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Compared to conventional manufacturing processes, 3D printing has 
proved its capability of building various structures with high accuracy 
and material economy. 4D printing adds the fourth dimension, 
time, to 3D printing technology. Changing through time is a key 
property of products built by 4D printing. This research focused on 
bio-based responsive materials, as a means of initiating change and 
transforming 3D printing to 4D printing.

A number of studies have been done to develop the performance 
of responsive materials or to explore geometric structures for these 
materials in order to configure products that can benefit from this 
transformation. Precedents in medical field show great potential for 
combining bio-based materials with 4D printing in manufacturing 
highly customised products that adapt to the shape, movement and 
physiological requirements of a human body.

This research project was init iated by the development of 
printable and responsive bio-based polymers through the National 
Science Challenge (NSC) Portfolio 5 Spearhead Project “Additive 
manufacturing and 3D or 4D printing of bio-composites”. The 
research is inspired by the adaptability and biocompatibility of the 
medical precedents and explores the possibility of engaging 4D 
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printing in building wearable devices; exemplified by an adaptive 
wrist splint for progressive rehabilitation. This included researching 
wound healing processes and related rehabilitation methods to 
determine the required functionality of the splint and exploring 
relevant biological structures as inspiration for the design geometry.

Working alongside materials scientists, the design was developed 
along two paths. Firstly, using the new experimental polymers 
and testing their responsiveness to configure a printable shape-
shifting layer of the splint that adapts to changes in the wrist during 
the healing process. Secondly, integrating these experiments into 
3D models for an adaptive splint, comprised of three layers, that 
responds to the requirements of progressive rehabilitation.

The research challenges the properties of the new materials and 
the associated printing processes, and more research will need to 
be done to improve both printability and responsive performance. 
However, the design of the splint provides a case study for potential 
applications in the broader field of wearable devices that incorporate 
multiple layers of responsive materials and different geometries that 
can adapt to the needs of a human body.
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4D printing has increased the value of 3D printing by embedding 
predictable changes into products. Momeni, M.Mehdi Hassani.
N, Liu, and Ni (2017) described these changes as “a targeted 
evolution of the 3D printed structure, in terms of shape, property, 
and functionality” (p. 43).

The basis of 4D printing is the responsive property of the printing 
materials. In 4D printing, responsive materials not only function 
as construction material, but also as the agent of change. 
The “actuation, sensing and programmability” involved in the 
predictable changes do not rely on any electronic or mechanical 
components to work, because each fiber of a responsive material 
can work as a tiny integrated functional unit (Tibbits, McKnelly, 
Olguin, Dikovsky, & Hirsch, 2014, p. 540).

The materials science team of the NSC Portfolio 5 Project 
developed a group of bio-based responsive polymers. These 
responsive polymers were the basis of my research which 
studied these new materials and explored their design potential. 
Working alongside the material scientists, I gained knowledge 
of the available materials, collected first-hand experience in 

Introducton

designing, printing and testing these materials, developed a new 
printing approach for paste printing, and improved the quality of 
prototypes printed with new materials.

In addition to the research focused on 4D printing and responsive 
materials, the project also included research on biomimicry and 
progressive rehabilitation. The similarity in the performance of a 
triggered responsive material and a living organism encouraged 
me to study the relationship between biological structures and 
their performances. The result of my research on the various soft 
tissue and skeleton structures of animals provided me with the 
inspiration for the geometric design aspect of my project.

The research on the precedents of a self-assembly stent for use 
inside the human body made by 4D printing motivated me to 
explore the possibility of using responsive material to build a 
wearable splint which could adapt to the physiological change 
that occurs during the healing process. My intent was that by 3D 
printing this adaptive wearable device we could precisely control 
the material distribution and 4D performance for specific needs. 
To conduct a comprehensive study, I selected an injured wrist as 

the body part to design for because of its medium size and its 
complex structure. This structure consists of multiple bones and 
joints and consequently its healing process requires devices for 
rehabilitation to fulfil more complicated tasks.

The most obvious finding to emerge from this study was the 
possibility of incorporating multi-layered responsive materials 
and different geometries for adaption to a human body with 
changing requirements of immobilisation and movement. This 
dynamic aspect was also defined by the notion of incorporating a 
progressive physiotherapy treatment by reducing the stiffness of 
the splint according to the prescription of a therapist. The second 
major finding was that the printability of paste printing could be 
improved considerably by incorporating direct G-code strategies 
resulting in a more precise control of printing paths using a CAD 
programme in combination with the slicing software.
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3D printing:
A manufacturing process, which builds physical three-dimensional 
objects according to digital three-dimensional models by layering 
up strands of material extruded from the nozzle of a printer.

4D printing:
3D printing with responsive materials. This technology integrates 
predictable changes into 3D printed structures.

ABS:
Acrylonitrile butadiene styrene, a thermoplastic polymer.

ADLs:
Activities of daily living

Agilus:
The name of a flexible material used in J750 printing.

Biomimicry:
A way of learning from nature, in terms of form, material, 
construction, process, and function, which is a tool used in design.

Terminology

CAD:
Computer aided design

FDM:
Fused deposition modeling

Flexural modulus:
A mechanical property indicating the ability of a material in 
resisting bending.

G-Code:
A numerical control programming language used to control 
automated machine tools, for example a 3D printer.

Grasshopper:
A visual programming language used in Rhinoceros 3D modeling 
CAD programme.

Hydro swelling:
The expansion of material caused by immersing it in water.

Hyrel 3D:
The brand of the syringe-printer used in my project.

IADLs:
Instrumental activities of daily living

J750:
A 3D printer manufactured by Stratasys, which has the capacity 
to print multiple materials of different flexibility with 0.014mm 
nozzle.

MADE:
Multi-property additive-manufacturing design experiments. 
The name of a research stream at the design school at Victoria 
University of Wellington.

Paste-printing:
A 3D printing process, in which the printing materials keep the 
status of paste before and after printing.

PE:
Polyethylene, a common plastic.

Phase transition:
The change of a material’s status between distinct forms, such as 
gas, liquid and solid.
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PLA:
Polylactic acid, a thermoplastic polymer.

Printing paths:
The paths along which materials are doposited in 3D printing.

Print head collision:
The situation when a nozzle crashes into the printed model.

PROM:
Passive range of motion

PTFE:
Polytetrafluoroethylene, a synthetic polymer

Rapid movement:
The travelling of a nozzle without the deposition of material.

Rhino:
The abbreviation of Rhinoceros, the name of a 3D modeling CAD 
programme.

RhinoSlic3r:
A plugin provided by Slic3r for Rhino. It enables Rhino to convert 
geometric shapes to printing paths in the format of G-Codes and 
to convert G-Codes to the geometric shape composed of printing 
paths.

Skirt:
A period of printing path before printing the target model. It is 
typically used to stabilise the extrusion of paste in paste-printing.

SMPs:
Shape Memory Polymers

SME:
Shape memory effect. The effect that an SMP can return to a 
stored permanent shape after it is deformed to a temporary 
shape.

Slic3r:
The name of a programme, which slices digital 3D models into 
printing paths in the format of G-Code.

Spiral vase mode:

A mode provided by Slic3r, which attempts to convert the 
perimeter of a 3D CAD model to a continuous printing path.

Stl:
A file format of 3D CAD models, which is widely accepted by 3D 
printers as a typical format of inputted data.

Syringe-printer:
A 3D printer, which uses a syringe as the container of materials. 
Typically used in paste-printing.

Traveling paths:
The paths which the nozzle of a printer moves along in 3D printing.

Vero:
The name of a rigid material used in J750 printing.

Young’s modulus:
A mechanical property indicating the stiffness of a solid material.
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1    Methodology
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My research explores the design opportunities of 4D printing 
with bio-based polymers for manufacturing adaptive wearable 
devices. The project was initiated by the development of printable 
responsive bio-based polymers. The controllable responsive 
performances of these new materials are the basis of the design. 
To make my design more grounded, I discussed the potentials of 
using 4D printing in building wearable devices with a wrist splint as 
an exemplar. Biomimicry was used as a tool to inspire the design 
of the geometric structures.

I employed two methodologies in response to the research 
question, which are: research for design and research through 
design (Frankel & Racine, 2010). Research for design (RFD) 
provided me with information in relevant fields and enabled me 
to find design opportunities and inspirations before I started to 
design. Research through design (RTD) allowed me to produce 
valuable ideas and principles from practice, which can be used to 
guide my future practice in pursuit of similar research questions. 
RTD has been applied in the design of the splint, as well as in 
exploring and suggesting the properties of new materials. The 
whole process is shown in the following diagram (Figure 1). Figure 1. Author, Research process

Red: The initial RFD and further RFD required by ongoing design practice
Grey: The RTD initiated by RFD and the RTD informed by by ongoing design practice

23062019 | Methodology chart
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Aim 1: To explore literature and precedents for a 3D printed self-
actuating wearable device, exemplified by a wrist splint

In this phase, I focused on RFD to frame the research problem. 
I conducted qualitative studies of literature and precedents 
(Creswell, 2013, Hanington & Martin, 2012) to develop a necessary 
comprehension of the existing knowledge and techniques, which 
might inform my project.

I established four objectives to achieve Aim 1:

1a) Study relevant research and precedents of 4D printing;

1b) Study the rehabilitation process of an injury and research the 
requirements for the different stages;

1c) Study literature about and precedents of biomimicry;

1d) Study relevant biological structures.

By studying 4D printing and its existing design exemplars, I 
developed an understanding of this new technology, formed an 
overview about the capabilities of 4D printing in terms of material, 
and discovered the potential to benefit wearable designs. Research 

on rehabilitation processes of injuries enabled me to understand 
the requirements for designing a rehabilitation supporting device, 
and discover potential design opportunities for 4D printing. Studies 
on literature about and precedents of biomimicry provided me 
with an in-depth comprehension of biomimicry as a design tool. 
Research on relevant biological structures inspired my geometric 
design. Knowledge obtained in this phase was used to inform my 
design, and vice versa, the development of design informed the 
direction of further research necessary for a better design.

Aim 2: To design and build an adaptive splint, and discuss the 
potential capability of 4D printing in building a wearable device

In this phase, I mainly used RTD in my research. I established five 
objectives to achieve Aim 2:

2a) Explore the properties of the available bio-based polymers and 
determine the design specifications for materials to be used, with 
the support of material science researchers in the NSC project;

2b) Develop a scenario and produce a concept design;

2c) Develop the design with the available new material, and in 
parallel develop the design for full target functions based on the 

scenario to fulfil the requirements of rehabilitation;

2d) Build prototypes with the new material, and in parallel build 
prototypes for target functions based on the scenario;

2e) Experiment on the prototypes built with the new material;

2f) Reflect on the design and the capability of 4D printing and the 
range of potential wearable applications.

