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Abstract

While petroleum-based polymers have been widely accepted due to their functional properties, it is becoming evident that some bio-based materials 
can also be engineered to deliver novel functionalities such as 4D responsivity. Integrating bio-based responsive materials with 4D printing technology 
can offer considerable potential for large-scale applications such as furniture products. This integration provides a more novel form of transportation 
for such products as well as the opportunity to eliminate the requirement for the production of multiple parts and assembly of them. In addition, this 
integration provides the opportunity to make use of locally-available resources for a more sustainable economy. Despite these advantages, there is 
a lack of research that explores the application of these materials and technologies for large-scale products. In response, this research showcases 

the potential design opportunity of responsive bio-based polymers combined with 4D printing technology for large-scale applications.

This research involves a series of physical experiments conducted in collaboration with material scientists based on the Material Driven Design 
method. These experiments demonstrate the novel properties of engineered cellulose-based polyesters in the form of design concepts. Hardware 
was developed to provide the required tools for large-scale prototyping. In addition, this research employs the Research Through Design approach 

to guide an experimental and iterative process of developing furniture designs, as a case study for large-scale products.

This research creates four outcomes in different stages of the project. The first outcome is a taxonomy of cellulose-based polyesters with their 
properties. The second outcome is a large-scale paste extruder that can be installed on an industrial robot arm. The third is a series of 4D-printed, 
small-scale furniture models with the ability to transform from a 2D to 3D shape for flat-pack furniture. Lastly, this research results in a 1:4 scale 

furniture prototype.

Overall this research explores and evaluates the plausibility of large-scale applications for bio-based polymers and 4D printing technology. In 
addition, it reveals the challenges involved in this process and provides a reference point for the future development of material and design.

Keywords: 4D printing, bio-based materials, cellulose-based polyesters, flat-pack furniture, Research Through Design, Material Driven Design
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1.1Motivation

Initially, this research grew out of a summer scholarship programme, which 
awakened my interest in bio-based polymers and 4D printing technology . The 
research led to collaboration with the Material and Process Engineering group 
at Waikato University, which formulates and specializes in bio-based materials . 
As a result, the collaboration provided me with the opportunity to conduct an 
internship on cellulose-based polyesters and collaborate with material scientists 
in the lab . The internship allowed me to make a connection between material 
science and design and to explore properties of cellulose-based polyesters and 
their potential for this research from an industrial design perspective .
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1.2 Background

Materials and technologies are continually evolving . While new technologies and materials 
are emerging every year, it is the role of designers to propose and explore the potential 
applications of these materials and technologies for the development of novel products . One 
of the recently developed technologies is 4D printing . This technology that was initially 
introduced by Tibbits (2014) is about 3D printing objects that can transform their shape in 
response to an environmental stimulus such as water or heat . Since this inception, 4D printing 
technology has been mostly explored in the fields of engineering and science for biomedical 
devices, soft robotics and packaging applications . However the ability of this technology to 
produce shape-changing objects, and therefore to eliminate the requirement for multiple part 
production and assembly, provides great potential for large-scale applications . 

On the material side, due to the environmental issues around petroleum-based polymers, recent 
developments have been conducted on bio-based polymers that are more environmentally 
friendly . These materials have been engineered in certain instances to deliver novel functionalities . 
Since these materials are derived from locally available and infinite resources, they might 
be a great potential for large-scale applications . This research proposes a potential design 
opportunity for engineered bio-based polymers and 4D printing technology for large-scale 
applications .
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This research aimed to answer the following question: how can responsive 
bio-based polymers combined with 4D printing technology be applied to large-
scale products? This research approached the question chapter by chapter in a 
sequential manner . The content of each chapter is outlined below .

Chapter 2 Methodology: this chapter explains and justifies the methodologies and 
methods that this research used to approach the research question . In addition, 
the chapter highlights the aims and the objectives of the study . 

Chapter 3 Literature review: the third chapter focuses on the two main themes 
of this research including bio-based materials and 4D printing technology . It 
identifies the gap within these two themes through evaluating and analysing the 
previous studies conducted in the field of 4D printing with responsive materials. 
It was critical to validate and comprehend both themes to answer the research 
question . 

Chapter 4 Material experimentation: the fourth chapter covers the first design 
phase . This phase focused on exploring the unique qualities of engineered-bio-
based polymers in conjunction with 4D printing for potential design applications . 
It began with a lab-based exploration of the engineered cellulose-based polyester’s 
properties and the 4D printing technology from a scientific perspective. It then 
speculated on design concepts and developed prototypes in response to the 
lab-based explorations . The chapter ends with an evaluation of the performance 
of the developed prototypes and resulted in identifying the flat-pack furniture 
concept as a case study to be explored for further research . This chapter was a 
critical step in identifying a potential application for the material and technology 
in answering the research question . In addition, the research resulted in two 
outcomes, namely a taxonomy of cellulose-based polyesters with their properties; 

1.2 Research overview
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and a series of 4D printed small-scale furniture models demonstrating the concept 
of flat-pack furniture.

Chapter 5 Hardware development: after identifying the trajectory of this research 
in the previous design phase, design phase two developed the required tools 
for the exploration of the flat-pack furniture concept. In this chapter, I describe 
designing and building a paste extruder that can be installed on an industrial 
robot arm and allow for large-scale prototyping . This large-scale extruder was 
the third outcome of this research . 

Chapter 6 Design development: along with hardware development, there is also 
a requirement for design developments within the concept of flat-pack furniture. 
This chapter refined and finalised the design for a furniture model that would 
most benefit from the properties of cellulose-based polyesters and demonstrate 
the dynamic qualities of the material .

Chapter 7 Large-scale prototyping: the final design phase started with exploring 
the behaviour of cellulose-based material in large-scale trough utilising the large 
extruder developed in chapter 5. The final furniture design was 4D printed using 
a 1:4 scale . This prototype was the last outcome of the research . The outcome and 
experimentations in this chapter reveal the challenges within the application of 
cellulose-based polyesters and 4D printing technology for large-scale products . 
The chapter also provides feedback and suggestions for further material and 
design development .

Chapter 8 Discussion and conclusion: the final chapter, summarises and reflects 
on the last outcomes and the research process . In addition, it discusses the 
implications and extensions of the research .
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The first step toward answering the research question was to identify a suitable 
research approach and the required steps . Therefore, this chapter initially provides 
a summary of the design research, its approaches and the characteristics of proper 
design research which were followed in this study . In addition to identifying 
the methodology an overview of the aims, objectives and the utilised methods 
are also included .

2.1 Introduction
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There are many different definitions of design research, albeit some of them 
contradict each other (Frankle & Racin, 2010) . According to Archer (1981) design 
research is broadly defined as a “systematic inquiry whose goal is knowledge of, 
or in, the embodiment of configuration, composition, structure, purpose, value, 
and meaning in man-made things and systems” (p.31). Based on this definition, 
Cross (2006, p .102) listed several characteristics of good design research . These 
characteristics, which are embodied in this research, are as follows . Firstly, this 
research is “inquisitive” in that it aims to gain new knowledge. Secondly, it is 
informed and carried out according to previous studies. Thirdly, it is “methodical”, 
which means that the research is established and carried out based on a meticulous 
plan. Last but not least, this research is “communicable” in that it produces and 
describes the outcomes that are understandable and receivable by others .

Design research is an explorative form of research that both investigates and 
discovers new knowledge (Frankle & Racin, 2010) . Approaches in design research 
are broken down into three categories of “research into design, research for 
design and research through design” (Frayling, 1993, p .5) . Research into or about 
design can be considered research that deals with the “history of design”, “design 
theory” and “aesthetics” (Schneider, 2007, p.214). Research for design reports 
the knowledge, meanings, and data that designers can employ to deliver an end 
result in their design research . In other words, this research approach enables 
design (Frankle & Racin, 2010) . Finally, Research Through Design considers the 
act of designing as research and is inspired by a research question (Schneider, 
2007) . This method generates knowledge by designing prototypes and concepts 
and evaluating them . These three approaches are also called methodologies of 
design research .

2.2 Design research 2.3 Research approach

According to the design research methodologies mentioned in section 2 .2, the 
research employs research for design and Research Through Design as legitimate 
approaches of inquiring and acquiring knowledge based on several reasons . Firstly, 
since this research aimed to produce knowledge through physical exploration 
and an iterative process, it predominantly employed a Research Through Design 
approach . Secondly, while the Research Through Design approach suggests 
that researchers scrutinize a potential future in a creative way (Zimmerman, 
Stolterman & Forlizzi, 2010), this research focused on investigating the potential 
application of material and technology for the development of future products . 
The research also applied the research for design methodologies in that it aimed 
to gain information and data from the literature review and scientific-based 
experimentations that would inform the design process .
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Figure 2 .1 shows the aims and objectives that were created to approach the 
research question . While aim one focuses on understanding the material properties 
and capabilities from an industrial design perspective, aim two focuses on using 
this understanding to develop speculative design concepts and prototypes . To 
be able to achieve these aims, each one of them was divided into multiple steps 
called objectives (figure 2.1). In addition, a number of methods were chosen 
based on their ability to support these aims and objectives .

2.4 Aims and objectives
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Figure 2.1 Overview of the research question, aims, objectives methods and methodologies of the research portfolio

1 . Investigate and identify the 
opportunities of responsive bio-
based polymers and 4D printing 
technology in the field of product 
design .

1a . Systematically analyse and evaluate previous case studies 
and projects in the fields of 4D printing and bio-based materials.

Literature review (Martin & Hanington, 

2012, p .154)

Chapter 3

Chapter 4

Chapter 5

Chapter 6 & 7

Material Driven Design (MDD) (Karana, 

Barati, Rognoli, & Van Der Laan, 2015)

Research for design 
(Frankle & Racin, 

2010)

Research Through 
Design (Schneider, 

2007)

1b. Gain a lab-based understanding of the material, modification, 
analysis, and 4D printing from a scientific perspective.

1c . Create a taxonomy of bio-based material experiments 
expressing promising design qualities for future product 
concepts .

1d . Ideate and develop design concepts as potential design 
applications of bio-based polymers and 4D printing technologies 
in response to objectives 1b and 1c .

Mind mapping (Karana, Barati, Rognoli, 

& Van Der Laan, 2015, p . 42); material 

benchmarking (Martin & Hanington , 

2012, p .118)

2a . Design and build a large capacity extruder for an industrial 
robot arm that facilitates prototyping and testing the material 
behaviour on a large scale .

