  
This risks distracting from the believability of the 
organic performances and can restrict the types 
of characters that can be created with MMP.  
Such physical mechanisms do not need to be 
considered with CGI.  However, the appearance of 
the Hydrophytes are unfamiliar to the audience so 
this 4D printed aesthetic can actually help create a 
new design language that differentiates the plants 
from existing nature and supports their futuristic 
narrative.  In the film, the intriguing movement of 
the Hydrophytes allows the audience to enjoy their 
performance rather than being concerned with how 
the movement is made.
 
2.  Embody the qualities of organic movement.

translating organic qualities
Organic movement is defined as having a curved 
shape, variable speed and multimodal composition, 
as explained in section 2.3.  Form, flexibility and 
part thickness are the main factors that determine 
how these qualities are translated into the designs.  
Long, thin, flexible forms are capable of creating 
exaggerated curved paths of motion that cover many 
directions, as displayed in the Nomadic Cleaner.  
Forms that are wider or thicker tend to create more 
subtle arcs of motion through a single plane, as 
seen in the leaf of the Arrow Pod.  Movement with a 
curved shape supports a fluid transition between the 
dormant and active positions of the 4D print.  Variable 
speed is primarily controlled by the way pressure 
is applied through pneumatic activation, while the 
speed of individual parts depends on flexibility.  For 
example, the Feather Nurse can gradually open, 
linger, then snap shut through the sudden release 
of pressure.  Multimodal composition refers to 
movement that either combines different styles, 
progresses through multiple stages, or is made up 
of many smaller modes of activity.  This concept is 
exemplified by the Haven Flower and its distinct 
two-stage blooming process.  The top chamber is 
smaller with a tighter curvature and requires more 
pressure to inflate.  Alternatively, the Imp Root relies 
on the positioning of its claws on the invertible skin 
to ensure the claws lurch forward before its spiked 
belly undulates.  The ability to create diverse or 
progressive movement allows objects to appear 

e v A l u A t i o n  A g A i n s t  c r i t e r i A

s y n t h e s i s n g 
t h e  r e s e A r c h

5 . 1

This section evaluates the success of the research 
process and design outputs against the final criteria 
developed throughout the course of the thesis.
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sentient, suggesting that different parts of their 
bodies function individually and respond to stimulus.  
Designing movement that features a curved shape, 
variable speed and, most importantly, a multimodal 
composition is key to creating diversity in organic 
performance and supporting the illusion that the 
objects are alive.
 
designer as choreographer
This research proposes the concept of the designer 
embodying the role of designer and choreographer 
simultaneously.  ‘Design’ is used to programme the 
movement in the digital space while ‘choreography’ 
is used to influence how the movement is portrayed 
in the physical environment.  With this understanding, 
4D printed objects can be recognised as ‘actors’ 
that can communicate ideas and emotions to an 
audience.
 
3.  Demonstrate natural interaction with their 
surroundings.
 
environment, humans and other 3d prints
This research discovers that having 3D printed 
objects interact with their surroundings can enhance 
the believability of their organic performance.  In 
the transition zone between air and water, complex 
reflections, translucency, surface tension, ripples 
and water distortion are all elements that must be 
designed in CGI but occur naturally in the physical 
world.  The way the leaf of the Arrow Pod peels 
away from the water’s surface demonstrates a real 
interaction between an object and its environment 
and is therefore convincing.  Interactions involving 
a person’s hand provides a sense of scale and 
allows the 3D prints to be choreographed to react 
to human touch.  When pulling the Imp Root, the 

plant stretches and shudders then recoils, as if the 
person is hurting or aggravating the plant.  Fiery 
colours and sound effects are used to augment its 
aggressive movement and elicit a scary atmosphere.  
Venturing into this realm of confronting emotions 
opens up new territory for MMP, suggesting that the 
technology is versatile.  It could be applied to objects 
of different genres within the exhibition and film 
industry.  The final film also demonstrates the ability 
to choreograph interactions between 3D prints.  The 
personalities of each design emerge through their 
movement and interactions with one another, which 
sometimes reveals surprising characteristics.  The 
Feather Nurses appear to communicate and respond 
to each other in a more playful way than expected.  
The smaller one portrays excitement while the larger 
Feather Nurse seems more cautious.  This research 
demonstrates that authentic and believable organic 
performances can be created by allowing CGO to 
interact with the environment, humans and other 3D 
prints.  With CGI, these types of interactions require 
hours of meticulous design work.  An advantage of 
CGO is that these interactions occur in real time and 
space, saving labour-intensive work while creating 
a convincing life-like performance.  The ability to 
create specific movement within individual parts 
of the object is more difficult with CGO than CGI 
because separate air channels must be created. 
 
dialogue between digital and physical
Designing effective organic performance with MMP 
requires thoughtful navigation between digital and 
physical platforms to utilise the advantages they 
offer.  Each aquatic plant is 3D modelled in the 
digital space, where precise control over the form, 
materiality and detail is allowed.  During this stage, 
theories about its movement are considered and 