To explore the properties of available materials and determine 
my design specifications for the target materials, I continually 
designed and 3D printed informative structures with the new 
bio-based polymers in development. These structures were 
designed either to test the properties (printability, curability, 
responsiveness, etc.) of the materials to inform the following 
round of material development, or to find possible features that 
can realise target performances. Through the design process, this 
research is iterative in cooperation with the ongoing development 
of the bio-based polymers.

As a method of design, developing a scenario is a way for a 
designer to improve the understanding of the target users’ 
requirements to make the design ideas more clear and precise 
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(Hanington & Martin, 2012). I constructed the scenario of using 
the splint according to the research on the rehabilitation process 
of an injury, in combination with the capability of 4D printing.

The following design processes were conducted by applying 
RTD and had a feature of parallel-pathed development. The 
strategy of parallel development was naturally formed during real 
practice because of the advantages and limits brought by the new 
materials. On the one hand, the new materials had customisable 
responsive properties and potentially better qualities in bio-
compatibility and sustainability than the majority of the materials 
that commercial 3D printers could use. On the other hand, the 
new experimental materials under ongoing development had 
lower printability than most commercial materials. Besides, during 
curing of the new materials contraction issues can cause shrinkage, 
distortion cracks. These problems meant it was not feasible to 
build a product with the new materials that could realise all the 
functions before my project was done. So I started to develop 
my design along two paths in parallel for different needs: Along 
one path, I designed 3D CAD models, converted them into codes 
of printing paths and edited the codes for printing with the new 
materials to realise the responsive shape-shifting of the splint. 
I sent the data to the University of Waikato (UoW) for printing 
(where I found the only available paste-printer to print with the 

new materials). Along the other path, I designed 3D CAD models 
for the full target functions based on my scenario. To observe and 
test the functions determined by the geometric structures, such as 
the multi-flexibility and the zip for putting on the splint, I printed 
the prototypes on a J750 3D printer, which could print multiple 
materials with high accuracy.

I conducted experiments on the prototypes built with the new 
materials to test the responsive performances of the designs. 
Observations of the prototypes and reflection on the results of 
experiments were collected to inform the next round of design 
development. This was an iterative procedure, in which “visual 
form” (as manifested in the sketches, CAD models and prototypes) 
was considered to be “a valid form of knowledge” (Swann, 2002, 
p. 52). The procedure continued until the final prototypes were 
achieved. The final prototypes and the result of the experiment 
on the responsive performance show the potential capability 
of an adaptive splint, as well as the possibility of combining 
multiple layers of responsive bio-polymers and different geometric 
structures to build wearable devices to adapt to needs of a human 
body.
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2    Background Research
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2.1    4D Printing and precedents

I developed a growing interest in 3D printing technology in 
2017 when I began to study industrial design. 3D printing is a 
manufacturing process that closely connects computer-aided 
design with products. To me, this process provides high-accuracy 
results faithful to design and, more importantly, redefines 
realisable designs. In the same year, I was offered the scholarship 
by National Science Challenge, to explore the design scope of 
4D printing. Momeni, M.Mehdi Hassani.N, Liu, and Ni (2017) 
described a 4D printing process as “a targeted evolution of the 
3D printed structure” over time triggered by stimuli, “in terms of 
shape, property, and functionality” (p. 43). From my research and 
practice, I gained an insight about the way of designing for 4D 
printing.

Firstly, designing for 4D printing requires more thoughts on 
the selection of materials. Usually in designing for 3D printing, 
materials are an available resource to realise target aesthetic 
qualities or functions, but materials play a more important role in 
4D printing. The “sophisticated multiphysics constitutive behavior” 
(Mao et al., 2016, p. 2) of responsive materials is the basis to 
realise the target change in a 4D printing process. For this reason, 

it is essential to study the responsive property of materials before 
making an initial choice of materials. The selection of materials 
should be guided by the required dynamic performances of the 
design, with consideration of available stimuli in its working 
environment, according to a number of design explorations in 
the medical field (Zarek, Mansour, Shapira, & Cohn, 2017; Miao 
et al., 2017; Hendrikson et al., 2017). In these precedents, the 
response of materials enables the devices to complete shape-
shifting after reaching target positions or adapt their changes to 
the physiological growth of a human body.

Among all responsive polymers used in 4D printing, hydrogels 
and shape memory polymers (SMPs) are usually regarded as two 
main types of polymers in terms of realising the switch “between 
multiple configurations” (Ding et al., 2017, p. 1). Ding et al. (2017) 
described the mechanism behind a hydrogel-based shape-shifting 
as “mismatch strains between the two materials” (p. 1). They 
explained that by integrating a hydrogel, which swells when it is 
immersed in a solvent, with a non-swelling polymer in a structure, 
mismatch strains can be created when the structure is immersed 
in the solvent. Miao et al. (2017) described the mechanism 
behind the shape-shifting behaviour of heat-stimulated SMPs (a 
widely applied type of SMPs) as a recover to a memorised shape 
triggered by heat. They explained that at the first stage a structure 

made of an SMP can be set to a permanent shape by building 
chemical or physical crosslinks while a transition temperature. 
At the next stage, it can be deformed and fixed to a temporary 
shape as is heated above and then cooled down below the 
transition temperature. At the final stage, the structure can return 
to its permanent shape when it is again heated over transition 
temperature. In addition to these two main types of polymers, 
there are other responsive materials that can be triggered by 
other stimuli including light (Kuksenok & Balazs, 2015) through 
other mechanisms including dissolution (Kokkinis, Schaffner, & 
Studart, 2015). 

Secondly, designing for 4D printing requires more thoughts 
about the physical distribution of materials. To be more specific, 
during the design process, it is vital to take the properties of 
selected materials as a factual basis to define the distribution 
of materials to prescribe local performances of a smallest unit 
(e.g. a component of a hinge) and the global performances of a 
whole object. The selection of responsive materials will inform the 
designer of possible structures. For example, by placing hydrogels 
strategically, designers can control a 3D printed structure to do 
complex shape-shifting. Precedents include a linear structure 
that self-assembled into a group of letters (Tibbits, 2014), a flat 
grid that deformed into a double-curvature surface (Raviv et al., 
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2014), flowers that curled up in controlled ways (Sydney Gladman, 
Matsumoto, Nuzzo, Mahadevan, & Lewis, 2016). The first two 
precedents made use of the different degree of expansion 
between a hydrogel and a non-expansion rigid material.

The researchers programmed the direction and the degree of 
bending for each joint by controlling geometry design. The third 
precedent was based on the same principle, but on a micro scale. 
The researchers embedded stiff cellulose fibrils in a soft hydrogel, 
and they achieved “anisotropic swelling behaviour” (Sydney 
Gladman, Matsumoto, Nuzzo, Mahadevan, & Lewis, 2016, p. 412) 
of the hydrogel composite by controlling the alignment of the 
fibrils.
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2.2    Requirements of rehabilitation 
and potential application of 4D printing

4D printing has revealed its capability of producing products 
that adapt to the physiological growth of the human body. This 
capability enables 4D printing to benefit the users from inside the 
human body, as is shown in the medical precedents mentioned 
in the previous section. Considering the applications in other 
fields such as healthcare and sports, I found the adaption of 
the products provided by 4D printing could also benefit from 
outside the human body, for example as a wearable device for 
rehabilitation.

Rehabilitation is a complex process for two reasons. The first 
reason is that various healing tissues change their status over 
different lengths of time. Pitts, Willoughby, and Morgan (2013) 
divided the healing of a wound into three stages: inflammatory, 
proliferation and mature. They provided the healing rates of 
different types of connective tissues: loose ones and dense ones. 
Loose connective tissues such as skin, blood vessels and muscle 
have shorter healing timelines: 1 to 3 days at inflammatory the 
stage, 3 to 10 days at the proliferation stage, and 11 to 21 days at 

the mature stage. Dense connective tissues such as bone, ligament 
and tendon have longer healing timelines: 1 to 4 weeks at the 
inflammatory stage, 4 to 8 weeks at the proliferation stage, and 
8 to 12 weeks at the mature stage. The status of injured tissues 
changes throughout the whole process.

The second and more important reason is  that different 
rehabilitation techniques and methods are required at different 
stages because different changes happen in the tissues. Generally, 
we know that immobilisation is necessary for the rehabilitation of 
an injury, but immobilisation alone is far from sufficient. According 
to the research carried out by Cyr and Ross (1998), immobilisation 
without any control led motion can be harmful.  LaStayo, 
Winters, and Hardy (2003) studied the healing process and the 
management of a fracture. They stated that in the later period 
of an inflammatory stage “controlled mobilization” or “protected 
mobilization” is needed (p. 90), and in the following phases of 
the rehabilitation splint and passive range of motion (PROM) are 
needed for repairing and remodeling the fractured bone. The 
grades of mobilisation in therapy can usually be divided into five 
levels (Rasavong, MPT, COMT, & MBA, 2015; Manske & Rohrberg, 
2016). According to their description, the amplitude, speed and 
oscillation of the mobilisation varied from grade to grade, and the 
amount of the resistance applied onto the healing tissues during 

mobilisation increased from Grade I to Grade V.

Pitts, Willoughby, and Morgan (2013) listed the main tasks in 
different phases of a wound-healing process and summarised 
the appropriate techniques and methods for rehabilitation. For 
example, they provided an overview that:

- In the first phase, the main tasks include controlling edema, 
protecting healing tissues, and reducing pain reflex. Devices are 
used to allow the mobilisation of Grade I and II for patients to 
regain the ability to do Activities of Daily Living (ADL).

- In the second phase, the main task is to strengthen the healing 
tissues. Devices are used to increase and control the load on the 
tissues during the mobilisation of Grade III to prepare the patients 
for Instrumental Activities of Daily Living (IADL) tasks.

- In the last phase, the main task is to further strengthen the 
healing tissues. Devices are used to further increase the variety 
and difficulty of mobilisation to prepare the patients for their 
essential job tasks.

The complex requirements of rehabilitation have inspired me to 
consider building adaptive wearable devices by 4D printing. From 



Pitts, Willoughby, and Morgan’s (2013) summary (Figure 2), we 
can tell that the devices to be used to apply these techniques 
and methods need to perform a variety of functions, including 
immobilisation, protection, and allowing controlled motions. A 
cast or splint for an injured wrist, for example, will usually need to 
fulfill the following needs at different stages:

- To appropriately immobilise a swollen wrist at an early stage;

- To accommodate the normal size of the wrist when the swelling 
decreases;

- Finally to provide certain flexibility in certain areas to allow 
prescribed exercises for consolidation.