Prototyping (Martin & Hanington, 2012, 

p .138)

2b . Develop, build and prototype the design concepts of 
objective 1d through 4D printing with bio-based materials 
by utilising the developed large capacity extruder .

Criteria-based design (Rodríguez 

Ramírez, 2017); prototyping; weighted 

matrix (Martin & Hanington, 2012, 

p .138, 202)

Experiments (Martin & Hanington, 

2012, p .72)

2c . Evaluate the performance of the prototypes and materials 
and provide feedback for the future development of materials 
and design .

2 . Develop designs, build and test 
concept models that showcase 
opportunities of responsive bio-
based polymers and 4D printing 
technology in the field of product 
design and reveal the challenges 
involved in this process .

Aims Objectives Methods Methodologies Chapters

How can responsive bio-based polymers combined with 4D printing technology be applied to large-scale products?
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The Material Driven Design (MDD) method is a systematic approach for designing 
with and for material when new material is the departure point (Karana, Barati, 
Rognoli, & Van Der Laan, 2015) . Therefore, this method was used for objective 
1b to understand the technical and experiential qualities of material and to 
embody future products .

After the MDD method, mind mapping method (Karana, Barati, Rognoli, & 
Van Der Laan, 2015, p .42) was used to summarise the knowledge gained in 
objective 1b . This summery was then used to inform the concept development 
of objective 1d .

In addition to mind mapping method, material benchmarking (Karana, Barati, 
Rognoli, & Van Der Laan, 2015, p.42) method was also used to fulfil objective 
1d. This method allowed to find out the emphasized applications in the domain of 
responsive bio-based polymers . Gaining this understanding resulted in exploring 
a new area of applications for responsive bio-based materials .

Literature review methodology (Martin & Hanington, 2012, p .154) was used to 
investigate and explore a potential research trajectory and gain in-depth knowledge 
within the themes of bio-based material and 4D printing technology . A critical 
analysis of previous studies was carried out to analyse how others have utilised 
material and technology for different applications and how this research should 
differ from them. This method was used to fulfil the objective 1a.

The methods applied for each aim are explained here .

2.5.1 Methods of aim 1

2.5.1.1 Literature review

2.5.1.2 Material Driven Design (MDD)

2.5.1.3 Mind mapping

2.5.1.4 Material benchmarking

2.5 Research methods
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Criteria-based design method (Rodríguez Ramírez, 2017) was used as a systematic 
approach to guide the process of design development for objective 2b . In this 
method, a set of criteria were developed based on the material understanding of 
objective 1b . These criteria helped to develop and asses the designs at multiple 
stages .

In addition to criteria-based design, weighted matrix method suggested by Martin 
and Hanington (2012, p .202) was also used to achieve objective 2b . This method 
allowed for the evaluation of the developed designs and prototypes . Moreover, 
this method also helped to identify the most promising designs from printability, 
structural and 4D perspectives .

Experiments method suggested by (Martin & Hanington, 2012, p .72) was used to 
fulfil objective 2c.  This method helped to observe and evaluate the performance 
of material and design in the final prototyping steps and to provide feedback for 
the future development of materials and design .

A number of techniques including sketching, low fidelity, and high-fidelity 
physical prototyping (Martin & Hanington, 2012, p .138) were used to iteratively 
develop a design and produce a final prototype for objectives 2a and 2b.

2.5.2 Methods of aim 2

2.5.2.1 Prototyping

2.5.2.2 Criteria-based design 

2.5.2.3 Weighted matrix

2.5.2.4 Experiments
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Literature review3
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3.1 Bio-based polymers

3.1.1 History and background

3.1.2 Biodegradability and natural 
abundance

Prior to the discovery of oil, the majority of polymers 
were made out of bio-based materials . With the 
advent of crude oil in 1910, the focus of research 
and studies moved toward the development of 
petrochemicals due to increased durability (Shen, 
Worrell, & Patel, 2010) . Therefore, more than 100 
years of development of the petrochemical industry 
has led to the production of a variety of petroleum-
based polymers with different properties . However, 
higher oil prices and the environmental issues around 
petrochemicals has led to increasing interest in the 
development of bio-based polymers since the early 
2000s (Shen, Haufe, & Patel, 2009; Fukushima & 
Kimura, 2006; Nakajima, Dijkstra, & Loos, 2017) . 
Bio-based polymers are a branch of polymers that 
are entirely or partially derived from natural and 
renewable resources (Rennie, 2016; Hottle, Bilec, 
& Landis, 2013) . These polymers have a number of 
outstanding properties including biodegradability 
(Shah, Hasan, Hameed, & Ahmed, 2008), natural 
abundance (Palmeros Parada, Osseweijer, & Posada 
Duque, 2017; Gao et al ., 2019) and inherent 4D 
property (Novel functional materials based on 

cellulose, 2017; Momeni & Ni, 2018; Zhang, Zhang, 
& Hu, 2016; Yao et al ., 2015; Zolfagharian, Kaynak, 
Khoo, & Kouzani, 2018; Wang et al ., 2017) . These 
properties are discussed in the following sections .

Among all the advantages of bio-based polymers, 
biodegradability could be considered the most 
important . In fact, biodegradability was the main 
reason behind the development of bio-based polymers 
due to public concerns about waste (Nakajima, 
Dijkstra, Loos, 2017; Fukushima & Kimura, 2006; 
Gao et al, 2019; Shen, Haufe, & Patel, 2009) . 
According to Hottle, Bilec and Landis (2013), there 
has been about 16 .7 million tons of plastic waste 
globally per year . Biodegradable polymers have been  
suggested as a way to decrease the accumulation of 
waste plastic in landfills and water systems. 
Although a number of studies outline biodegradability 
as an important characteristic of bio-based polymers 
(Nakajima, Dijkstra, & Loos, 2017; Fukushima & 
Kimura, 2006; Gao et al, 2019; Shen, Haufe, & Patel, 
2009; Shen, Worrell, & Patel, 2010; Palmeros Parada, 
Osseweijer, & Posada Duque, 2017), other studies 

discuss that not all bio-based polymers are necessarily 
biodegradable (Mohanty, Misra, & Drzal, 2002; 
“Bioplastics & Degradables” 2019). For instance, 
polyethylene, a bio-based polymer made from plant-
based resources, is not biodegradable (“Bioplastics 
& Degradables” 2019) . 
Another reason behind the development of bio-based 
polymers was concern about the depletion of fossil 
resources (Shen, Worrell, & Patel, 2010) . There is a 
large amount of fossil resources required to produce 
the approximately 21 million tons of plastic that are 
currently created annually (Hottle, Bilec, & Landis, 
2013) .
Materials are mostly chosen based on their functional 
and aesthetic properties . However, considering the 
effect of the material on the environment during 
and after the product lifecycle is as important as 
the material’s properties and functionalities . Vector 
Papanek as cited by Hottle et al ., 2013 explains that 
a product lifecycle has six crucial steps with the 
potential of ecological harm, with the first step being 
the “material”. The designers’ and manufacturers’ 
choices of material are crucial . Considerations 
should be given to whether or not the material is 
recyclable, biodegradable and made from renewable 
resources . In addition, it is also important that the 
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3.1.3 Inherent 4D properties biodegradation, recycling and extraction of material 
are not ecologically harmful . For instance, petroleum-
based polymers have been widely accepted for 
production based on their functional properties, 
stability, and durability (Shah, Hasan, Hameed, 
& Ahmed, 2008) . However, there are a number of 
sources that have highlighted the environmental issues 
around petroleum-based materials and the economy . 
These issues include climate change (Mussatto, 2017; 
BE-Basic Foundation, 2017); environmental pollution 
(Mussatto, 2017; Shah, Hasan, Hameed, & Ahmed, 
2008; Leja & Lewandowicz, n .d .); greenhouse gas 
emissions (Lynch, Klaassen, & Broerse, 2017; BE-
Basic Foundation, 2017); finite resources (Mussatto, 
2017; Fernando, Adhikari, Chandrapal, & Murali, 
2006); and toxic materials (Calkins, 2008) . The fact 
that bio-based polymers are derived from renewable 
resources and a number of them are biodegradable is 
a strong advantage . This is particularly important for 
large scale and human scale products and applications . 
The larger the scale, the more material will be used 
and therefore, the more critical it is to consider where 
the material comes from and where it is going .
The production capacity of biopolymers is expected 
to grow faster than overall polymer production to 
400 million tons by 2020 (Bio-polymer and chemical 
research highlights, 2015) .

In contrast to synthetic materials that are resistant to 
environmental influence (Shah et al, 2017), natural 
materials are inherently responsive to environmental 
stimulus (Gao et al, 2019) . In word words, bio-
based polymers, a class of natural materials, have 
4D capability . The word 4D refers to time as the 
fourth dimension, which represents the ability of a 
material to change shape, properties or appearance 
over time in response to environmental stimulus . The 
environmental stimulus includes heat, moisture, UV 
light and pH level (Gao et al, 2019) . For instance, 
Japanese lacquer art work (figure 3 .1) which is 
made of plant-based thermosets becomes tough and 
flexible in response to water and starts degrading from 
prolonged contact with light. In figure 3.1, the top 
and sides of the lid of a nashji box have undergone 
severe photodegradation associated with colour loss, 
microcracking and curled up edges (Coueignoux 
& Rivers, 2015) . These changes are due to direct 
exposure of the material to ambient moisture and 
light . In contrast, the interior of this lacquer, which 
was protected by the lid, has retained its appearance .

The responsive capability of bio-based polymers has 
attracted extensive interest in recent years . According 
to Gao et al (2019), numerous studies have combined 
bio-based polymers with other substances to develop 
responsive bio-based materials with excellent 4D 

Figure 3.1 Difference between interior and exterior of 
the nashji box. (Source: Coueignoux & Rivers, 2015)                                                                                                                                            

                      

Figure 3.2 Thermo-responsive chitosan hydrogel actuator. 
(Source: Zolfagharian, Kaynak, Khoo  & Kouzani, 2018) 
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Figure 3.3 Moisture responsive biofilm actuator. (Source: Yao 
et.al, 2015)

Figure 3.4 Luminance cellulose composite. (Source: Qui, 
2017)

properties . For example, chitin, a bio-based polymer, 
has been developed into a responsive chitosan 
hydrogel which actuates in response to the increase 
of temperature (Zolfagharian, Kaynak, Khoo, & 
Kouzani, 2018) (figure 3.2). Similarly, Yao et al (2015) 
have utilised Bacillus subtilis natto cell, a humidity-
responsive bacterium, to develop a composite bio-
films actuator for an adaptive interface and wearable 
applications (figure 3.3). Another example is a UV-
responsive composite material made out of cellulose, 
an abundant renewable bio-based polymer (Hassan 
et al ., 2018), which illuminates in response to UV 
radiation (Haisong, 2017) .