Figure 135.  Diagram illustrating the balance of 
control, reflective of the digital and physical spaces.

integrated into the design.  Once the model is 3D 
printed, it conforms to the boundaries of the physical 
world such as gravity and the environmental medium 
(air or water).  While this may seem like a negative 
consequence, this research proposes that these 
limitations can be opportunistic for creating organic 
performances.  In the physical world, serendipitous 
qualities of movement, or slippages, can arise.  It is a 
balance between control in the digital world and loss 
of control, to some degree, in the physical world which 
can help produce unexpected, ‘natural’ behaviour 
(Figure 135).  For example, the sequence and intensity 
of the way the Nomadic Cleaner’s tendrils twitch and 
entangle varies each time the print is inflated.  It is this 
ability to behave ‘naturally’ that creates the illusion of 
an object that possesses intelligence.  This dialogue 
between the digital and physical realms is unique to 
computer-generated objects (CGO) and helps enable 
the qualities of organic movement to manifest in the 
performance of 4D prints.  CGO allows for a more fluid 
transition of the objects between digital and physical 
spaces.  This is relevant for films that are looking to 
expand their cinematic world into immersive physical 
experiences within theme parks.  The digital file can 

serve as both a foundation for computer animation 
and Tangible Animation; or the 3D printed object 
itself can feature in both the film and the theme park.  

4.  Be contextualised within a narrative.
 
connection between movement and concept
Structuring the film around a narrative enhances 
the meaning of the plants’ movements.  In this 
context, ‘narrative’ refers to the suggestion of how 
the plants might function within a future context.  
The Hydrophytes are designed in response to this 
question; What if we could design intelligent plants 
that could adapt to our future climate?  Posing this 
question at the beginning of the film helps establish a 
frame of reference for viewing the work.  The titles and 
brief captions in the film provide an understanding 
of why the plants behave in peculiar ways.  This 
behaviour of the Hydrophytes, when contextualised 
through written descriptions, allows audiences to 
suspend logical thought and imagine the plants as 
real living organisms.  This research indicates that 
using narrative elements to present CGO encourages 
immersion in the performance and world of the filmic 
objects.

dormant position
Deflated

transition
Between Positions

Active position
Inflated

most control leAst control some control
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limitAtions

durability
The most restricting limitation of this research is the 
poor durability of digital materials produced with the 
Connex 350, compared to new materials available 
with overseas machines.  Multiple experiments are 
shown to have split during pneumatic activation.  
Splitting is problematic given that holes prevent full 
inflation meaning that the object cannot perform to 
its full capacity (Figure 136).  A great deal of time is 
spent on problem-solving to reduce splitting which 
partially distracted from the focus on designing 
performance.  However, the Connex 350 provides 
a suitable design tool for the time frame of this 
research.  The machine is located on-site, allowing 
many iterations to be created.  Models are printed 
and returned within two days as opposed to many 
weeks if using the technology overseas.    

cleaning support material
The firm, jelly-like support material that encases 
the Connex prints limits the types of chambers and 
the minimum size of parts.  The chambers must be 
designed in a way that they can be partially cleaned 
and opened before inflation.  An understanding of 
print tolerances and optimal orientation is needed 
to create fragile forms, alongside a meticulous 
cleaning process. 

colour
The Connex 350 does not allow printing with 
coloured materials.  The research addresses this 
through the inclusion of coloured light in the final 
film which helps portray the emotive qualities of the 
objects’ performances.  Even though the research 

focuses on designing movement, the addition of 
physical colour could enhance the believability of 
the object.

endless variation in materiality
The ability to create virtually infinite variation in 
material properties is both an opportunity and a 
limitation.  With so many variables influencing the 
performance, such as flexibility, part thickness, form 
and the arrangement of parts, there is insufficient 
time and funds to test all possibilities.  Therefore, 
each experiment is strategically designed to learn as 
much knowledge as possible to inform subsequent 
iterations.

physical limitations
Pneumatically activated CGO must be attached to 
an air source.  This tubing is effectively disguised in 
the film but may require careful consideration within 
physical exhibition settings.

future reseArch

Agilus and soluble support material
In 2017, Stratasys released a new material known 
as Agilus, used in place of Tango, and new support 
material that can dissolve in a chemical solution.  
The Agilus material is more resistant to tearing and 
has greater elasticity.  These two new features could 
allow 4D printing to create more complex pneumatic 
chambers and forms.  MMP can expand beyond the 
creation of plants into different members of the 
animal kingdom or other fictional characters.    

colour 3d/4d printing
The Stratasys J750 offers a full spectrum of colours 

to combine with digital materials.  However, a 
better connection between MMP technology and 
the software used to apply colour to multi-body 
assemblies is required to ensure realistic colours 
and textures can be printed.  The ability to create 
CGO that appear more life-like through the use of 
colour is a necessary development to support the 
implementation of CGO within the film and exhibition 
industry.  