Currently, these needs are fulfilled by frequently changing devices. 
These devices cost an amount of time and material to build, and 
frequent change of devices results in repeated visits, which brings 
inconvenience to both the patients and the therapists. Thus this 
research explores the responsive property of bio-based materials 
and the design opportunities of the production of a 4D printed 
splint to improve the above situation. Furthermore, 4D printing 
opens up a new opportunity to build a customised adaptive splint 
that can continuously fulfil various needs at different stages to 
largely improve the experience of patients during rehabilitation.

17 18

2.3    Biomimicry

My project is a design exploration for adaptive wearable devices 
based on new materials and the requirements of rehabilitation. 
Doing this project is very exciting to me because I can improve 
the capability of design and provide functions that benefit the 
experience of users. I am also as fascinated by nature, in terms 
of the subtle performances enabled by biological structures and 
materials, as I am by design. So when I did my project, I took 
biological structures as the inspiration for my design.

People have developed metaphors to compare the manufacturing 
industry with nature. Tavsan and Sonmez (2015, p.2285) described 
nature as “a big factory, where the faults are kept at a minimum, 
choosing the most suitable material of all for the purpose, 
recycling them, and even changing every ingredient as conditions 
impose.” Kennedy (2017) compared evolution in nature with 
practice in design. She argued that because nature preserves only 
the most adaptive organisms, the practice of nature is far more 
advanced in selecting good designs. These opinions might explain 
the reason why humans wish to learn from how nature builds its 
products to inform the design of our products.

One of the most common concepts about learning from nature 
is biomimicry. Kellert, Heerwagen, and Mador (2011, p. 28) 
stated that the term biomimicry means to borrow “designs and 
strategies” from nature. Long before humans could analyse 
nature in a systematic way, we had already started biomimicry. 
Kennedy (2017, p. 51) provided several examples in her paper: 
Leonardo da Vinci (1452–1519) designed flying machines based 
on the structure of birds and bats; Sir Marc Brunel (1769–1849) 
invented an underwater construction based on his observation of 
the naval shipworm, and George de Mestral (1907–1990) invented 
the widely used Velcro based on the structure of a burr, which 
accidentally stuck to his jacket.

Not only does biomimicry have a deep history, but it is also 
predicted to have long-term impacts. In her paper, Kennedy 
(2017) exemplified the impacts with a 2013 Fermanian Business 
& Economic Institute Report commissioned by the San Diego Zoo. 
The report estimated that by 2030, biomimicry could account for 
$425 billion in US GDP and $1.6 trillion in global GDP, and it could 
generate $50 billion savings associated with reduced resource 
depletion and lower carbon dioxide pollution.

Despite the long history of biomimicry and the prediction of its 
promising future, it is hard to say whether learning from nature 

is always a good option in a real project. On the one hand, the 
context and the bio-target of an organic process in nature are 
usually different from the context and the task of human design. 
McNichol (2002) quoted Robert Full’s argument in a presentation 
that the target of evolution was building products which were “just 
good enough” rather than perfect, so what to borrow from nature 
needed to be considered according to the specific task in a real 
project.

On the other hand, even if we have found a strategy in nature that 
is appropriate to be employed to fulfil our design task, the result of 
the project can still vary. This is because the approach of learning 
from nature includes the creativity of humans, which can largely 
influence the results. In architecture field, the term biophilic 
design is used to describe a way to learn from nature, which 
emphasises the importance of cooperating built environment with 
nature (Kellert & Heerwagen, 2011). But Kellert (2011) continued 
to state that the values of biophilic design can greatly vary and 
be affected by human knowledge, experience, choice. We need 
methods to guide the process of learning from nature to achieve 
better outcomes.

Researchers have developed several methods for designers to find 
their paths to learn from nature. Benyus (1997) divided biomimicry 

Figure 2. Functions and goals of devices for various phases of the wound-healing process
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into three levels, from reductive to holistic biomimicry, which are:

- mimicking of natural form;

- mimicking of natural process;

- mimicking of natural systems.

Based on Benyus’ theory, Volstad and Boks (2012) summarised the 
ideas of reductive biomimicry and holistic biomimicry: Reductive 
biomimicry means to borrow “biological technologies” from nature 
without aiming to obtain sustainability (p. 191); in contrast, holistic 
biomimicry considers sustainability as a key target in learning from 
nature. Furthermore, Volstad and Boks (2012) categorised the 
application of reductive biomimicry, into three approaches:

- Approach 1 focuses on materials;

- Approach 2 focuses on structure and mechanics/dynamics;

- Approach 3 focuses on shape.

Likewise, Zari (2007) also divided biomimicry into three levels 
in her research on the biomimetic approaches to architectural 
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design. They are organism level, behaviour level and ecosystem 
level. She explained that the approach at the organism level is to 
mimic a specific organism; the approach at the behaviour level is 
to mimic how an organism behaves or relates to its context; the 
approach at the ecosystem level is to mimic an ecosystem.

Zari’s way of division is similar to Benyus’. However, I believe Zari’s 
strategy is more coherent and informative for two reasons. Firstly, 
the two strategies are the same in the definition of the third level 
mimicry of an ecosystem. But between the first and second levels, 
Benyus separated form from process, while Zari separated a single 
unit from its interaction with its community. After that, Zari kept 
dividing the level of biomimicry according to the level of the object 
to be mimicked. By comparison, Benyus first divides the level of 
biomimicry according to the aspects of the object to be mimicked, 
and then moves on to the level of the object. Secondly, each level 
in Zari’s system includes five aspects (form, material, construction, 
process and function) of the object to be mimicked. This provides 
a wider range of choices and more specific instructions on the 
application of biomimicry at various levels.

I studied biomimicry precedents and categorised the approaches 
applied in these precedents according to Zari’s way of division, as 
is shown in Figure 3.
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Figure 3. Author, Biomimicry approaches applied in the precedents according to Zari’s way of division



Figure 4. Author, Typical skeleton-muscle structures of animals and the mechanics behind movements
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2.4    Biological structures as inspirations 
for my project

The project was designed based on analytical thinking about 
the properties of the available materials as the starting point 
and to fulfil the requirements of rehabilitation as the expected 
functions. Biomimicry was used as a tool to inspire the geometric 
design. Along with the continuing development of materials by 
the material scientists, I was continually updated with discovered 
properties of the new materials. Based on these properties, I 
studied various biological structures as the inspirations for the 
project to deliver the target performances.

At the early stage of material development, I was informed that 
there would be two types of bio-based polymer formulations 
available for my project: one type was rigid, and the other type 
was soft and flexible. At that time it had not been explored how 
they could work in a structure to deliver responsive performances, 
such as shape-shifting. However, the multiple rigidity of the 
available materials reminded me of mammals’ skeleton-muscle 
structures and the functions which these structures enable. The 
relative motion between their hard skeletons and soft muscles 

allows these animals to complete shape-shifting and movements. 
I studied the skeleton-muscle structures of various animal species 
and found a few typical structures. I then drew a diagram (Figure 4) 
to summarise the features of these structures and the mechanics 
behind movements.

As I examined these skeleton-muscle structures, I found that 
animals with rigid skeletons rely on the contraction of muscles 
to realise the shape-shifting of their body parts and the resulting 
movements. The role of rigid skeletons in these movements is 
to locate the muscles and transmit the force generated by the 
muscles. Considering the mechanics behind movements, insects’ 
exoskeletons work similarly to the endoskeletons of mammals. I 
had the idea that I might be able to learn from these biological 
structures to realise the function for my project. For example, 
the shape-shifting function can be used to adapt the splint to an 
injured wrist at different stages. In the beginning, the structure 
can provide a large inner volume for the swollen wrist. Later when 
swelling decreases,  the splint can shift to a shape with a smaller 
inner volume to provide appropriate immobilisation for the 
normal-sized wrist. If the new biopolymers with different levels 
of stiffness have different degrees of thermal expansion or hydro 
swelling, they can be combined in a structure and consequently 
the shape-shifting of the splint can be triggered by heat or 

moisture.

Compared with the systems including rigid skeletons, I observed 
that the systems with hydrostatic skeletons worked differently. 
Kier (2012) stated that the physical basis of hydrostatic skeletons 
is the unchanging volume of muscles, other tissues and fluids. 
He explained that when the contraction of muscles results in the 
decrease of one dimension, the unchanging volume ensures the 
consequent increase of another dimension, which leads to the 
"deformations, movements and changes in stiffness" of these 
animals' bodies (p. 1247). How the contraction of muscles affects 
the change of dimension depends on the alignment of the muscle 
fibres. For example, if we consider the mantle of a squid to be a 
cylindrical elastic container with two layers of muscle walls, we 
can understand the mechanics behind a squid's change of shape 
are based on the activities of its different muscle fibers. The inner 
wall of the elastic container consists of muscle fibers aligned along 
the circumference of the cylinder (circular muscle fibers), and the 
outer wall consists of muscle fibers aligned along the radius (radial 
muscle fibers). As in shown in Detail 11 (Figure 4), the contraction 
of the circular muscle fibers and the relaxation of the radial 
muscle fibers in collaboration bring about the decrease of the 
circumference of the container as well as the inner volume, so the 
water inside the squid's body is squeezed out. Reversely, when the 



squid needs to suck in water, the radial muscle fibers on the outer 
layer contract and the circular muscle fibers on the inner layer are 
relaxed, which results in the increase of the container’s thinner 
volume, as is shown in Detail 12 (Figure 4). The mechanics behind 
the shape-shifting performed by this type of skeleton-muscle 
structure reminded me that it was not only the combination of 
hard and soft materials that could enable shape-shifting. In a 
multi-layer structure, such as the mantle of a squid, according to 
the performances of different muscle fibers, we can see that by 
controlling the geometric design of the components that make up 
each layer, there is a chance to guarantee the deformation of the 
whole structure.