The 4D capability of bio-based polymers offers the 
advantage of energy efficient actuation in contrast 
to energy intensive actuation (Gupta et al ., 2019) . 
In addition, it offers a range of applications from 
responsive medical scaffolds and intelligent drug 
delivery for biomedical application (Miao et al ., 
2016) to responsive wearables (Wang et al ., 2017) 
and transformative products in the field of product 
design . 
In conclusion, the use of bio-based polymers in the 
development of products can bring great advantages . 
Firstly, it provides the opportunity to make use of 
renewable local biological resources instead of finite 
resources . Secondly, the biodegradability of bio-based 
polymers may lead us to a more sustainable economy 
and a healthier environment, which is an important 

asset in large-scale product applications . In addition, 
the biocompatibility of these materials might provide 
potential applications in the area of wearable, well-
being, and furniture products, which are in constant 
contact with the human body . Finally, since some of 
the biopolymers are capable of sensing environmental 
change and react accordingly in a predetermined 
manner, they can potentially be material utilized in 
4D printing technology . 
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3.2 4D printing Technology

3.2.1 Definition

B.2 Background and history

4D printing is an advancement in the world of 3D 
printing . 3D printing is an additive manufacturing 
technique that involves “fabricating three-dimensional 
objects by layering two-dimensional cross-sections 
sequentially, one on top of another” (“3D printing,” 
2018, para 1) . 4D printing is 3D printing plus the 
element of time where the 3D printed object can 
change its shape, physical properties, functionality, 
and self-assemble or disassemble in response to a 
passive stimulus from one stable stage to another 
over a period of time (Headrick, 2015; Tibbits, 2014; 
Tibbits, McKnelly, Olguin, Dikovsky, & Hirsch, 
2014) .

Initially, Skylar Tibbits (2014) initiated and introduced 
4D printing technology at the self-assembly lab of MIT 
to address the hurdles of 3D printing . These hurdles 
include the need for large-scale printing applications, 
high-performance responsive materials with multi-
functionality and substantial build-envelope (Tibbits, 
2014) . He demonstrated the idea of 4D printing 

through printing flat objects with hydrophilic and 
non-reactive materials that change into 3D shapes 
when activated through water immersion . In addition 
to Tibbit’s work, there have been a number of studies 
that have developed this technology by using different 
materials and techniques .

Table 1 is a developed matrix that provides a 
comprehensive summary of the studies conducted 
in the area of 4D printing technology between 2014-
2019 . This matrix was developed to understand the 
materials, techniques, stimulus and other technical 
information that have been used in other studies . 
Based on this matrix, another important development 
in the field of 4D printing technology occurred when 
Ge, Qi, and Dunn (2014) introduced the concept of 
4D printing active composite with thermo-responsive 
shape memory polymers (SMP) and elastomeric 
matrix . This study was developed further by Ge, 
Dunn, Qi, and Dunn (2014) through 4D printing 
active origami objects . Then Yu, Ritchie, Mao, 
Dunn, and Qi (2015) developed the study of 4D 
printing by proposing a sequential shape-changing 
strip made of a series of SMPs with varied glass 
transition temperatures . Although the majority of 
research in this area had focused on epoxy polymers, 

Zhang, Zhang, and Hu (2016) introduced the idea of 
incorporating bio-based materials such as PLA into 
this technology . Later, Miao et al . (2016) developed 
a plant-based biocompatible material with shape 
memory effect for the fabrication of smart scaffolds .

In these studies a number of different responsive 
materials from non-bio based polymers such as 
SMPs from the 3D printer library of Stratasys (Ge, 
Qi, & Dunn, 2014) to bio-based polymers including 
PLA (Zhang et al ., 2015; Zhang et al ., 2016), and 
wood composites (Duigou et al ., 2016) have been 
used . A variety of studies have utilized 4D printing 
technologies in the context of different applications 
from responsive medical scaffolds for biomedical 
application (Miao et al ., 2016) to responsive wearables 
(Wang et al ., 2017) and a transformative lampshade 
in the area of product design . However, these studies 
have been limited to the 3D printer bed size on a small 
scale and have not explored the application of 4D 
printing technology for the production of large-scale 
products and structures . This is because the main 
reason for the invention of this technology was to 
address the main hurdles of 3D printing technology 
such as larger build envelopes and increased scales 
for printing applications (Tibits, 2014) .
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Review of 4d printing materials and properties-3

Research Title 4D printing Multi-material shape change
——“Active Printed Materials for 

Complex Self-Evolving Deformations” 

Active materials by 4Dimensional printing Active origami by 4D printing 4D printing with mechanically robust 
and thermally actuating hydrogel

Multi-mateial magnetically assisted 3D printing 
of composite material

Controlled Sequential Shape Changing 
Components by 3D Printing of Shape Memory 

Polymer Multimaterials  

Pattern Transformation of Heat-
Shrinkable Polymer by Three-

Dimensional (3D) Printing 
Technique  

Smart three-dimensional lightweight 
structure triggered from a thin 
composite sheet via 3D printing 

technique

Multi-shape active composites by 3D printing of digital 
shape memory polymers 

4D printing smart biomedical scaffolds 
with novel soybean oil epoxidized 

acrylate 

Multi-material 4D Printing with Tailorable Shape 
Memory Polymers  

3D printing of wood fibre biocomposites: From 
mechanical to actuation functionality

Bio mimetic 4D printing 4D printing of  reversible shapemorphing 
hydrogel structure

Programmable Deployment of 
Tensegrity Structures by 

Stimulus- Responsive 
Polymers  

Programming 2D/3D shape-
shifting with hobbyist 3D 

printers  

An Autonomous Programmable Actuator  
and Shape Reconfigurable Structures 
Using Bistability and Shape Memory 

Polymers  

Pattern Driven 4d printing

Researcher  Tibbits Ge, Qi, & Dunn Ge, Dunn, Qi, & Dunn Raviv et al. Kokkinis, Schaffner, & Studart (Yu, Ritchie, Mao, Dunn, & Qi) & (Mao et al., 
2015)

Zhang, Yan, Zhang, & Hu, 2015 Zhang, Zhang, & Hu Wu et al. Miao et al  Ge et al  Duigou et al  Gladman et al  Naficy et al  Liu, Wu, Paulino, & Qi van Manen, Janbaz, & Zadpoor, Chen & Shea Zolfagharian, Kaynak, Khoo, & Kouzani

Year 2013-2014 23 September 2013  August2014 April 2015 October 2015 2015 2015 2016 2016 2016 2016 2016 2016 2016 2017 2017 2018 2018

Machine details PolyJet (Object Connex 500, Stratsys)  Polyjet (Object Connex 260, Stratasys)  Polyjet (Object Connex 260, Stratasys)  3D-Bioplotter-Syring printing Customized magnetically assisted 3D printer (3D 
Discovery, regenHU) -Syringe printing 

Polyjet (Object Connex 260, Stratasys)  fused deposition modeling (FDM) 
with 3D polymer printer (MakerBot 

Replicator 2, MakerBot  

3D polymer printer (MakerBot Replicator 
2, MakerBot)  

Polyjet (Object Connex 260, Stratasys)  Customized 3D printer using SLA  Custom developed multilateral 3D printer system Prusa i3 Rework 3D printer equipped with a 0.4 mm 
noz- zle and heating plate allowing a maximum 

printing area of 19 × 19 cm2.  
  

Instron mechanical testing machine (Model 
3342).ABG 10000, Aerotech 3D printer 

Custom made extruder using linear actuators (Zaber 
T-NA08A50-S-KT03U) mounted on a Sherline 

8020 CNC milling stage. 

Objet 260 Connex, Stratasys  FDM Printer called Hobbyist 3D 
printers  

Polyjet (Object Connex 500, Stratasys) EnvisionTEC GmbH Bioplotter (Syringe 3D 
printer) 

Scale/dimensions 
of the physical 

outcome

Printed objects at different lengths, 30 
centimetres at large scale and other object at 

small scales,  

Printed box with the size of 40 mm × 20 mm × 1 mm 
or 20 mm × 20 mm × 1 mm 

15 mm × 6 mm × 2 mm  Not mentioned but small scale ~35 mm × 35 mm × 5mm 15 mm×3 mm×0.6 mm  24 mm(Outer diameter),1.5 
mm(Hieght),0.4mm(Thickness) in 

latice structure 

90 × 1.6 × 0.12 mm  55 mm (length) by 6 mm (width) by 2 mm (thickness)  25mm (length) by 5mm (width) From 5 mm to 25 mm L = 70 mm; W = 10 mm.  10 mm by 10 mm Maximum 3 cubic centimeter 90* 60 mm Maximum scale of 10 cm by 10 
cm

169.71 by 169.71 mm 50 × 10 mm2  

4D printing 
Definition

4D printing entails multi-material prints with 
the capability to transform over time, or a 

customised material system that can change 
from one shape to another, directly off the 

print bed.  

N/A “4D printing, where a component is created by 
3D printing but at a later time transforms into 

another shape or configuration”

”4D printing combines smart actuating and 
sensing materials with additive 

manufacturing techniques to offer an 
innovative, versatile, and convenient 
method for crafting custom-designed 
sensors, robotics, and selfassembling 

structures.”

N/A N/M N/M N/M 3d printing wit active material “The emerging technique of 4D printing 
refers to the ability of material objects to 
change form and function after they are 

3D printed ”

“3D structures that are able to actively trans- form 
configurations over time in response to 

environmental stimuli”

Evolving of the 3D printed object over time in 
response to an external stimulus. ability of 3D printed 

materials to actuate when an external stimulus is 
applied  

NM NM NM Anisotropic addition of properties 
(e.g. the swelling ratio or 

stiffness) can include a fourth 
dimension into 3D printing 

techniques to achieve the so-
called 4D printing  

4D printing uses properties of 3D printing 
materials to achieve design shape change 

under environmental forces  

Transformation of structures from planar objects 
into spatial assemblies when stimulated by an 

external stimulus such as electricity, heat, light, 
moisture or magnetic field  

4D element Shape changing of 2d flat strand and 
surfaces into 3D shapes, through a 

combination of hydrophilic material that 
expands into 150 percent of original volume 
through water absorption and a non-reactive 

material.