voxel 4d printing
3D printing with voxels allows materials and colours 
to be defined at the scale of individual particles 
(Figure 137).  Printing software is still in development.  
Applying voxel technology to 4D printing looks 
promising; it opens up the potential to create objects 
with more organic, complex compositions.

incorporating sensors
Designing sensors, either fibre-optic or electronic, 
within the 4D printed plants could enhance the 
illusion of the plants being alive.  This addition is 
particularly valuable within physical settings such as 
museum exhibitions or theme parks.  Sensors allow 
the designs to respond automatically to human 
touch and can enhance the illusion of the plants 
being alive. 

parametric systems
With the creation of a seamless parametric design 
system, beginning to develop in this research, a 
multitude of objects could be efficiently 3D printed 
with variable movement qualities and forms.  
Parametric systems offer the possibility to shift the 
focus beyond individual prints into the creation of 
entire kinetic environments.

l i m i t A t i o n s 
A n d 
o p p o r t u n i t i e s
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This section explains the limitations of the research, 
revealling predominantly technical restrictions.  It 
also highlights opportunities for future research, 
looking at advancements in MMP technology.

Figure 136.  Example of Splitting
Figure 137. Advancements in 3D Printing
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How can multi-material 3D/4D printing be used to design the organic performance of objects 
to advance physical prop making for the exhibition and film industry?

This research and the final series of Hydrophytes 
illustrate a new approach to designing organic 
performance with MMP.  The series embodies 
a diverse range of organic performances made 
possible through the unique properties of digital 
materials and pneumatic activation.  The final film 
shows that CGO offers the tangibility and interactivity 
that is challenging to convey in CGI.  The work 
also demonstrates fluid motion and the ease of 
reproducing variable movement that is difficult to 
achieve with animatronics.  The research bridges 
the gap between the digital and physical worlds for 
the designer and audience alike.  The designer can 
combine the advantages of design in the digital space 
with choreography in the physical environment.  
Here, the objects can perform real interactions with 
their surroundings to create believable, organic 
performances capable of immersing audiences.  With 
Tangible Animation, objects are brought to life on-
screen and in the same world as the audience.  Despite 

the ‘inflatable’ aesthetic created with this style of 4D 
printing, it still appears as if the Hydrophytes are real 
living organisms, responding both physically and 
emotionally to the world around them.  Ultimately, the 
research has attracted the attention of internationally 
renowned companies, including Weta Workshop 
and Stratasys.  They convey enthusiasm towards the 
future development and application of this type of 
4D printing and applaud the film as an outstanding 
visual performance.  Sir Richard Taylor acknowledges 
the value of the research in capturing the best of 
the digital and physical worlds while Ohad Meyuhas 
recognises its potential to evolve with emerging 
voxel technology.  With the designs produced in this 
research, the inadequate durability of materials and 
absence of physical colour prevent the immediate 
implementation of 4D printing.  Nevertheless, this 
research offers a new and exciting perspective on the 
future of designing immersive physical props within 
the exhibition and film industry.

f i n A l  e v A l u A t i o n
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The final conclusion ties together the key concepts 
and findings of the research.

Figure 138.  Interaction with the Imp Root

c o n c l u s i o n
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Figure 139.  Final Collection of Hydrophytes

This research seeks to explore how multi-material 
3D/4D printing can be used to design the organic 
performance of objects to advance the practice of 
physical prop making.  It exists during a time when 
immersive experiences are a major focus within the 
exhibition and film industry, but exciting physical 
encounters tend to lag behind the digital world.  This 
opportunity coincides with the emerging field of 4D 
printing where there is unobtained potential to design 
movement.  In this research, a practice-based iterative 
design process is implemented to develop new 4D 
printing techniques to bring objects to life.  A series 
of futuristic plants (Hydrophytes) are designed, 3D 
printed and filmed to showcase a diverse and unique 
range of organic performances.  These performances 
are contextualised through a futuristic narrative and 
embody emotive qualities.  With 4D printing, the 
designer embraces the roles of both designer and 

choreographer to negotiate between digital and 
physical platforms.  Successful organic performance 
is created through a balance of controlled design 
in the digital space and uncontrolled interaction in 
the physical space, as objects respond naturally to 
the environment, humans and other printed objects.  
The design output showcases the potential for CGO 
to create compelling visuals on-screen and sensory 
interactive encounters in real life.  Experts from 
Weta Workshop and Stratasys 3D Printing endorse 
the research.  These professionals envision the 
application of this research within the exhibition and 
film industry and its development through future voxel 
printing technology.  Tangible Animation presents 
a novel approach to the way dynamic objects are 
designed and experienced, connecting the digital 
and physical worlds for both the designer and the 
audience.
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