Later I printed with the new experimental materials at the UoW 
during my internship (which is reported in the following section) 
and acquired more first-hand information about the two new 
groups of experimental materials: the rigid cellulose-biopolyesters 
(CBs) and the soft cellulose-biopolyester foams (CBFs). I conducted 
more research on relevant biological structures to inspire my 
design based on the mechanical properties of these materials. I 
compared the Young’s modulus of the new materials, provided 
by Dr John McDonald-Wharry, with that of a few typical materials 
existing in organisms, as is shown in Figure 5.
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Material Young's Modulus (MPa)

Pregnant locust intersegmental membrane 0.2

The new experimental cellulose-biopolyester foams ̴0.3 MPa to 10 MPa

Aorta, pig 0.5

Abductin (bivalve hinge ligament) 4

Cartilage 20

Tendon (mainly collagen) 1,500

The new experimental cellulose-biopolyesters ̴1,800 MPa to 14,000 MPa

Horn, bovid (mainly keratin) 4,000

Wood, dry, with grain (typical) 10,000

Locust apodeme (mainly chitin) 12,000

Bone (large mammal) 18,000

Mollusk shell (nacre) 50,000

Figure 5. Author, Comparison between the new experimental materials and 
some typical natural materials

The data of the experimental materials are from Dr John McDonald-Wharry. 
The data of other materials are  from Vogel (2003)

Young’s modulus indicates the stiffness of a material (Vogel, 2003). 
According to the comparison, I found the stiffness of the most 
rigid material available for my project is similar to that of a locust 
apodeme, a part of a locust’s exoskeleton. They are both semi-stiff 
materials. This discovery triggered my interest in looking into the 
body of a locust, in which semi-stiff materials form the exoskeleton 
supporting the locust ’s weight. Considering the design as a 
wearable device that is expected to be durable and relatively light, 
I especially looked into the structure of a locust’s wing, in which 
the veins hold the thin membrane as a whole in daily movements.

I found an inspiring paper about the structure of insects' wings 
by Dirks and Taylor (2012). According to this paper, the existence 
of veins increases the stiffness of the wing, but the “longitudinal 
veins” (LVs) and “cross veins” (CVs) (p. 2) of a locust wing have 
different forms: the LVs are continuous cylindrical tubes with a 
relatively constant diameter, while the CVs have diverse diameters. 
The different forms of the veins are shown in Figure 6.

Dirks and Taylor (2012) stated that the typical structure of these 
CVs increased the flexibility of the wing of a locust when the wing 
was bent. This structure inspired me to think about the geometric 
structure of the reinforcing parts in my wrist splint.
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Figure 6. Author, Two types of vein forms on a locust wing
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3    Exploration of the New Materials
and

Determination of the Material Specifications for the Project



Figure 7. Author, Exploration of new experimental materials

Shrinkage, distortion, blistering caused by water occurred in the models printed with the new foam materials, as is shown in Figure 7(a-1) to 7(d-2). Systematic tests were done to study the mechanical properties of the foam materials printed 
in a lattice structure, as is shown in Figure 7(e-1) to 7(e-7). Initiating the printing of a new material required several rounds of test printing to optimise the extruding speed and the travelling speed of the nozzle, because of the unknown 
viscosity, as is shown in Figure 7(f-1) and 7(f-2). Figure 7(g-1) to (i-5) show the exploration of the vase mode in printing with the rigid material. The quality of prints largely depends on the extruding speed and the travelling speed of the 
nozzle, as is shown in Figure 7(j) and (k). Figure 7(l-1) to (o) show the printing test of more complex structures, including an early design of the splint, with different materials based on the previous printing. Figure 7(p) and (q) shows the best 

print and the expected model, which was achieved after unexpected extrusions inside the model were cut off.
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In essence, printing can now become a Materials Science chamber where the designer is able to customize the deposition of 
materials, anisotropic behaviors and active sensing based on the surrounding environment.

( Tibbits, McKnelly, Olguin, Dikovsky, and Hirsch, 2014, p. 540)

4D printing and Material Science inspire each other. New responsive 
materials have brought fundamental challenges to the 4D printing 
processes to achieve high-quality prints, but they have also greatly 
enhanced the chance to realise unconventional functions.

The Science for Technological Innovation challenge, as one of New 
Zealand's National Science Challenges (NSCs), is hosted by Callaghan 
Innovation, and funded by the Ministry of Business, Innovation and 
Employment. The Challenge is divided into five portfolios. My work is 
a part of Portfolio 5 Spearhead projects, “Additive manufacturing and 
3D and/or 4D printing of bio-composites”. To fulfil the requirements 
of the project, the development team includes members from 
various organisations, including SCION, Auckland University of 
Technology, Massey University, Victoria University of Wellington, 
University of Auckland, AgResearch, UoW and GNS. These material 
scientists, engineers and designers are cooperating to develop new 
responsive bio-based materials and explore the design scope of 

3D/4D printing with these materials.

At an early stage of my project, I did an internship at the UoW to 
collaborate directly with the material scientist, Dr John McDonald-
Wharry, in a lab setting and learn knowledge about the available 
materials. More importantly, as a designer, working on the site 
enabled me to collect a large amount of first-hand experience 
in designing, printing and testing these materials. Based on the 
knowledge and experience I gained from the actual practice at the 
UoW, I returned to the design studio and developed my designs. As 
I gradually framed my design concepts, I was able to provide the 
material scientist with revised requirements and expectations of the 
properties for the new materials. I then spent a substantial amount 
of time improving the printability of the new materials and the 
quality of the prototypes, as which will be explained in this and the 
following chapters. 



Figure 8. Author, Study on the printability of the new materials

Figure 8(a-1) to (b-2) show the collapse of prints during printing. Figure 8(c-1) to (c-3) show the different effects of printing resulted from different extruding speed. Figure 8(d-1) to (d-3) show the different effects of printing resulted from 
different travelling speed. Figure 8(e-1) to (e-3) show a model printed by a full syringe of material (about 55 ml).

a-1 a-2 b-1

d-1 d-2 d-3 e-1 e-2 e-3

c-1 c-2 c-3b-2
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3.1    The properties and performances 
of the available materials

3.1.1    Printability

Momeni, M.Mehdi Hassani.N, Liu, and Ni (2017) stated that 
there are two requirements for the materials used in 4D printing: 
intelligence and printability. If we consider responsiveness as a 
key factor that determines the functions of the final product, 
printability affects the outcome at a much earlier stage. As printing 
is a core process of 4D manufacture, the printability of a material 
determines whether and how well the material can be employed. 
The printing process that suits a material is decided by the 
properties of the material, such as the synthesis process and the 
phase transition of the material. The printing quality of a material 
is decided by how well the printing process suits the material and 
the compatibility of the material with current printing technology.

Most commercial printers, such as the fused deposition modeling 
(FDM) printer and the Connex printer, usually combine their 
printing processes with curing to achieve solidified prints after 
printing. Curing is a process applied to materials in order to change 

their state or properties to reach a relatively stable status. This can 
be realised by changing their inner structures, for example, using 
chemical or physical crosslinks to set a permanent shape of heat-
stimulated SMPs (Miao et al., 2017). Different from the printing 
process of the FDM printer and the Connex printer, the printing 
process used by the bio-based polymers in this project is paste-
printing (Figure 7). The materials are deposited through a nozzle 
onto a platform, in a similar way to decorating a cake with whipped 
cream. Curing is carried out in an oven after printing. All the 
research on paste-printing in my project is based on this printing 
process and the paste printer at the UoW. That is to say, during 
printing, no external intervention, such as heat and light, is applied 
to solidify the extrusion material. In this case, the prints are soft. 
This largely influenced the design of the geometric structures of 
the models, because the deposited structures need to be stable 
enough to support themselves until they are sent for curing. This 
means the models cannot be too thin or too high (Figure 8), or 
have an excessive overhang, and often the movements of the build 
platform need to be slowed down to avoid collapse due to shaking.

Moreover, the new materials are shear thinning materials, such 
as whipped cream and ketchup. The materials are relatively thick 
when they are kept still. During printing, the shear created by the 
plunger of the syringe will make the materials thin and flowing. 

The materials will regain thickness after being deposited. The 
complex behaviour of the materials increases the difficulty in 
controlling the start and stop of extrusion in an instant way during 
printing.

These problems we faced in printing were also encountered by 
other researchers working with other materials such as ceramics, 
clay and biomedical gels. Lewis, Smay, Stuecker, and Cesarano 
(2006) stated in their paper that during the deposition of ceramic 
materials, it was undesirable to interrupt the flow of the material. 
For this reason, they believed it was very useful to avoid start-stop 
occasions during the process.

To improve the printability of these new materials, I improved 
the design approach for paste-printing. I started from printing 
with stl models and ended by printing with G-Codes. Using 
G-Code for printing allows various extrusion rates and speeds of 
nozzle travelling throughout the printing of one model, and thus 
achieving a more accurate control of the amount of extrusion. 
More importantly, using G-Code allows reducing rapid movement 
to the minimum, thus enhancing the quality of printing.

Printing with stl models created with CAD programmes is a widely 
used approach. Usually when inputting an stl model, the software 



used by the 3D printer will automatically slice the stl model to 
connected layers and convert these layers into a printing path. The 
printing path is then coded to guide the operation of the printer. In 
practice though, I found the automatic slicing was not satisfactory 
for our printing, because of the leaking of paste. As is mentioned, 
our new materials were thinner during the printing process than 
kept still. When the syringe stopped to create shear, the materials 
farthest from the plunger, that is to say, near the nozzle, were still 
at the thin and flowing status because of their inertia. So it was 
not possible to stop extrusion instantly. For the same reason, it 
was not possible to start extrusion instantly either. In conclusion, 
stopping and restarting printing would result in over extrusion and 
delayed extrusion.

Therefore, I explored and analysed different printing techniques to 
develop more suitable methods and techniques for paste-printing. 
The processes are shown in the following chapter.

Other situations to consider in designing with the new materials 
include the accuracy of printing, the capacity of the syringe, the 
influences of the extruding speed and the traveling speed (Figure 
8).

The thickness of the extrusion used in this project is about 1.4mm, 
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which is mainly defined by the diameter of the nozzle. The reason 
why I selected this nozzle is that according to the experience 
provided by Dr John McDonald-Wharry, the material is more 
likely to block a thinner nozzle. The thickness of extrusion is also 
affected by the extruding speed and the traveling speed. The 
thickness can be reduced by decreasing the extruding speed or 
increasing the travelling speed.

Our printer uses a 60 ml syringe (Figure 8), a limited volume of 
print material, in comparison to an FDM printer that uses a roll 
of solid filament, which is heated above its melting point for 
extrusion and is cooled down to become solid. A standard 1kg roll 
of filament for FDM printing can support the printing of an 800ml 
model (PLA) or a 960ml model (ABS). In comparison, the maximum 
volume of a syringe that our printer can hold is about 55ml, 
slightly larger than half of an average sized apple. Theoretically, we 
can pause the printing to replace the used up syringe with a full 
one and continue the process, but printing with multiple syringes 
of material(s) requires some optimisation in printing process to 
acquire models with good quality. This optimised process for 
printing with two syringes of two different materials is shown in 
the following chapter.
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3.1.2    Responsiveness

-    Shape-memory triggered by heat

I tested the shape-memory performance of the circular corrugated 
segment printed with a rigid experimental, Formulation QX3. 
Figure 9 shows a dynamic process of shape-shifting. The image 
was produced by overlapping four shots from the video that 
recorded the shape-shifting process triggered by heat from a hair 
dryer.