Laminate thin plate shape shift to complex three 
dimensional configurations including bent, coiled, and 
twisted strips, folded shapes, and complex contoured 
shapes with nonuniform, spatially varying curvature  

Series of 3D objects such as a box, a pyramid, 
and two origami airplanes assemble from a flat 

sheet. 

a printed hydrogel valve swells and de-
swell in water in response to temperature 

(closing and swelling in hot water, opening 
and deskilling in cold water) to 

automatically control the flow of water. But 
there is no transformation from 2D to 3D

Cube with bilayer walls with different swelling 
behaviour, that generate concave and convex 

surfaces through swelling (When cubic walls band).

A folded strip with multiple hinges made of 
different SMPs with different glass transition 

temperatures open up sequentially in response to 
temperature range from 10 °C  

to 100 °C  

Shape changing of the the circular 
rings in the hexagonal or square 
lattices were into hexagons and 

quadrangles due to shape memory 
and release of stored strain in the 

structure 

3D printed flat flower that shape change 
into 3d shape.

Composite strip that shape change into multiple 3D shapes. Shape changing from bent U shape into a 
flat shape due to shape memory effect.

Sequential shape changing of flower petals due to the 
shape memory of different material with different Tg.

Bending of the 4d printed actuator in response to 
moisture absorption.

Shape changing of 3D printed lily flower in response 
to water immersion, based on the anisotropic swelling 

behaviour

Shape changing of a hybrid structure from flat state 
to 3d shape when swollen and then back to flat state 

due to the increase of temperature to above 32°C 

Deployment of a structure in 
response to heat

Upon heating to above the glass 
transition temperature, the store 

stain inside the 3D printed model 
releases and results in three 
dimensional shape-shifting

Shape changing in response to heat Actuation in response to heat

Materials (non-bio-based )Hydrophilic polymer 
· Vinyl Caprolactam 
· Polyethylene 

· Epoxy diacrylate oligomer · Iragcure 819 
· Wetting agent  

(non-bio-based )Composite of shape memory polymer 
on an elastomeric fabric

(non-bio-based )A composite of SMP fibres in 
an elastomeric matrix 

· TangoBlack as the elastomeric matrix · Gray 
60 as the SMP fibre  

A composite of hydrogels · Alginate/
PNIPAAm  

(non-bio-based) A composite with particles 
· Polyurethane acrylate 
· Fumed silica particles 

· Iragcure 819 as photo-initiator  

(non-bio-based) Epoxy polymers as the hinge  Polyactic acid (PLA)  (bio-based)  PLA printed on paper  (non-bio-based)A composite of two SMP fibers for multiple 
transition temperatures 

· TangoBlack+ as the elastomeric matrix · DM 8530 (Gray 
60), DM 9895 as the SMP fibers  

Soybean oil acrylate 
Ciba Irgacure 819 

 (non-bio-based)Phenylbis (2, 4, 6-trimethylbenzoyl) 
phosphine oxide as a photo-initiator · Methacrylate 

based polymer 
· Sudan I and Rhodamine B as photo -absorber  

Wood-fill fine filament is which is consisted of a 
blend of poly(lactic acid) (PLA) and 

poly(hydroxyalkanoate) (PHA) matrix, reinforced 
with recycled wood fibres.  

Hydrogel composite ink composed of stiff cellulose 
fibrils embedded in a soft acrylamide matrix. The 

composite architectures are printed using a viscoelastic 
ink that contains an aqueous solution of N ,N -

dimethylacrylamide (or N -isopropylacrylamide for 
reversible systems), photoinitiator, nanoclay, glucose 
oxidase, glucose, and nanofibrillated cellulose (NFC)  

Hydrogel-based ink  Thermally responsive SMPs. 
VeroWhite  

Fila Flex(stretchable elastomeric 
filament material)

PLA Shape memory polymers from the 3D printer 
library of Stratasys  

Chitosan hydrogel ink and Pre-strained 
polystyrene (PS) film  

Material 
properties

Young’s modulus  
Rigid material: 2 GPa with Poisson’s ratio of 
0.4 Expanding material: 40 MPa in the dry 

state 5 MPa when fully swollen  

Glass transition temperature Elastomeric matrix: 

~-5oC  Fibers:~35oC Young’s modulus 
Elastomeric matrix: ~0.7 MPa at 15oC Fibers: 3.3 

MPa at 60oC 
13.3 MPa at 15oC polymer fibers exhibit shape 

memory (Rf ︎80%), while the matrix does not (Rf 0%)  
 

Glass transition temperature TangoBlack: 
~-5oC 

Gray 60: ~47oC 
· Young’s modulus 

TangoBlack: ~0.7 MPa 
Gray 60: ~6 MPa (from paper) 

Young’s modulus  
10 % of NiPAAm: ~0.29 MPa at 20oC ~1.4 

MPa at 60oC 
15 % of NiPAAm: ~0.26 MPa at 20oC ~1.8 

MPa at 60oC 
20 % of NiPAAm: ~0.17 MPa at 20oC ~1.9 

MPa at 60oC  

Young’s modulus 
Matrix polymer: ~5 MPa Particle composite 

polymer: ~5 MPa, ~8.5 MPa (with respect to the 
orientation of particles)  

Glass transition temperature Epoxys: ~32, ~35, 

~55, ~60, ~65oC  
Tg of PLA: 60~65oC             

coefficient of thermal expansion 
(PLA): 6.0×10−5/K  

Elastic modulus(PLA):3.5 GP (in 
glass state)- 50 MPa (over Tg) 

Glass transition temperature: PLA: 

60~65oC             coefficient of thermal 
expansion (PLA): 6.0×10−5/K  

 coefficient of thermal expansion (Paper): 0 

Elastic modulus(PLA):3.5 GP (in glass 
state)- 50 MPa (over Tg) 

Elastic modulus(Paper): 50MPa  

Glass transition temperature TangoBlack+: ~2oC 
DM 8530, DM 9895: ~57oC, ~38oC respectively · Tensile 

strength 
DM 8530 : 29-38 MPa  

DM 9895 : 8.5-10 MPa 

Glass transition temperature Soybean 

sample: ~20oC  

Tg: ∼−50 °C to ∼180 °C  

100MPa 

Anisotropic behaviour of the FDM of wood fibre 
reinforced biocomposites.  Young’s modulus 

0o compressed composite: 
~4000 MPa with ~0.15% of swelling. 90o compressed 

composite: 
~ 3500MPa with ~0.43% of swelling 90o with high 

speed printing: 
~ 900 MPa with ~0.5% of swelling  

Longitudinal and transverse swelling strains of α∥ ∼ 
10% and α⊥ ∼ 40%, respectively which represents an 
anisotropic swelling behaviour. The material also has 
elastic moduli with longitudinal and transverse values 

of E∥ ∼ 40 kPa and E⊥ ∼ 20 kPa, respectively.  

Swelling capability in response to water 
immersions. Reduction of swelled volume in 

response to the increase of temperature to above 
32°C

Young Modulus: 16.43MPa  
VeroWhite Tg:60 °C

Melting temperature above 180 C  FLX 9895 with glass transition temperature 
of  31C (Reactive material)    RGD 525 with 

glass transition temperature of 70︎C (Non-
reactive material-Stiff)  AGILUS 30 with 
glass transition temperature of 4C (Non-

reactive material-Compliant)  

Tg of ps film:102 ◦ C Shrinkage of ps film is up 
to 60%. Shrinkage happens between 102 ◦ C 

and 120 ◦ C degrees.  

Curing or 
polymerisation 

Process

UV curing as part of printing process Curing through UV photo polymerisation as part of 
printing process

Curing through UV photo polymerisation as 
part of printing process

photopolymerization with UV as a process 
of printing at 10 °C to prevent phase 

sepretaion of the ink. Immersion of the 
printed hydrogel in 0.1 M calcium chloride 
solution to cross- link the alginate polymer 

network  
  

ultraviolet light polymerizes and crosslinks the 
monomer phase of the ink  

UV photopolymerizing method NA NA UV photopolymerizing method ultraviolet laser  Photo-curing NA Ultravoilet Curing Ultravoilet Curing UV curing NA UV Curing Drying in an oven at 50 ◦ for 5 h  

Stimuli Hot water-Swelling Temperature Temperature Temperature ethyl acetate as a swelling solvent Temperature Temperature Temperature Temperature Temperature Temperature Moisture Water Temperature which results in dehydration Heat Temperature Heat Heat absorbed through light.

Duration of 
transition

~15-20 min ~︎5 min  1 min (after unloading) 1 min , 2 min, 3.5 min NM 1 Sec NM 12s 1m 20m 1day to 1 hour 5 min to 30 min Almost Immediate transition 10m 30 to 60 s  

Application/
Suggested 

application

Strand that reveals a secret word.(MIT 
strand)- Flat pack material that can transform 

into volumetric products. 

Printed hinge in a self folding box Origami patterned objects. Smart valve that can control the flow of 
water- hydrogel-based sensors, soft robots, 

medical devices, and self-assembling 
structures.  

A shape changing key lock system has been made in 
this research. And “It can potentially be used as 

autonomously triggered flexible joints, soft building 
blocks with reversible click- type links as well as 
selective pick-and-place systems in soft robotics” 

COuld have application in “Sensors and actuators 
that can be used in microsystem actuation 

components, biomedical devices and aerospace 
deployable structures”

Application for filtering, localizing 
and guiding acoustic waves  

lightweight structures or devices for 
specific applications, such as mechanical 
metamaterials, optical components and 

tissue engineering  

Biomedical applications and soft robotics Biomedical scaffolds  NM-Grip, artificial flower demonstrators for 
biomedical devices, deployable aero- space 
structures, shopping bags, shape changing 

photovoltaic solar cells  
  
  
  

Actuator flower demonstrator, no application is suggested Biomedical application where spatial constraints 
limit the initial shape of objects to flat surfaces only  

Deployable applications, both in 
terrestrial and outer-space 

structures, as well as morphing 
devices  

Biotechnology, electronics, 
engineering of complex 

metamaterial  

Deployable structure for automative, building 
and biomedical industry

Self deployable structure or packaging

Specified 
Computational 

model and 
software 

simulation

Programmed custom software called Cyberg 
to simulate the shape changing of material

NA NA 3D model in solidwork NA Finite element analysis to simulate the folding 
and unfolding dynamics. And predict whether or 
not there will be any collision. The software used 

is ABAQUS (Simulia, Providence, RI, USA)  

N/A commercial software COMSOL 
Multiphysics to simulate the band 

structures  

NM N/A FE simulation. Software name not mentioned Utilised software for slicing and 3D printing is 
Repetier host v1.0.6 soft- ware, combined with a 

Slic3r slicer.  

MeCode Python scripting for Gcode creation.  A customised program was developed to control the 
actuators (C#, Visual Studio 12.0), while the CNC 

stage was controlled in the x, y, and z directions 
with Linux CNC EMC2 software.  

FEA analysis. But no specified 
software

NA Finite element analysis software ABAQUS 
6.14.1  

Solidwork CAD  

Test and analysis NA Dynamic mechanical analysis to test stress relaxation dynamic mechanical ana- lysis (DMA) tests, 
uniaxial tensile tests, thermal strain tests, and 

stress relaxation tests  

Tensile testing, As water temperature 
increase to 60, the hydrogel has less 

strength

Tensile testing, Dynamic mechanical analysis to characterise 
glass transition behaviour

N/A N/A Dynamic mechanical analysis to determine the therm-
mechanical properties of materials,

DSC analysis to determine the glass 
transition temperature. 

Experimental characterisation and SM behaviour of 
material had been under investigation

Tensile and swelling test were conducted on three 
types of models including, compressed ra filament, 0 
degree oriented 3D printed models and a 90 degree 

oriented 3D printed model

Mechanical testing and swelling test Tensile test and compression test Compression test restated in 
maximum compression of 0.20 

N

NA Load bearing tests showed that the structure 
can sustain 0.05 kg at 40︎C temperature and 

0.20 kg at *22 ︎C. 

Finite element analysis (FEA) of printed hinge 
thermal response  

Other specified 
info

Shape changing happens fast in hot water 
compared to cold water.

in-plane resolution of 32–64 lm  the lowest volume fraction and thinest the 
thickness, the hinge bends the most.

The fully crosslinked gels were then rinsed 
and further immersed in water at 20 °C and 

swollen to equilibrium- The thermal 
induced actuation is reversible as the water 
cools down from 60 to 20, the gel swells to 

the initial equilibrium.  

Two component for mixing and dispensing 
components is aded to the printer to a low the 
gradual change in the ink composition during 

printing process. The non magnetic particles have 
been made magnetically responsive through 

adsorption of iron oxide nanoparticles. Different 
sections are magnetically aligned then cured one 

after another.The magnetic alignment increase the 
strength and elasticity by 49% and 52 % 

respectively.It also increase the swelling strain by 
30%. A patterned photomask is used to be able to 

have control over local texture. 

NA NA NA NA NA NA NA NA 10 minutes duration for UV curing NA NA This structure is a model of von miles truss 
structures and has stroke length of 20 mm. 

NA

Claim of 
differentiation

First research that introduce the concept of 
4D printing

First research the introduce the paradigm of printing 
active composite (PAC) through 4D printing after the 
development of the concept if 4D printing by Tibbits.

Active 4d printing origami can reduce the cost 
of infrastructure investment for. They achieve 
active origami through 4D printing.  The flat 

printed object is heated, strained while heating, 
then keeping the object in strained position 
while cooling down and then releasing the 

stress which cause the object to  folds into a 3D 
shape. Also the reverse method, Printing 3D, 

flattening as a temporary shape and then 
heating agin to reverse back to 3D shape. 

in contrast to available 4D printing 
example at the time, which the shape 

changing was slow and limited reversibility 
and restricted to bending type motion , they 

propose a fast and reversible skeleton 
muscle 

The paper suggest a method of fabricating 
microstructure whiten a 5 dimensional design space 

where control of composition and orientation of 
particles are the two aded dimensions.

This research propose a sequential shape 
changing rather than one action shape changing 
through use of a series of SMPs with different 
glass transition Temperatures. This proposed 

process allow us to print interlocking mechanisms 
that require highly controlled sequence during the 

shapechanging.

First to explore how to store strain in 
material during 3D printing process 

to achieve shape changing after 
printing process upon heating due to 

the release of the stored strain in 
material.

This paper take advantage of uniform 
internal stressed that is stored in printed 
polymer to fabricate a thin sheet that self 
fold under thermal stimuli. Therefore it 

propose a new method of thermal induced 
shape transformation while making use of a 
new (bio-based) material compared to the 

previous previous research that were 
focused on epoxy polymers.

The printed composite can achieve multiple 3d temporary 
shape rather than one.

Introduced the concept of printing active 
composite to fabricate biomedical 
scaffolds using a stereolithography  

 3D printer(SLA). The utilised material is 
biocompatible. One if the first who 
started using plant oil polymers as a 
liquid resin for stereo lithographical 
fabrication of biomedical scaffolds.

While the previous studies of 4D printing with shape 
memory polymers were not suitable for high 

temperature applications (higher than 70°C), and 
limited to the resolution of 200 µm and Polyjet 

printing method, this study suggests a new approach 
that enables high resolution, up to1 µm, multilateral 

4D printing and ideal for high temperature 
application up to 180 °C. 

  
 

This study is the first research that discovers the effect 
of printing parameters on the mechanical properties 

that lead in to 4D printing experience. 

While other studies utilise the shape memory 
capability of a material or bi-layer structures in order 

to achieve shape-shifting, this research utilise 
anisotropic swelling behaviour of hydrogel-based 

materials.

Firstly this research claims that the fabrication and 
control of the objects with complex morphing 

motions is complicated. In response this research 
claims that the developed 3D printing technique 

and mechanical models of the research provides a 
facile method for the digital design, fabrication and 

accurate control of reversible shape changing.

This research is the first study 
that explores 4D printing and 

responsive material in the form 
of tensegraty structure the can 

achieve deployment. 

NM This research claims improvement and 
development of current challenges in 

achieving autonomy such as bulky energy 
sources, imprecise deployment, jamming of 

com- ponents, and lack of structural integrity.  

This research claims that processing SMPs to 
contract 3D structures our of 2D planar objects 
is deemed difficult and limited. Therefor this 
research claims that the proposed extrusion-

based 3D printing can be a promising 
alternatives. 

My reflect The transforming into 3d shape trough applying 
strain is done by human, audits not through 

environmental stimuli. The process of 
programming the temporary shape in this 

research is a bit different compared to others. 
After heating the object over the glass transition 
temperature, the object is stretched and hold in 

the stretched position till it cools dow. One 
called down, the load is removed and the object 
shape change reconfigure to a curve shape, due 
to the stressed stored on between two layers.

One of the research that really tries to 
overcome the limitation in this area. this 

research demonstrate a material that 
behaves fast, reversible. And the research 
identifies and application for material and 
test the product compared to other type of 

researches that only propose material 
experimentation  and only suggest a few 

applications.

Although the idea of sequentially shape changing 
4D printed object had been suggested by Skylar 
Tibitts previously, however this paper is the first 
research that explores the area and demonstrate 

how this idea could be used for interlocking 
mechanisms.

Although storing strain and stress 3D 
printed object have been used as a 
programming step to achieve shape 
changing effect previously, but this 
study research on storing strain on 

material during fabrication process to 
achieve shape changing and 4D 

printing effect.

The reversibility of the shape changing, 
plus the fact that the shape changing 

happens naturally and does not require a 
manually programming makes this research 
a very interesting and different research. In 

addition this project make use of a bio-
based material PLA which has not been 
used previously in 4D printing projects. 

This research is a developed version of Ge, Qi, & Dunn (2013) 
and Ge, Dunn, Qi, & Dunn (2014) where the printed 

composite can change into multiple 3d temporary shapes 
rather than single predicted shape. And this is through making 
use of variety of SMPs with different mechanical properties. In 
addition, through increasing the level of applied stumble, can 
cause object to recover its permanent shape. Whereas in other 
research, the printed object recovers permanent shape through 

the removal of the applied stimuli.

This researches novel in terms of 
developing a new bio based material not 
only for sterolightogrophy fabrication but 

also for 4D printing technology due to 
the shape memory effect of the material. 

However the concept have not been 
explored further to produce and test a 
biomedical scaffold. Rather it has been 

explored at experimental level.

This study identifies the gap within available material 
and technology for high temperature and resolution 
applications and fills this gap. This is very valuable 
as it develops material and a custom 3D printer that 

would fill the aforementioned gap.

This study conducts a systematic research in order to 
investigate the effect of fused deposition 

modelling’parameter on the mechanical behaviour of 
natural fibre-reinforced composite material.As a result 

this study finds out that the FDM process provides 
material with characteristics suitable for moisture 
induced actuation as well as improvements for the 

maximal curvature and actuation speed. This research 
findings canoe utilised as a method for the creation of 

shape-changing objects and opens up new 
opportunities in the field of 4D printing. 

Compared to previous studies, this research introduces 
the anisotropic swelling behaviour of material as a 

new method to achieve shape shifting of 3D printed 
structure. Therefore this study is considered valuable 
and can open opportunities for future development in 

the field of 4D printing.

The exact method of using hydrogel based structure 
that swells in response to the water immersion and 
contacts in response to the increase of temperature 

was previously explored and demonstrated by 
Raviv et al., 2015.Whil the previous research 

explored the application of material and method for 
responsive valves, this research explores the 

application for biomedical devices. In contrast to 
the research claim of differentiation, this research 

does not introduce a new or a simplified method of 
fabricating shape changing objects. However that 

material developed for this research might be a new 
type of formulation with different properties. 

This research can be named as 
the first research that has 

explored 4d printing technology 
and responsive material for large 
scape applications focusing on 

structures. 

Although the method that this 
study utilise in order to achieve 
shape-shifting has been used in 
previous studies, this research 

take a more creative approach by 
varying the printing factors such 
as width, thickness and direction 
in order to achieve different type 

of three dimensional shape-
shifting. 

It is interesting that the design of structure 
has load bearing capability even during the 

shape changing process. Although the aim of 
this project is use of responsive material for 

large scale deployment, but the material used 
is quite expensive for application.  