The prototype was 3D printed and cured in an oven at 105 degrees 
centigrade for 48 hours as a permanent shape. Then it was heated 
up to over 80 degrees centigrade, deformed into a temporary 
shape and cooled down to lock the shape. During the experiment, 
the prototype was heated up to about a hundred degrees 
centigrade to fully return to its permanent shape.

This experiment shows that the shape-memory of the material 
can be used to realise shape-shifting and thus the change of inner 
volume for the splint to adapt to the decrease of swelling. The 
problem is the current working temperature of this material is too 
high for human skin.

-    Decrease of anti-bending stiffness triggered by water

Our material development team tested the flexural modulus of a rigid experimental material, Formulation H. The result shows the material 
progressively loses the ability to resist bending with repeated water immersions over a time frame (Figure 10).

Figure 9. Author, Shape-shifting Figure 10. Author, Decrease of stiffness
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-    Hydro swelling

I printed a collection of linear segments and several circular 
segments to study the hydro swelling behaviour of two foam 
materials. More importantly, I expected to see whether the hydro 
swelling behaviour of the materials in cooperation with the multi-
layered structure can provide a predictable change of inner 
volume for a circular model.

I compared the dimensions of the prototypes at three different 
statuses: oven dry, air dry and wet. In the first round of tests, 
the prototypes were immersed in water for about 15 minutes. 
Then I found the inner volume change of the circular segments 
was not obvious to observe (Figure 11), and the size change of 
the linear segments was even harder to see. Besides, I found the 
experimental foam material which was used to print the linear 
segments was relatively strong when both dry and wet, while 
the material used to print the circular segments could be easily 
damaged when wet. I redid the test on the linear segments to 
obtain more accurate data.

In the second round of tests, the linear segments were immersed 
in water for 24 hours to perform thorough hydro swelling. 
I  documented the dimensions and calculated the average 

Figure 11. Author, First round of research on hydro swelling
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proportion of hydro swelling, as is shown in Figure 12.
In conclusion, the experimental foam materials have a certain level 
of hydro swelling, but currently the combination of the materials 
and the multi-layered structure cannot enable an obvious inner 
volume change for a circular model.

Figure 12. Author, Second round of research on hydro swelling
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3.1.3    Shrinkage, collapse, blistering caused by water 
and cracks

In addition to the printability and the responsiveness, which 
are directly relevant to 4D printing technology, four important 
propert ies  of  the new mater ia ls  need to  be taken into 
consideration. These properties affect the models during curing.

For our materials, curing is an essential process after printing. 
The target of curing is to solidify the prints to complete the 
manufacture of a 3D structure. The phase of our materials 
changes during curing, because synthesis reactions happen in the 
ingredients. In these chemical reactions, the ingredients cross-
link and produce water. The curing process for our materials is 
stimulated by heat. After printing, the models are kept in an oven 
at 105 degrees centigrade for 48 hours for the ingredients to fully 
cross-link with each other and for the water in the paste to be fully 
vapourised. Depending on the specific ingredients in a paste and 
the amount of paste is used, the curing processes could be further 
optimised.

- Shrinkage

Models shrink after curing (Figure 13a), mainly because when 

water is vapourised and leaves the models, the volume of the 
material decreases. The shrinkage does not only affect the 
dimensions of a model. We observed anisotropic shrinkage. In 
other words, the degrees of shrinkage along different directions 
are different. Anisotropic shrinkage affects the shape of a model. 
The degrees of shrinkage along relevant directions should be 
considered in making a CAD model, so that after curing the model 
can precisely match the target design. But because the degree of 
shrinkage is largely determined by the amount of water that leaves 
during curing, the formulation of a material affects the degree of 
shrinkage. Because at the early stage of material development, the 
formulation was continuously changed to acquire better strength 
and better printability of the materials, more research was done to 
measure the degrees of shrinkage of the selected material along 
various directions at a later stage. The measurement was taken as 
the basis to rectify the CAD models and to optimise the process of 
building prototypes, as is shown in the following chapter.

- Collapse

Another property that affects the shape of the models is a 
tendency towards collapse. Collapse happened to some of 
my models in the first several hours after sent into the oven, 
possibly because the heat in the oven makes the paste more fluid 

before the ingredients start to cross-link. Unlike shrinkage, the 
influence of which can possibly be rectified, the harm of collapse 
is unrectifiable. I observed that whether a model will collapse will 
happen largely depends on the shape of it. Firstly, a leaning wall 
is more easily to collapse than a vertical wall. Secondly, a higher 
model is more easily to collapse (Figure 13b). Thirdly, a model in 
which its weight is distributed unevenly is more easily to collapse. 
These must be taken into consideration in design to avoid the 
damage of a model.

- Blistering caused by water

Another tendency that will harm a model is blistering caused 
by water. As is mentioned, the water in a model will all be 
vapourised and leave the model in curing. The amount of water 
in the model depends on the formulation of the material, which 
could be reduced, but it was not possible to avoid water from 
generating based on the principle of the current applied cross-link 
reactions. In this case, if a model does not include enough voids as 
appropriate paths for the water steam inside the model to leave, 
the water steam will make its own way by breaking the model 
(Figure 13c). Generally, the larger a model is, the more voids it 
should include to avoid the damage from the blistering of water. 
Besides, closed voids will not be useful, because steam needs a 

36

continuous way towards out of the model. This limits the variety 
of structures that can be built with these materials.
- Cracks

The occurrence of cracks in models is closely related to the 
formulation of the material. It might be the result of uneven 
shrinkage. It happened more frequently in larger models and on 
thin walls (Figure 13d).

Figure 13. Author, Shrinkage, collapse, blistering caused by water and cracks
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Figure 14. Author, Summary of design possibilities based on one material and request on the specifications of the 
material

Figure 15. Author, Summary of design possibilities based on dual material and request on the specifications of the 
materials

M1: Material 1, M2: Material 2
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3.2    Determination of the material 
specifications for the project

3.2.1    Request on the specifications of materials

Based on the acquired information about the properties of the 
new materials and the target functions of the splint, I looked into 
the possibilities of realising my design and listed them in Figure 14 
and 15. In each table, I included the request on the specifications 
of the materials for each possibility. I sent the tables to Dr John 
McDonald-Wharry for him to estimate whether the new materials 
had the potential to fulfil the requirements.

Although at that stage the simultaneously ongoing progresses of 
both material development and design exploration resulted in 
significant uncertainty, these two tables helped me to summarise 
the possible directions for further design. The tables also provided 
a basis for Dr John McDonald-Wharry and me to have a clearer 
communication on the specification of materials and for him 
to offer me a comprehensive assessment on the requested 
performances of the materials.
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3.2.2    Feedback from the material scientist

Based on the previous tables (Figure 14 and 15), I received Dr 
John McDonald-Wharry's feedback on each item. Based on his 
feedback:

i) Can also use shape memory effect (SME)

ii) Has a certain level of feasibility

iii) Would need to work on the alignment of the strands

iv) Has a relatively high feasibility

v) Can also use moisture or heat to trigger SME

vi) Shape memory non-foam has a relatively high feasibility

vii) Several mechanisms can be tested

viii) The speed of change can be further optimised according to 
needs
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3.2.3    Discussion and reflection

After rounds of discussion with Dr John McDonald-Wharry based 
on the properties of the materials and the requirements of 
rehabilitation, I formed my decision on the specifications of the 
materials. I then selected two out of four performances provided 
by the available responsive materials for my project (Figure 16).

I decided to employ the SME of the rigid material in the middle 
layer to enable shape-shifting for the splint’s change of inner 
volume. The effect of water plasticisation was selected to be 
employed in both the middle layer and the outer layer to provide 
the splint with the immobilisation and the extra reinforcement 
which both weaken through time.

Theoretically, we could use the same rigid material for both 
middle and outer layers as long as the material has both of these 
two effects: shape memory and water plasticisation. The shape 
memory effect can easily be turned off if the material is not 
deformed to a different temporary shape after it is cured into a 
permanent shape.

Figure 16. Author, Determined responsive performances of the new materials potentially available for the project and the specific application in the structure
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4    Exploration of Design
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Figure 17. Author, Scenario
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4.1    The scenario and concept design

Figure 17 shows the scenario of using the adaptive wrist splint 
responding to the requirements of a rehabilitation process:

- In the first phase, the splint will provide the swollen wrist with an 
extra inner volume for appropriate immobilisation and then adapt 
to the wrist’s normal size when swelling decreases;

- In the second phase, the splint will provide appropriate flexibility 
in certain areas for light exercises in accordance with a prescribed 
physiotherapy regime;

- In the third phase, the splint will provide more flexibility in 
certain areas for advanced exercises again, in accordance with a 
prescribed physiotherapy regime.

Based on my research, I selected inner volume and flexibility to be 
the two key factors to determine the performance of the adaptive 
splint. Through the whole healing process, the required inner 
volume decreases in the first several days or a couple of weeks, 
and the required flexibility increases over a longer time when the 
wrist is healed enough for controlled movements. 4D printing 

techniques makes it possible to build an adaptive splint to meet 
the requirements of different phases by integrating the responsive 
performances into the splint. The responsive performances include 
shape-shifting and the decrease of stiffness.
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Figure 18. Author, Customised manufacture procedure
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As is shown in Figure 18, I designed the procedure of building 
the customised adaptive splint, which includes three steps. The 
first step is to examine the injury and plan the rehabilitation 
programme, including defining the time frame and the areas 
that will require flexibility for exercises. The second step is to 
3D scan the swollen wrist for basic dimensions and 3D scan the 
opposite wrist to establish the likely normal dimensions of the un-
swollen wrist, to make the customised splint. The last step is to 
design and 4D print the splint according to the scan data and the 
rehabilitation programme prescribed by the therapist.
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Figure 19. Author, Design inspired by the skeleton-muscle structure of a squid

Figure 20. Author, Flat models based on the cross-section of the splint
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Figure 21. Author, Abstract models and photos of test printing
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4.2    Design development with the new 
materials for responsive performance

4.2.1    Design of the geometric structures

The geometric structure of the adaptive splint was first inspired by 
the skeleton-muscle structure of a squid's mantle. A squid's mantle 
is a key part of its body, the shape-shifting of which results in the 
change its inner volume and consequently enables the locomotion 
of the squid. According to my research, the shape-shifting 
behaviour is based on the multi-layered structure composed of 
muscle fibers aligned in different ways. I was inspired to design 
a similar structure for the splint to realise the change of its inner 
volume (Figure 19).