Achieving 4d printed object through 3D printing 
bi-layer structures with different expansion of 
contraction coefficient has been repeated so 

many times in the previous studies.Therefore I 
am highly against the claim of this research. 
Achieving 3D structures out of 2D printed 

models with shape memory material has been 
achieved by other such as Mao et al., 2015. And 
this process does not seem as hard and limited 

as this research claims. However the 
combination of materials and the source of 
trigger used in this study is different than 

previous 

General Notes/
Overview

It is important to know whether the 
application needs the material to transform 
back and forth or only transforms for once. 

Fabricate active composite material through printing 
fibres of shape memory polymers onto an elastomeric 
fabric- However, the composite is printed flat, can be 
programmed into temporary complex shape through 

heating, stretching, cooling and releasing load or 
stress. And once heated by 60 degree, it goes back to 
permanent flat shape. The construction of object is 

through one layer of fibres in lamina inside a layer of 
matrix lamina with a solid layer of metric material on 

top

Fabricating origami folding pattern through 
printing shape memory fibres on an elastomeric 

matrix. The PCA hinge bends more with 
decrease in volume fraction. However if the 
volume fraction increase but the thickness 
decrease, the hinge will still bend more. In 

overall, the lowest volume fraction and thinest 
lamina bends most. 

Printed hydrogen in water, contract and 
loos water content as the temperature rise 
to 60. But then as temperature goes down 

to 20, it swells again. This muscle like 
linear actuation is used as a valve for water 
flow control. Therefore the valve reduced 

the flow rate of water by 99% when 
exposed to hot water, and then it 

Through applying a low magnetic field the 
orientation of anisotropic particles in a direct ink 
printing process is controlled. This alignment of 

particles trough magnetic field results in increase in 
strength, elastic modulus and swelling strain. This 

paper is inspired by the architecture of natural 
material. The research use two soft and stiff 

material, where the soft material has swelling 
capability.

This paper demonstrate the feasibility of  4D 
printing sequentially shape changing objects with 
the use of functionally graded materials. It also 
demonstrated how this method can be used to 
create 4D printed interlocking mechanisms.

This research make use of two 
property of material to achieve 4D 
printing effect and shape changing. 
Firstly it explores the shape memory 
effect of PLA material through 3D 
Printing lattice structure that can 
recover their primary shape  after 
shape programming upon heating. 

Secondly, it looks at how the process 
of 3D printing can be used to store 
strain in the material resulting in 

shape changing upon heating after 
the printing process

Due to the mismatch between of the 
coefficient of thermal expansion pf the PLA 

and the paper, the flat composite shape 
change into a 3D shape once heated. And 
once the composite is cooled down, it can 
goes back to its flat shape. Therefore the 

process is reversible.

This research creates a layer composite of multi SMPs  that 
can change into different 3D shapes once activated. The 

bending deformation of the strip can be controlled through a 
thermo mechanical programming through tuning the volume 

fraction of the strips. Firstly the printed composite is heated to 
a TH that is higher that Tg s of all the fibres. Then the 

composite is stretched and the temperature is dropped to 0 
degree that is lower that the Tg s of materials while 

maintaining the strain. This fixes the composite in a fist 
temporary shape. Then if the composite is heated to different 

temperatures  in a stage manner (each stage is at a temperature 
of the Tg of one of the materials), it takes up different 

temporary shapes at each stage. If the composite is heated to a 
temperature higher that the Tg of all of the material, the 

composite will recover a flat permanent shape.  

This research use soybean oil acrylate as 
a resin material for sterolithography 

fabrication technique to print 
biocompatible scaffold with proper shape 

memory capability.

This research develops custom material and 
multilateral 3D printer that would enable 4D printing 
of sequentially shape-changing models. The models 
printed in this study have resolution of 1 µm and can 
be used for applications that require high temperature 

up to 180°C

This study reviews how FDM printing method can 
have an influence on the mechanical properties of 

natural fibre-reinforced composites such as change of 
tensile strength or swelling ratio.

This research focuses on achieving an anisotropic 
swelling behaviour in 3D printed hydrogel architecture 
through controlling the alignment of cellulose fibrils. 
This anisotropic swelling behaviour is then used in 

order to achieve shape shifting behaviour.

This research developed hydrogel-based material 
with robust properties that can be used in 3d 

printing objects with shape changing capabilities.

Through modular design a 
deployable tensegrity structures 
are developed that are stiff and 

resilient while achieving a 
gigantic shape change.

This research utilises 3D printer 
machine in order to store strain in 

melted PLA material through 
stretching the filament. Then 

through 3D printing of 
multilayers with stored strain in 
multi directions, this research 
achieves produces self folding 
structures. In this research the 

width and thickness of the strips 
strongly affect the deformation 

characteristics, thereby enabling a 
wide range of 3D shapes.

This project represents a 3D-printed 
programmable actuator that enables the 

autonomous deployment and shape 
reconfiguration of structures in response to 

heat. In Here material is used as a 
controllable energy source and bistable 

mechanism is used as a linear actuator and 
force amplifier. This structure can achieve 

multi state shape change and has load bearing 
capability even during the shape changing 

prpcess. 

In this research a restrained polystyrene film 
with the ability to shrink once heated above its 
Tg is utilised. In order to create 3 dimensional 
shape changing, black chitosan-hydrogel ink 

that absorbs heat from light immersion is used. 
The difference in the thermal contraction results 

in 3 dimensional shape-shifting of the 3D 
printed object

Quotes “The direction and the amplitude of such 
transformation depend on the geometrical 

arrangement of the expandable and the static 
regions. ” “Two-dimensional printed 

structures emphasize the efficiencies of 
printing flat shapes, given its extremely 

quick print time and minimal material used” 
“this process is not infinitely repeatable as 

the material degrades over- time”

N/A “3D printing has been used as a fabrication 
technology to create 3D structures with 

complex details that cannot be created by other 
techniques (or are prohibitively expensive)”

N/A “deposition of multiple materials that incorporate 
new functionalities in 3D printed parts resembles, to 

some extent, the approach used by living cells to 
grow biological materials in nature. Alike printing 

heads, cells in the connective tissues of animals and 
plants lay down extracellular material (ECM) with 

locally tunable composition in a layer-by-layer 
manner”. However the difference is that the ECMs 

include minerals, fibrils and fibres aligned at 
specific direction and construction.  

NA N/A N/A “3D printing is attracting more and more research and 
development interest, to transform from a prototyping tool to a 

fabrication powerhouse for applications ranging from tissue 
engineering to aerospace parts and structures ”  “Active 

materials and structures that can change their properties and 
shape have great technological potential, in sensors, robotics, 
self-packaging devices, aerospace exploring and bio-medical 

applications”

“PLA and PCL are highly biocompatible 
and clinically approved biomaterials”

“Three-dimension (3D) printing technology allows 
the creation of complex geometries with precisely 

prescribed microarchitectures that enable new 
functionality or improved and even optimal 

performance” “The low modulus of hydrogels 
ranging from ∼kPa to ∼100 kPa, and the solvent 

diffusion based slow response rates in the time scale 
of a few ten minutes, hours, and even days make the 
hydrogel based 4D printing not suitable for structural 
and actuation applications. But, SMPs have higher 

modulus ranging ∼MPa to ∼GPa and faster response 
rates”

Basically, when natural fibres (wood, flax, hemp, etc.) 
are used as composite reinforcement, they  

suffer from moisture sensitivity which degrades the 
mechanical proper- ties and overall durability of the 

bio-composite material. Nevertheless, moisture 
induced self-shaping wood and natural-fibre bio-

composites (called hygromorph bio-composites) have 
been recently developed, drawing inspiration from the 

structure/function relationship of natural materials 
such as observed through the seed dispers- al 

mechanisms of pine cones.  

“Plants exhibit hydration-trigged changes in their 
morphology due to differences in local swelling 

behaviour that arise from the directional orientation of 
stiff cellulose fibrils within plant cell walls”  

“Plants exhibit hydration-trigged changes in their 
morphology due to differences in local swelling 

behaviour that arise from the directional orientation 
of stiff cellulose fibrils within plant cell walls”

NA “3D printing provides an 
alternative route to the 

programming of shape-shifting: 
the spatial arrangement of active 

(and passive) elements”

“The activa- tion force of the bistable 
mechanism is dependent on its joint length 

and stiffness”  

“A prime example of light activated 3D origami 
soft actuators in nature is sunflowers  

”

Fusthure 
research 

development 
suggestion

medical devices, sportswear/equipment, 
aerospace, automotive, marine, defence, 
construction materials and infrastructure 

sectors.  

Further research can be done on spatially varying 
material properties in a 3D domain.

N/A The material can be used to develop 
sensors, robots and self-assemblying 

structures

further systematic studies are required to investigate 
the extent of reinforcement and shape-changing 

capabilities that can be covered by each one of these 
additional printing dimensions.  

N/A N/A N/A N/A N/A Note mentioned Optimization of biocomposite formulation to improve 
actuation performance, and especially durability, by 

tailoring interfacial bond strength as well as the 
selection of fibre and matrix.  

NM NM NM NM NM

Hindrances that 
might inform 
your thesis

Printing two dimensional provides that 
advantage of minimal required. time and 

material. Geometric structure has an 
important role in the transformation of 4D 
printed object. In a bilayer strip, the object 
curves toward the rigid material.Gradient 

distribution of rigid material can be used for 
complex shape reconfigurations.

N/A N/A N/A N/A This method can be used to prototype Kirigami 
and interlocking structure and mechanisms. In 

this paper like all the others, the object is printed 
flat, then programmed into temporary shape.

N/A N/A  “4D printing and provides tremendous opportunities for 
designing and fabricating smart or active structures efficiently 

and easily”.  “the emergence of 4D printing, where active 
materials are used in 3D printing, presents a potentially 

powerful extension of 3D printing for active structure and 
device applications ”

“Contrasted with petroleum-based 
biopolymers, which are from a limited 

and depleting resource, plant oil 
polymers are economical and 

renewable9. Plant oil polymers have also 
shown excel- lent biocompatibility”  

“plant oil polymers are just emerging as 
suitable biomaterials for implantation”

“There are two types of SAMs mainly used to realize 
4D printing: hydrogels that swell when solvent 

molecules diffuse into polymer network and shape 
memory polymers (SMPs) that are capable of fixing 
temporary shapes and recovering to the permanent 

shape upon heating”

“when natural fibres (wood, flax, hemp, etc.) are used 
as composite reinforcement, they suffer from moisture 
sensitivity which degrades the mechanical proper- ties 
and overall durability of the bio-composite material ”

Quantifying the curvature achieved through 
anisotropic swelling be saviour can be don using the 

Timoshenko model. 