The major difference is that the behaviour of a squid’s mantle 
is an active activity, while the performance of the splint needs 
to be activated by external forces or conditions. Generally, 
materials expand when they are heated, and many materials 
swell when they are hydrated. So heat and water can both be 
used as the stimulus to activate the shape-shifting. As is shown in 
Figure 22, expansion and swelling can be used to create shape-

shifting by combining two layers with the same structure made 
of two different materials, or combining two layers with different 
structures made of the same material. So I developed a design 
including three layers with the potential to behave differently 
when triggered by heat or water. These three layers either perform 
using different structures or perform through different material 
formulations.

The above design ideas were developed before I started my 
internship at the UoW. At that time I received the information that 
the maximum height of paste-printing was about 15mm and the 
height decreased after curing. Thus I decided to build some short 
segments (flat models) based on the design of the full splint to test 
the performance of the structure (Figure 20). To avoid consuming 
a large amount of experimental material, I then simplified the 
contour of the segments and developed some abstract models 
with only the key features kept. These abstract models were 
printed during my internship (Figure 21).

After I did my internship, I acquired more information about the 
properties of the new materials. As is mentioned in the previous 
chapter, I found the effect of hydro swelling of a single material 
amplified by the multi-layered structure was not good enough to 
realise the change of inner volume for the adaptive splint. After 

several rounds of discussion with Dr John McDonald-Wharry, I 
decided to make use of the shape memory property of the rigid 
material for the change of inner volume.

I designed a corrugated structure based on the scan of my left 
wrist and cut it to the printable height. In Plan 1.0 (Figure 23), 
I set the average height of segments at about 30mm according 
to previous printing experience. Dr John McDonald-Wharry 
successfully printed the first segment with the height of 32mm, 
but it collapsed soon after printing. Therefore I reduced the height 
of all the models.

After that, according to Dr John McDonald-Wharry's observation 
and suggestion, I made the corrugation square to gain more ability 
of shape-shifting (Figure 27).

stimulate

stimulate

Figure 22. Author, Shape-shifting created by using the expansion or 
swelling of material
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Anti-contraction PLA model for curing (according to the scan of my left 
wrist): adapt the print onto it after 24 hrs of curing and finish curing for 
48 hrs

PLA model for programming (offset based on the scan to mimic a swollen 
wrist): adapt the heated/moist print onto it and cool the print down/dry 
the print)
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Figure 23. Author, Plan 1.0
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Figure 25. Author, Shrinkage in the horizontal direction

Figure 24. Author, Shrinkage in the vertical direction

Based on the photos taken by Dr John McDonald-Wharry

Based on the photos taken by Dr John McDonald-Wharry

As is shown in Figure 24, after cured for 18 hours, the prototypes 
shrank by about 19% in the Z direction, compared to just after 
printing. The shrinkage in the horizontal direction was different in 
different layers. The top layer shrank 11% more than the bottom 
layer.

Measurements were taken in the horizontal direction as well, as is 
shown in Figure 25:

a = 6.8 cm, b = 5.2 cm, c = 6.9 cm, d = 5.9 cm

a' = 6.5 cm, b' = 5.1 cm, c' = 6.5 cm, d' = 5.6 cm

According to the calculation, the average shrinkage along the 
horizontal directions is 4%.

JUST PRINTED

1.6cm
1cm

CURED FOR 18 HOURS

1.3cm 1cm

6.6cm

5.9cm

2cm

      a   b      a'

2cm

   b'

2cm

  d'
       c'

2cm

   d
      c

JUST PRINTED

TOP

BOTTOM

CURED FOR 18 HOURS



51

The prototype was cured around the mould for normal-sized wrist After cured to its permanent shape, the prototype was softened and 
deformed around a larger mould to gain a temporary shape

Compared with the normal-sized wrist, the inner volume of the temporary 
shape is larger

Figure 26. Dr John McDonald-Wharry, Programming of the prototype

THE PROTOTYPE AT ITS PERMANENT SHAPE PROGRAMMING TEMPORARY SHAPE (FOR A SWOLLEN WRIST)
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Figure 27. Author, Plan 1.1

After that, according to Dr John McDonald-Wharry's suggestion based on his observation of the prototypes' shape-shifting behaviour, I made the corrugation square to 
gain more ability of shape-shifting (Figure 27).
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Figure 28. Author, Paste-printing an early design of the splint using the vase mode
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4.2.2    Design of the printing paths

The initial models designed for paste-printing are a collection of 
three-layered walls inspired by a squid’s multi-layered mantle. 
Anyone of these walls has simple inner and outer layers (which are 
both continuous lines) and a middle layer with a certain pattern. 
Compared to the solid inner and outer layers, the middle layer 
has a loose alignment of material and thus a pattern of voids. As 
the alignment of muscle fibers in a squid’s mantle can determine 
the way of its shape-shifting, I expected to compare the walls with 
different-patterned middle layer to observe different degrees of 
shape-shifting. So the plan was to start from building linear walls 
and then adapt them to a circular shape to check the change of 
the inner volume led by their shape-shifting. The change of inner 
volume will be a key function of the adaptive splint.

When I started my internship in the UoW, I found that I needed to 
improve the quality and capability of paste-printing by adjusting 
the printing paths produced from my design to enable correct 
printing of relatively complex structures, such as the multi-layered 
walls mentioned above.

The first problem I tried to tackle was the extra deposit of 
material. The Hyrel 3D programme of our syringe printer embeds 

the functional components of Slic3r to convert stl models to 
printing paths. Besides printing paths, along which the nozzle 
of the printer is commanded to extrude material for building 
the model, there are extra travelling paths for completing the 
printing process. Extra travelling paths appear when the printer is 
commanded to print a model including separate parts or a group 
of G-Codes including separate printing paths. That is to say, the 
printer is commanded to deposit separate material strands, and 
consequently the nozzle needs to travel from one deposition area 
to the next to continue printing. Ideally, the printer can control the 
instant extrusion of material according to the inputted G-Codes. As 
long as the G-Codes commands the printer to stop extruding while 
travelling to the next target deposit position, there will not be any 
material extruded along the extra travelling paths. But the fluidity 
of the material we used caused a different result. The inertia of 
the paste prevented the nozzle from stopping extruding. The leak 
of the paste between the separate parts of the useful print is 
difficult to remove after printing because all the extrusions are as 
vulnerable as piles of whipped cream on a cake. More importantly, 
the unexpected extrusions are usually woven into the useful 
parts, which means it is not possible to pick them out even when 
the prints become solid after curing. The leak of paste largely 
decreases the quality of prints.

Slic3r provides a spiral vase mode, which automatically attempts 
to convert the perimeter of a model to a continuous printing path. 
The vase mode especially benefits the printing of a model in the 
shape of an open container. Such a model will be easily converted 
into a continuous spiral printing path, excluding extra travelling 
paths. In other words, the vase mode can largely improve printing 
quality, but it typically suits models without infill. Any inner 
structure will normally be converted to printing paths without 
avoiding producing extra travelling paths (Figure 28). That is to 
say, the vase mode can only increase the quality of prints for a 
narrow range of inputted models, in terms of geometric structure. 
I decided to look into the potential of using the mode because it 
provides a great chance to enhance the quality of the prints by 
omitting the deposit of unexpected material brought about by the 
leak of paste.

Theoretically, as long as the inner structure of a model could be 
recognised by Slic3r as a part of the perimeter, the whole model 
would be printed without an unexpected deposit of material. As is 
shown in Figure 29, when I cut a tiny gap on a circular perimeter 
and connected these two ends with the inner structure, I could 
make the inner structure as an extended part of the original 
perimeter. Besides, because a material strand had a certain 
thickness, the gap on the perimeter could be filled in the print as 
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Figure 29. Author, Study on the geometric structures that can be printed without unexpected extrusion by using the vase mode

?

a real closed perimeter when the material on two sides of the gap 
was deposited close enough. So I redesigned my multi-layered 
structures as the 3D models that can be recognised by Slic3r as 
hollow shapes with irregular perimeters.

After practicing on this strategy, I found it was feasible in realising 
some designs without any big changes, but some designs could 
not be realised unless some key features, such as main dimensions 
and shapes, were changed. Besides, this strategy was not very 
effective, because I did not have full control of the calculation 
which the vase mode automatically employed to convert a stl 
model to printing paths. The stl models were designed based on 
my understanding of the vase mode and my prediction of the 
outcome, but the actual outcomes still included some unexpected 
extrusion when the inputted models were relatively complex, 
which are shown as red lines in Figure 32.

Therefore I started to consider how to have better control of the 
printing paths for my designs. The most direct way to fully control 
printing paths is to control the values of coordinates in G-Codes. 
These coordinates determine the positions of the points that the 
printing paths will run through, and the order of these coordinates 
in G-Codes determines how the printing paths will run through 
these points. That is to say, printing paths can be produced 
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Figure 30. Author, Rectangular lattice model based on 
G-Codes

Figure 31. Dr John McDonald-Wharry, Screen shot of interface of Hyrel 3D with the G-Code 
editing window opened

without using any CAD programmes. I used Windows Pad as the coding programme to write the codes of a rectangular lattice model (Figure 
30). The programme of the Hyrel 3D syringe printer allows editing the generated G-Codes (Figure 32). Theoretically, one could write the 
values of coordinates to improve printing paths to define the whole form of the printed object, but this would be an inefficient way to 
produce printing code for any shape with any degree of complexity.

Considering it is not practical to design printing paths for relative complex models, such as curvy multi-layered structures, with only coding 
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Selecting the vase mode can automatically convert the perimeter of a model to a continuous printing path, but the automatically calculated outcomes are not good enough for relatively complex structures.

Figure 32. Author, Study on the capability of the vase mode
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programmes, a better approach needs to be developed. Instead of 
working on the spatial positions (coordinates) of all points along a 
printing path, as I coded for the rectangular lattice model, working 
on the geometric shape of the path is a much more efficient 
way. So I decided I would still use Rhino to design the geometric 
structures and use Slic3r to automatically convert them to G-Codes. 
To improve the way of modifying the printing paths presented by 
these codes, I looked for a way to view and edit the paths in a CAD 
programme as usual curves. After research, I found RhinoSlic3r, 
which enables Rhino to read G-Codes as editable geometric 
shapes composed of printing paths. This key finding enabled me 
to develop a new approach to designing printing paths (Figure 33): 
designing 3D models with Rhino, using Slic3r at the vase mode 
to automatically convert the models to printing paths (G-Codes) 
with the least amount of unexpected extrusion, importing 
the G-Codes with RhinoSlic3r as printing paths to review and 
optimise the geometric structure of these paths with Rhino before 
printing. Meanwhile, after several rounds of tests, I obtained the 
experience in adjusting the parameters of the vase mode to largely 
avoid extra travelling paths for a specific model. As is mentioned in 
the previous chapter, Dr John McDonald-Wharry and I conducted 
tests on the multi-layered structures. We found that the effect of 
hydro swelling of a single material could be amplified by the multi-
layered structure to the necessary extent for the adaptive splint.

Figure 33. Author, New approach for single-material printing
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According to the feedback from Dr John McDonald-Wharry on 
the feasible properties of the new materials, I decided to use 
multiple materials for the adaptive splint: the soft material for 
comfort as the inner layer, the rigid material for shape-shifting and 
target reinforcement as the outer layers. So I started to design the 
printing paths for dual-material printing with the new approach 
I developed previously during designing with single-material 
printing. The key problem to tackle in dual-material printing was 
also caused by unexpected extrusion. A typical process of dual-
printing includes many times of stopping and restarting extrusion. 
The two syringes filled with two printing materials. The two 
nozzles of the syringes travel together. When the required material 
is extruded on a target position through one nozzle, the other 

Figure 34. Author, Dual-material printing
Figure 35. Author, Damage due to the 

limited printing directions

Figure 36. Dr John McDonald-Wharry, A previous dual-
material printed model

Foam Non-foam
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nozzle stops extruding. As is explained in Chapter 3, we could not 
achieve an instant stop of extrusion because of the leak of paste. 
Many times of stopping and restarting extrusion will damage the 
print, as is shown in Figure 36. In this case, I decided to create a 
new process for dual-printing. As my internship already ended at 
this stage, and the only paste-printer appropriate I found for my 
project was in the UoW, Dr John McDonald-Wharry conducted the 
following paste-printing for my project.
In the new process, only one syringe will travel on the printing 
platform at a time. As is shown in Figure 34, I divided the printing 
paths of two materials into two continuous strands and made 
the change of materials happen away from the target printing 
area. When the printing of the first material was completed 
and the nozzle left the target printing area, the printing process 
was manually paused to replace the syringe containing the 
first material with the syringe containing the second material. 
The second syringe was loaded in the same slot, so when the 
printing process was continued, the printer started to extrude the 
second material along the rest part of the printing path. Besides, 
I designed skirts for each material to stabilise the condition of 
extrusion before printing the target model.

After several rounds of minor modification on the distance 
between the two strands based on Dr John McDonald-Wharry’s 

observation in printing, I achieved a dual-material printed model 
with relatively good quality. From this round of printing, we 
can tell that this process benefits the quality of prints, but the 
problem is that the maximum height of prints was low. Because 
two materials need to be extruded close to each other to build 
a solid connection between them, but the physical structure of 
the printer and the way the nozzle travels prevent the nozzle 
from getting close to the vulnerable deposited material without 
damaging the printed work (print head collision) (Figure 35). If 
a five axis (or more) robotic arm was used to carry the syringe 
diagonal movement could be achieved, thus making dual-printing 
a possibility.

Since it is not feasible to print a high model with two materials 
firmly connected using our current material and printer, a full 
height dual-material splint cannot be vertically (the length of the 
splint along Z direction) printed by using this process. For this 
reason, I decided to consider laying down the splint to find out if 
the printability could be improved.
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To realise this, I developed the G-Codes to paste-print on a 3D 
printed curvy support structure adapted from the scanned data 
of my wrist (Figure 37). If this worked, the full splint could be 
built by combining two multi-layered models. However, I had to 
make major changes in the main dimensions and main features to 
enable the printing. As is explained in the previous chapter, firstly, 
the capability of printing does not support printing a multi-layered 
model with a relatively complex structure on each layer. Secondly, 
a large density of voids, in terms of surface area, is necessary to 
allow the vapourised water to leave the print during curing. It is 
a critical requirement for avoiding blistering water damaging the 
models. Considering the relatively low accuracy of the printing, it 
is not feasible to print a large number of small holes on a surface, 
leaving the only possibility to realise the large density of voids: 
designing a relatively small number of large holes on the surface. 
This requirement seriously limits the design freedom. Thirdly, the 
shrinkage during curing changes the dimensions of the model, 
and currently I have only a rough value on the degree of shrinkage 
based on my measurements. The shrinkage does not only affect 
the dimensions of a model, but it also weakens the connection 
between two materials. In conclusion, current paste-printing 
cannot be used to print the expected multi-layered model.

Figure 37. Author, Dual-material printing on a 3D printed curvy mould and the photos of three attempts
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So for the final prototypes printed with the new material, I 
designed the corrugated segments, as is mentioned in the previous 
section. I then converted the segments to single-material printing 
paths (Figure 38).

Figure 38. Author, Geometric structures to printing paths



63

Figure 39. Author, Multi-layered structure made with different materials
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4.3    Design development for full 
functions based on the scenario

As is mentioned earlier in this chapter, I designed the multi-layered 
structure to incorporate the materials with different properties to 
fulfil the changing requirements of a wrist's rehabilitation (Figure 
39).

I developed the design for full functions based on my scenario. 
Foam is used to build the inner layer as a comfort pad. The rigid 
material with SME is used to build the middle layer to provide 
changeable inner volume for the splint to adapt to the healing 
wrist when swelling decreases. Meanwhile, the material also has 
a water plasticisation effect, which enables the immobilisation 
provided by the middle layer to decrease when the wrist is healed 
enough to do exercises. The water plasticisation effect is also used 
on the outer layer to provide the reinforcement that is weakened 
over time. A zip was designed to close the splint after put it on a 
wrist.

Based on the application of the materials, I developed geometric 
structures to ensure their performances. I decided that the voids 

in the foam layer should provide good ventilation, but large voids 
should be avoided to prevent bumpy surface. The middle layer 
could have larger voids as long as it is strong enough to immobilise 
the healing wrist when the material is not stimulated.
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On the outer layer, the decrease of stiffness provided by the 
material is not enough to support prescribed exercises. The 
stiffness should not only weaken over time, but it is also expected 
to vary in different areas on the splint at one time (Figure 40). 
In the areas where the splint should be the most flexible to 
allow movements, the outer layer should provide the least 
reinforcement. The requirement of multi-flexibility soon reminded 
me of the function realised by the CVs on a locust wing. According 
to my research, the diverse diameters of the CVs (Figure 6, p. 24) 
enable them to reinforce the wing with various levels of stiffness 
in different areas.

Therefore, I studied the possible ways to define flexibility by 
controlling geometry (Figure 41). The degreed of bendability in a 
small area can be determined by controlling the spacing between 
the units or the size of the units within this area. For my project, 
I employed various-sized units to achieve multiple-flexibility in 
different areas for target movements. Combining the geometric 
design with the water plasticisation effect of the material, the 
splint will be more and more flexible in all areas over time to allow 
heavier exercises.

Figure 40. Author, Degree of immobilisation provided by the splint over time
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Figure 41. Author, Geometry studies and the design application on the outer layer of the splint
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As is shown in Figure 42, I developed my design by embedding the corrugated structure, which is developed for the new material to effectively deliver shape-shifting. The 
inner lay inherits the corrugated structure for the capability of following the middle layer’s change of shape. After that, I explored the way to control the design more 

precisely by differentiating the degree of corrugation for different areas. Deepest corrugation is used to acquire the largest shape-shifting in the main swollen area.

Figure 42. Author, Design development
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I then explored the relationship between the directions of cuts on the outer layer, which determines the direction of spacing between the reinforcing units, and the 
movements the splint supports.

Figure 43. Author, Further design development
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Figure 44. Author, Prototypes printed on a J750 printer
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In order to make the outer layer more effectively block the 
unexpected movements, I redesigned the shape of the reinforcing 
units (Figure 45). A gap between two units allow movements until 
these two units touch and block further movements. The wider a 
gap is, the more freedom of movements is allowed.

By applying different colours on the middle layer and the outer 
layer, I expect the splint to provide visual signification for the 
user to see the target extent of a move which is recommended 
by the therapist. For example, at an early stage, the therapist 
might prescribe the patient to do light bends until the colour of 
the middle layer is half concealed. Then when the wrist is healed 
enough for advanced exercises, the therapist might ask the patient 
to do bends until the colour of the middle layer is completely 
concealed.

To build the multi-layered structure with relatively high accuracy 
and full colour to check my design, I used J750 printer to make 
several rounds of the prototypes for further optimisation of design 
(Figure 44).

Figure 45. Author, Development of the outer layer to precisely allow certain movements

DESIGN 3.0
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5    Results and Reflection
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Figure 46. Author, Final prototypes printed with the new materials programmed on the two moulds
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5.1    Final prototypes printed with 
the new materials for responsive 
performance

Due to the limitations of current experimental materials and 
the associated printing technology, SME behaviour example 
segments were printed (Figure 46). The prototypes were printed 
with Formulation QX3. I selected three typical positions along the 
wrist and build a segment around the wrist at each position to 
firstly represent the morphology of the splint at those positions 
and secondly, but more importantly, to demonstrate the splint’s 
capability of shape-shifting at those positions to fulfil the 
requirements of a rehabilitation process at an early stage.

I improved the 3D CAD models of the segments based on the 
previous rounds of prototypes, considering the printability of the 
material and the degree of shrinkage during curing. The height 
of the segments was increased by 19% according to the previous 
calculation to offset the shrinkage in the vertical direction, but the 
horizontal shrinkage was kept. Based on the observation of the 
tolerance of the prints compared to the digital models, Dr John 

McDonald-Wharry suggested that we make use of the natural 
shrinkage in the horizontal direction to tightly fit the segments 
onto the normal-sized mould. I then converted the models to 
G-Codes and optimised the G-Codes using the new approach I 
developed for single-material printing. Dr John McDonald-Wharry 
printed the G-Codes and cured the prototypes at the UoW.

An improvement in the printing process was that the models were 
printed onto the PTFE-coated fibreglass sheets covered by thin 
PE sheets instead of being printed directly onto the PTFE-coated 
fibreglass sheets. According to Dr John McDonald-Wharry’s tests, 
the PE sheets can effectively reduce the uneven shrinkage along 
the vertical direction.

Two identical sets of prototypes were fit onto two different 
moulds: one set onto the normal-sized wrist mould (according to 
the scan of my wrist), and the second set onto the swollen wrist 
mould (the surface of which was offset by 2.7mm based on the 
normal-sized wrist, and consequently the area of its cross-sections 
was increased by 20% on average). Both of the moulds were 
printed with high-temperature PLA provided by MADE to resist the 
deformation caused by heat.

The first set of segments were a little small to be adapted onto the 

normal-sized mould. Therefore I heated them in an oven at 100 
degrees centigrade for several minutes to soften them slightly, and 
then they easily fit onto the normal-sized mould.