“Completely reversible shape transitions are also 
possible with the structure returning back to its 

original shape when stimulation is ceased.These 
shape transitions can occur when the active material 

changes in volume. Stimuli responsive gels and 
hydrogels and electroactive polymers belong to this 

category."

Among active materials, SMPs 
exhibit excellent recoverability, 

easy tailoring of properties.  

NA Usage of von Miss truss structure for 
deployable structures in large scale shape 

changing can be a precedent.The deployment 
of  the structure is activated through 

environmental change, which results in 
removing the need for electrical energy input 
and eliminating the possibility of jamming of 

parts.  

NM
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3.2.3 Advantages of 4D printing 3.3 Conclusion

The vision for the future of products and processes has 
radically shifted with the introduction of 4D printing 
technology . This technology introduces the potential 
for the production of programmable products that can 
adapt to “users demands, biomimetic information 
and environmental stimulus” (Tibbits, 2014, p . 119) . 
In addition, 4D printed responsive objects might 
eliminate the need for additional expensive electrical 
components which might have a high chance of failure 
(Tibbits, McKnelly, Olguin, Dikovsky, & Hirsch, 
2014) . Therefore, this elimination of electrical 
components will result in a more energy efficient 
performance in contrast to energy-intensive actuation 
mechanisms (Gupta et al ., 2019) .

Evaluating and reviewing the current studies conducted in the field of 4D 
printing technology identified the unexplored area of 4D printing for large 
scale applications and described the unique manufacturing possibilities of this 
technology. In addition, literature identified the great advantages of bio-based 
materials associated with biodegradability and being driven from natural resources 
as well as the inherent 4D property of a number of biopolymers . These advantages 
proved to have great potential to implement bio-based polymers within 4D 
printing for large scale application areas . Therefore, utilizing bio-based polymers 
with 4D printing technology can draw the hypothesis that the combination of 
these two themes has potential application and advantages for the development 
of large-scale products .
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4.1 Terminology of chapter 4

3D syringe printer

Acrylonitrile butadiene styrene 
(ABS) filament

Anisotropic behaviour

Computer-aided design (CAD) 
modelling

Glass transition temperature

Isotropic behaviour

Megapascal (Mpa)

Polylactic acid (PLA) filament

Shape memory

Tensile test

Tensile strength

Young’s modulus

A type of 3D printer that utilizes syringes to print material .

A thermoplastic polymer of which the filament from is commonly used in 3D printing technology.

A mechanical property of material in which the material does not have identical values of property in all directions .

Use of computer to help the digital creation of a design .

The temperature point where a material transitions from a hard or brittle state to a rubbery and compliant one .

A mechanical property of material in which the material has identical values of property in all directions .

Megapascal is a pressure unit. While Pascal is defined as one newton per square meter, Megapascal is x1,000,000 
multiple of the Pascal unit .

A thermoplastic polyester derived from renewable biomass. The filament form of this material is utilized for 3D 
printing technology .

The ability of a material to return from a deformed temporary shape to its original permanent shape induced by an 
external stimulus such as temperature .

A type of mechanical test which applies pulling force on a material specimen and measures the specimen’s response 
to stress .

The ability of a material to withstand pulling force .

The ability of material to withstand change in length when the material is under tension or compression force .
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4.2 Introduction

Material is the central point of this research . Concept developments and the 
design process of this thesis are in response to the material behaviour and 
capabilities . Therefore, gaining an intimate understanding of materials properties 
and characteristics is the first crucial step of this study. To achieve this step, 
this chapter focuses on the lab-based understanding of the material and material 
experimentations . This is followed by the development of design ideas and 
prototypes in response to the material experimentations . The outputs of this 
chapter are a material taxonomy expressing promising design qualities and a 
series of prototypes that showcase the unique properties of the material from 
an industrial design point of view . This is crucial for the research question to 
highlight the unique properties of the material and potential design applications 
for them . 

The material experimentations of this chapter were conducted on a series of 
cellulose-based polyester formulations . All these experiments were conducted in 
collaboration with a material scientist, John McDonald-Wharry who developed 
these formulations at Waikato University. Due to the confidentiality of these 
formulations, the material ingredients are not disclosed in this research, and the 
formulations are coded based on alphabetic letters such as formulation P or Q . 
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This chapter follows the Material Driven Design (MDD) method (Karana, Barati, 
Rognoli, & Van Der Laan, 2015) as a systematic approach to understanding the 
technical and experiential qualities of the material to find meaningful applications. 
While there are three different scenarios that the MDD method can be applied 
to, this research falls under the umbrella of scenario 3, where the material is 
semi-developed or is an exploratory sample . This means that the properties of 
materials are to be further defined through the design process and in response 
to design applications . In addition, since the material in this scenario is novel, 
it is difficult to recognise the material. Therefore, it is the responsibility of the 
designer to propose design applications in which the unique properties of the 
material will be elicited .

While the MDD method consists of four steps, Karana et al . (2015) suggest that if 
by the end of the first step, the designer finds an idea for the possible application, 
he or she should directly proceed to step 4 . Therefore, since this was the case in 
this research, only the first and the fourth steps of the MDD methods were carried 
out. Karana et al. (2015) named the first step of this method Understanding the 
material: Technical and experiential characterization . This step helps the designer 
to understand the technical and experiential properties of a material and to find 
possible design applications which incorporate the explored unique properties 
of such material . The fourth step is named Designing material/product concepts . 
In this step, the design concepts of the identified applications are prototyped.

Based on the MDD method’s suggestion, these two steps were not approached 
in a sequential manner . Rather, a simultaneous approach was carried out . This is 
because not all the formulations were available at the start of the experiments . 
The formulations were developed further by the material scientist in response 

4.3 Methods

to the results of material experimentations and prototyping of steps one and 
four. Therefore, to reflect on the process, this chapter firstly explains the 
experimentations (step 1) conducted on the first two available formulations, 
including formulation P and R-based foam formulation . In addition, mind mapping 
and material benchmarking, which were conducted as part of step one to provide 
a summary of experiments and assist in moving to step four are also explained 
in this chapter .  This is then followed by creating and prototyping the design 
concept with the available formulations as the fourth step of the MDD method . 
Again, this process was repeated on the formulations which were newly developed 
including formulation Q, S-based foam formulation and sawdust formulation . 

In addition to the five aforementioned formulations, the MDD method was also 
applied to two other formulations . However, this chapter does not explain those 
experiments. This is because only these five formulations were chosen to be 
used for the rest of this research . All the experimentations conducted on other 
formulations can be viewed in the Appendix B .

Since these formulations were made in the form of a paste, 3D syringe printing 
technology was utilized as a controlled and fast way of prototyping with these 
materials . In this research, a Hyrel 3D syringe printer that is commercially 
available from 3D Hyrel company is used (figure 4.1). Figure 4.2 demonstrates 
the process involved in prototyping with these formulations . Firstly, the syringe 
is loaded with the material . Secondly, the syringe is placed in the Hyrel syringe 
printer for 3D printing . After 3D printing the desired prototype, it is then placed 
in an oven to cure the material . The curing process requires heating the material 
at 105 °C for 48 hours .
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Figure 4.1 Hyrel 3D syringe printer Figure 4.2 Visual demonstration of the process involved in prototyping with cellulose polyesters
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According to the MDD method, the first step is to be in contact with the materials 
to understand the material’s technical and experiential qualities . In the technical 
characterization of the material, in cooperation with a material scientist, several 
tests were applied on each of the cellulose-based formulations . These tests included 
swelling, shape memory and tensile tests . Then, to gain a clear understanding 
of the material’s limitations and unique properties, several questions provided 
by the MDD method were answered . This step helped to identify the unique 
role of the formulations for product application . 

4.4.1 Understanding the material: Technical characterization

4.4 Process
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The first developed cellulose-based formulation that was utilized for experimentation 
in this research is called formulation P (figure 4.3). This formulation is stiff and 
tough . Similar to the other formulations, it is prepared as a paste and requires 
48 hours curing to become solid . To understand the technical qualities of this 
formulation, it underwent three tests . 

4.4.1.1 Formulation P

Figure 4.3 A cured sample of formulation P
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Formulation P: Swelling test

The first test conducted on formulation P was the swelling test. To test its swelling 
behaviour, a small sample of this formulation was immersed in water for different 
periods of time . Before the water immersion and after each period, the dimensions 
of the sample were measured and recorded in table 4 .1 . A plot graph was created as 
graphic representation (see graph 4 .1) to better understand the swelling behaviour . 
This graph was created by calculating the average and the standard deviation of width, 
height and the length of the sample .

According to graph 4 .1, the height of the sample swelled more than 
its width, and the width swelled more than its length . This means 
that the sample demonstrated an anisotropic behaviour . Therefore, 
formulation P has an anisotropic swelling capability . According to 
Gladman, Nuzzo, Mahadevan, and Lewis (2016), the reason behind 
such behaviour is due to the alignment of cellulose fibrils at the 
extrusion stage during the 3D printing process .

Graph 4.1 Graphic representation of swelling measurements for formulation P                                                                                                                               Table 4.1 Swelling measurements of formulation P    

Time immersed 
in water 

Duration immersed 
in water 

Width Hight Length Material 
Property 

10:55 am 0 1.62mm 0.87mm 33.24mm Dry-Stiff 

11:15 am 20 minutes 1.73mm 0.91mm 33.22mm Wet-Stiff 

11:22 am 40 minutes 1.72mm 0.93mm 33.22mm Wet-Stiff 

12:10 pm 1h 1.73mm 0.96mm 33.22mm Wet-Semi-Compliant 

5:50 pm 28h & 10 minute 1.98mm 1.03mm 34.5mm Wet-Compliant 

6:00pm 19 h& 8 minute 1.93mm 1.05mm 34.48mm Wet-Compliant 

1:17 pm 15h 1.94mm 1.05mm 34.55mm Wet-Compliant 

5:15 pm 14 h & 30 min 1.94mm 1.04mm 34.67mm Wet-Compliant 

5:15 pm till 11:50 am 19 h & 5min 1.90mm 1.04mm 34.62 mm Wet-Compliant 

Formulation P  - Swelling Measurements
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As demonstrated in figure 4.4, the cellulose fibrils in formulation P align with the 
direction of printing . This alignment results in increased stiffness, and therefore 
in a smaller swelling ratio . This causes the sample to swell on one side more than 
the other . According to Gladman et al . (2016), anisotropic swelling behaviour 
can be utilised to change the shape of an object through water immersion . To 
test this shape-changing capability, several 3D printed samples with different 
infill patterns were created and immersed in water.