The second set of segments were heated in the oven at 100 
degrees centigrade for 20 minutes to achieve thorough heating 
for the material to be flexible enough to adapt onto the second 
mould. By stretching the heated segments over the swollen wrist 
mould, I deformed the segments for them to achieve a larger inner 
volume. The segments were kept at the deformed status for about 
five minutes to let the material thoroughly cool down, so the 
shape was locked as the temporary shape. This is the programming 
process. During the programming process, I observed that the 
segments had a strong tendency to return to their cured shape 
when they were at a high temperature. This tendency decreased 
when the temperature of the segments decreased.
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Figure 47. Author, SME stimulated by heat
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5.2    Experiments for responsive 
performance on the final prototypes 
printed with the new materials 

The identical sets of the segments on the two different moulds 
demonstrate the programmability of the new material. I then 
heated the programmed segments, which were at their temporary 
shapes, to stimulate their shape-shifting (Figure 47). The 
responsive performance is based on the SME of the material. 
When I heated the segments with a hair dryer, the segments 
returned to the permanent shapes that they had been cured into 
at the UoW.
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Figure 48. Author, 1:2 Scaled prototype
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5.3    Final prototypes for the functions 
determined by geometric structures 
incorporating the multi-flexibility of the 
materials

The final prototypes (Figure 48) were built to display the functions 
of the adaptive splint that can be realised by combining the multi-
layered structures with the materials at different levels of stiffness. 
The prototypes were made to show the performances of the splint 
at the consolidation stage of a rehabilitation process.

The two prototypes both have a soft inner layer that mimics a 
foam pad for comfort and a collection of rigid reinforcing units 
on the outer layer. The difference between the two prototypes is 
that the middle layers have different levels of stiffness because 
they are expected to demonstrate two different states of the 
splint. The first prototype has a relatively flexible middle layer, 
which mimics the state of the splint when it allows exercises. More 
specifically, the flexible middle layer mimics a middle layer made 
of the responsive material when the material is stimulated (heated 
or partially water plasticised) to allow prescribed movements. The 

second prototype has a rigid middle layer, which mimics the state 
of the splint when it does not allow exercises. In other words, 
the rigid middle layer mimics that same middle layer of the first 
prototype when the responsive material is not stimulated.

In addition to multi-flexibility in the two prototypes, multiple 
colours were used to build the three-layered structure. The 
different colours of the middle layer and the outer layer enable the 
splint to provide a visual sign for the user to see the target extent 
of a movement which is recommended by the therapist.

Furthermore, to display how the splint supports the target 
movements and blocks the unexpected movements, a model was 
made based on the scan data to mimic a bendable wrist inside the 
splint.

A few colour and pattern combinations are shown by the renders 
in Figure 49.



Figure 49. Author, Renders showing other possible colour and pattern combinations
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5.4    Reflection

Upon examining the outcomes of the project, I have found several 
problems that need to be tackled before the splint can be applied 
for practical use.

Firstly, the dry working temperature for the shape-shifting of 
the current experimental responsive material is likely too high 
to be safe for human skin. Therefore, new materials are under 
development. The target working temperature is below 45 
degrees centigrade, which is stated by the New Zealand Building 
Codes as the maximum water temperature at hand-basins, baths 
and showers in places such as childcare centres, schools and old 
people's homes (Econation, n.d.).

Secondly, the stiffness of the material affects the strength of the 
zip structure. In the final prototypes, the zip structure (Figure 50) 
was not included. This is because according to previous rounds of 
prototypes, the zip area became the weakest area during dynamic 
movements and broke quickly. This largely shortened the duration 
of the splint (Figure 51). This split in the zip area could be caused 
by the insufficient thickness of the material, especially in the small 

scale prototype, and it could also be caused by the low strength 
of the material. More research needs to be done to refine the 
structure and the target level of stiffness for the zip components. 
Another structure to close the splint is to use clips along the edge 
(Figure 52).

Thirdly, the corrugated structure of the foam layer might affect the 
comfort of wearing the splint. Though the foam pad is soft, the 
corrugation has reduced the contact area and made the support 
from the splint onto the wrist distributed less evenly.

Figure 51. Author, Split of the zip in a previous 1:3.3 scaled prototype

82

Figure 52. Author, ClipsFigure 50. Author, Zip
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6    Discussion
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My project was done to explore the design opportunities of 4D 
printing with bio-based polymers for manufacturing adaptive 
wearable devices. I set two aims to guide my research process. 
Aim 1 is to explore literature and precedents for a 3D printed self-
actuating wearable device, exemplified by a wrist splint. To fulfil 
this aim, I applied RFD by doing literature review and studying 
relevant precedents on 4D printing, the rehabilitation process 
of an injury and biomimicry theory. I also looked into relevant 
biological structures as the inspiration of geometric design. Aim 2 
is to design and build an adaptive splint, and discuss the potential 
capability of 4D printing in building a wearable device. To fulfil this 
aim, I explored the properties of the new materials and developed 
an adaptive splint based on the potential responsive performances 
(the decrease of stiffness over time triggered by water and the 
SME triggered by heat) in combination with the requirements of 
rehabilitation.

Tibbits, McKnelly, Olguin, Dikovsky, and Hirsch’s (2014) metaphor 
of current printing technology as “a Materials Science chamber” 
best describes the opportunity and challenge I have encountered 
in this project.

On the one hand, the responsive property and the biocompatibility 
of the new materials offer me the opportunity to embed 

revolutionary new functions into 3D printed structures. Previous 
precedents in 4D printing combining with responsive bio-
based materials are mostly used to build medical products such 
as implants. By developing the adaptive splint for progressive 
rehabilitation, my project has shown that with the new materials 
and 4D printing technology, we can incorporate multiple layers of 
responsive materials with different geometric structures to build 
a wearable device which fulfils diverse requirements of a human 
body at different stages. In addition to wearable devices for 
rehabilitation and healthcare, the design concept can also be used 
to design high performance sports guards.

On the other hand, the ongoing development of the new materials 
has barriers to overcome before the materials can be applied to 
build a structure for practical use. The first barrier to overcome is 
to increase the printability of the new materials to a satisfactory 
level. I have developed new techniques and approaches to 
improve the quality of paste-printing. The new techniques and 
approaches broaden the range of structures that can be built by 
using the vase mode and consequently realising continuous paste-
printing with the minimum leak of material. The new techniques 
and approaches also allow paste-printing with multiple syringes of 
(different) materials without damaging the models.

However currently, the printability of the new materials is still 
lower than commercial printing materials. I believe the two most 
effective ways are: to solidify a strand of material quickly after 
it is deposited on the target position (Figure 52), or to deposit 
a support material as the basis for the fluid paste to be printed 
on (Figure 53). The method of solidifying material depends 
on the property of the material. For example, for UV curable 
materials, UV can be applied to realise cross-linking between the 
ingredients and thus solidify the material (Ligon, Liska, Stampfl, 
Gurr, & Mülhaupt, 2017). However, the formulations will need 
re-engineering to be compatible with UV curing, and the printer 
equipped with UV lamps will likely require extra safety features 
to be installed. Another group in our material development team 
has already developed a tool to solidify extrusion during printing. 
It is possible that this tool can be adapted to solidify our materials 
during printing. Besides, our material development team has 
started to develop the support material that can be separated 
from the model after curing.

The second barrier to overcome is to decrease the trigger 
temperature of the responsive materials to a safe level for human 
skin. The ideal temperature might be in a narrow target range 
from 40 to 45 degrees centigrade, which is below the maximum 
safe water temperature from taps for children and old people 
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Figure 53. Author, Solidify the extrusion during printing to increase the 
printability

Figure 54. Author, Use support material to increase the printability

according to the New Zealand Building Codes. According to the 
information provided by Dr John McDonald-Wharry, the small 
gap between the target temperature and the room temperature 
(around 23 degrees centigrade) can cause the material to shape-
shift at room temperature if the material takes up too much water 
in humid weather. More research needs to be done to realise the 
safe working temperature and control humidity sensitivity.

Last but not least, when I tried to respond to the opportunity and 
challenge of the project, I maintained a collaborative relationship 
with the material scientists, especially Dr John McDonald-
Wharry, throughout my research. During the process, I learned 
how to cooperate with professionals in other fields. Firstly, direct 
communication using words in combination with images can 
largely avoid misunderstanding and thus increase the efficiency 
of discussion. In this project, Dr John McDonald-Wharry and I 
mainly used email to communicate, and I found that different 
perspectives (of a scientist and a designer) of viewing one subject 
could sometimes lead to very different opinions on, for example, 
the hierarchy of problems to be solved and the way to solve 
problems. For this reason, though aiming at the same target, 
different starting points could lead to misunderstanding without 
clear communication and thus ineffective cooperation. In this 
case, it is very important that one does not take one’s own idea 

for granted, but to clearly explain it, for example by stating the 
premiss behind the idea and the expectation to realise with the 
idea. Besides, images are very helpful in communicating one’s 
idea on the subjects of shapes, forms and 3D positions. Secondly, 
keeping an open mind is important for the practitioners in a 
project to mutually benefit the project. For example, Dr John 
McDonald-Wharry’s observation and understanding of the new 
materials enabled him to provide me useful advice on improving 
the design of the printing paths, which helped me to increase 
the quality of the prints in a short time. I provided Dr John 
McDonald-Wharry with ideas on increasing the printability of the 
new materials based on my knowledge on the design and coding 
programmes, which improved the printing techniques and process 
associated with the new materials for further research. The project 
shows how the collaborative relationship between a material 
scientist and an industrial designer could benefit the development 
of a designed product.

Solidified area

Unsolidified area

Support material

Modelling material
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7    Conclusion
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This project was initiated by the development of bio-based and 
bio-derived materials which have provided a means of initiating 
change and transforming 3D printing to 4D printing. By designing 
the customised adaptive splint for progressive rehabilitation, 
I explored the possibility of engaging 4D printing in building a 
wearable device.

The design process of this project differentiated itself from 
my previous projects by involving the accessibility to the new 
materials and also a large amount of background research on 
various fields such as 4D printing, therapy and biomimicry. These 
enabled my design to be inspired by not only the biological 
structures perpetuated through the long-term evolution but 
also the most advanced technology to respond to the unfulfilled 
human needs in real life.

The design of the adaptive splint challenges the properties of 
the new materials and the associated printing processes. More 
research and development need to be done to improve printability 
and control responsive performance before the materials can be 
used to build products for practical use. Besides, more clinical 
knowledge and experience need to be taken into consideration. 
Collaboration with a therapist will be essential to specifically refine 
the functions of the project before it can be applied in real life. 

However, the project has shown the possibility of incorporating 
multiple layers of responsive materials and different geometries to 
build a wearable device which fulfils diverse human requirements 
at different stages.
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