Figure 4.4 Graphic demonstration of the align-
ment of cellulose fibrils
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Figure 4.5 Demonstration of the shape changing capability of formulation p through swelling and water immersion

Before water immersion
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Figure 4 .5 demonstrates these three different 3D printed samples . Each of these 
samples consists of two layers. In the first sample, the first layer is printed in 
0-degrees or X direction and the second layer is printed in 90-degrees or Y 
direction. Due to the alignment of cellulose fibrils in the direction of printing, 
each strand swells in width in both layers . Therefore, layer one expands in the 
Y direction, and layer two expands in the X direction . Since the second layer of 
this sample had more strands compared to the first layer, this layer had a higher 
swelling ratio . These differences in the direction of swelling and the swelling 
ratio resulted in the change of the sample’s shape . In this sample, as the second 
layer is confined with the first layer, the sample curves towards layer one and 
achieves a concave shape .

In contrast, in the second sample where the order of layers is reversed, the first 
layer is confined by the second layer. Therefore, sample two achieves a convex 
shape. While the first two samples were printed in 0-degree and 90-degree infill 
patterns, sample 3 was printed with a 45-degree infill pattern. This change in 
the direction of infill pattern resulted in a different type of shape-changing. 
Therefore, in contrast to samples 1 and 2, that achieved linear bending, sample 
three achieves a twisting type of shape change . 

This experiment demonstrated the shape-changing capability of formulation P 
through water immersion . This capability is referred to as 4D capability in this 
research. Based on the 4D printing definition mentioned in the literature review 
(chapter 3), these samples can be called 4D printed samples . In addition to this 
test, a more in-depth experiment on the shape changing behaviour of formulation 
P due to water emersion and different printing setting was conducted .  This 
experiment can be viewed in Appendix A .
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Formulation P: Shape memory test

Figure 4.6 Demonstration of the shape changing capability of formulation p through heat trigger

a b

c
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Aside from the swelling capability of formulation P, it was initially developed 
to have a shape memory capability (SMC) . To test the SMC of the material, a 
small cubic sample was 3D printed and cured in an oven for 48 hours . Figure 
4 .6 (a) demonstrates the 3D printed cube after the curing process . This cubic 
shape that the sample was cured in for 48 hours was the permanent shape, and 
the sample would have a memory of this shape . To change the shape of the 
cubic sample for the shape memory test, this sample was placed back in the 
oven for 15 minutes . At this stage, since the cube was heated at 105°C, which 
is a temperature higher than the material’s glass transition temperature (Tg), it 
became compliant . Therefore, the cube was compressed and then removed from 
the oven while confined in the compressed shape. The sample was then kept in 
the compressed shape while its temperature dropped down from 105°C (above 
material’s Tg) to room temperature (under the material’s Tg) . Therefore, this 
cubic sample stayed in the compressed shape . This compressed shape was the 
new temporary shape of the cube . This process of shaping a 3D printed object 
to a new temporary or permanent shape is called “programming”. Figure 4.6 (b) 
demonstrates the cube after programming for a temporary compressed shape . 
To test the SMC of formulation P, the programmed sample was placed in hot 
water (90°C) . Immersing the object in high-temperature water allowed to heat 
the sample uniformly to a temperature above its Tg. Therefore, as figure 4.6 (c) 
demonstrates the sample shape-shifting from the temporary compressed shape 
to the permanent cubic shape . This shape recovery demonstrates the SMC of 
formulation P. Based on the 4D printing definition this cube sample is a 4D 
printed object . 
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Formulation P: Tensile test

Figure 4.8 Mechanical testing of formulation p with Instron machine

Figure 4.7 3D printed sample for tensile test

a b
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After the swelling test and the shape memory test, the third test to be conducted 
on formulation P was the tensile test . This test measures the tensile strength of 
a material which can determine how strong a material is . To conduct this test, 
a few specimens were 3D printed with formulation P (figure 4.7). The machine 
utilised for this test is called an Instron machine . This machine has two grippers 
which the material specimens were placed between. As demonstrated in figure 
4 .8 (a, b), gradually, these two grippers moved away from each other and pulled 
the specimen apart . During this action, the specimen’s response to the applied 
stress was measured by the machine . As a result, the tensile strength and the 
young modulus of formulation P were calculated as 27 Mpa and 11,661 Mpa, 
respectively . Comparing these results with other materials’ properties such as 
PLA and ABS filament, a conclusion can be drawn that formulation P is three 
times stiffer than the PLA and six times stiffer than ABS filaments. Therefore, 
this formulation’s mechanical property can be considered as good as the available 
commercial materials .



M
at

er
ia

l 
Ex

pe
rim

en
ts

50

4.4.1.2 R-based foam formulation 

Another one of the developed cellulose-based formulations is called R-based 
foam formulation (figure 4.9). In contrast to formulation P, this formulation 
was developed to be soft and compressible and have a foam-like behaviour . 
When utilizing this formulation, in addition to the 48 hours of curing, it also 
requires being immersed in water for 12 hours . This is because, before the water 
immersion, the cured formulation is a bit stiff, but after water immersion and 
drying the structure of the formulation becomes porous and behaves like foam . 
Same as formulation P, the R-based foam formulation underwent the same tests .

Figure 4.9 A cured sample of R-based formulation
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R-based foam formulation: Swelling test

Table 4.2 Swelling measurements of R-based foam formulation Graph 4.2 Graphic representation of R-based foam formulation                                                                                                                                      
              

Figure 4.10 Printed beam sample of R-based foam formulation for swelling measurements 

Beam A Beam B

To test the swelling behaviour of this formulation, initially, two beam samples were 
3D printed and cured in an oven for 48 hours (figure 4.10). Then these two samples 
were immersed in water multiple times for different durations . Before and after each 
immersion, the dimensions of the samples were measured and recorded in a table 
(table 4 .2) . A plot graph was created based on this table as a graphic representation of 
the swelling behaviour (graph 4 .2) . This graph was created by calculating the average 
and the standard deviation of width, height and the length of the samples .

According to graph 4 .2, the height of the sample has swelled more than its width 
and length . However, the width and length of the sample swelled with a similar ratio 
(6-7%) . Therefore, since the sample has similarly swelled in width and length, this 

formulation represents an isotropic swelling behaviour . The isotropic 
swelling behaviour of the R-based foam formulation is in contrast 
to the anisotropic swelling behavior of formulation P (see section 
4 .4 .1 .1) . Therefore, a single material printed object with the R-based 
foam formulation does not perform shape-changing behaviour through 
water immersion . However, dual printing with the R-based formulation 
and another formulation with different swelling behaviour such as 
formulation P, can result in 4D printed objects that can change shape 
in response to moisture . To see the experimentation of 4D-dual printing 
with the R-based foam formulation and formulation P, please refer to 
the Appendix C .

 

Duration immersed 
in water 

A-Edge 
Length(mm

) 

A-Middle 
Length (mm) 

B-Edge 
Length (mm) 

B-Middle 
Length (mm) 

A-Edge 
Width(mm) 
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Width (mm) 

B-Edge 
Width(mm) 

B-Middle 
Width (mm) 

A-Edge  
Hight(mm) 

A-Middle 
Hight (mm) 

B-Edge 
Hight(mm) 

B-Middle 
Hight (mm) 

0 25.94 25.95 23.8 23.8 4.2 3.9 4.22 4.81 3.73 3.87 3.79 4.11 

15 27.76 27.57 25 25.16 4.43 4.21 4.42 5.19 3.99 4.18 4.13 4.51 

195 27.81 27.78 25.2 25.35 4.24 4.15 4.38 5.05 4.08 4.28 4.2 4.45 

1275 27.89 27.8 25.58 25.59 4.49 4.15 4.51 5.16 4.08 4.3 4.18 4.5 

2835 27.84 27.82 25.53 25.52 4.45 4.23 4.44 5.18 4.01 4.25 4.2 4.42 

5715 27.78 27.73 25.62 25.59 4.48 4.2 4.54 5.16 4.07 4.26 4.19 4.55 
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R-based Foam Fromulation  - Shape memory test

Figure 4.11 Demonstration of the shape changing capability of R-based foam formulation through heat trigger

a b

c
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After the swelling test, the next test conducted on the R-based foam formulation 
was the shape memory test . Since the R-based formulation’s Tg is lower than 
21°C, this formulation is compliant and soft at room temperature . Therefore, the 
SMC of it should be tested from 0°C to room temperature . This is in contrast with 
formulation P, which has a high Tg and performs shape memory behaviour from 
room to high temperature (105°C) . To test the SMC of the R-based formulation, 
a small sample was 3D printed and cured in an oven for 48 hours . Figure 4 .11 
(a) depicts the 3D printed sample after the curing process. This flat form that the 
sample was cured in for 48 hours was the permanent shape, and the sample would 
have a memory of this shape . To programme the temporary shape of this sample, 
it was curved and confined in the new form using tape. The shaped sample was 
then placed in the 0°C temperature, which is lower than the formulation’s Tg . 
After 15 minutes, the tape was removed from the sample . Figure 4 .11 (b) depicts 
the sample after programming the temporary shape . To test whether the sample 
would recover its permanent form, it was placed back to room temperature . Figure 
4 .11 (c) depicts the sample shape-shifting from the temporary curved shape to 
the permanent flat shape. This shape recovery demonstrates the shape memory 
capability of the R-based formulation . The SMC behavior of this formulation 
can be applied at low temperature .
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R-based foam formulation: Tensile test

Figure 4.12 Mechanical testing of formulation p with Instron machine
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After the swelling test and the shape memory test, the last test conducted on the 
R-based formulation was the tensile test . As with formulation P, a few specimens 
were 3D printed and cured for this test . These specimens were placed in the 
Instron machine . Figure 4 .12 demonstrates this process of measuring tensile 
stress on material . As a result, the tensile strength and the young modulus of 
formulation P were calculated as 0 .17 Mpa and 5 .57 Mpa, respectively . Comparing 
these results with the test result of formulation P, R-based formulation has a 
lower strength and stiffness than formulation P . This is because the R-based 
formulation was developed as a foam type and soft material .
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4.4.1.3 Mind map overview

Formulation P

Translucent appearance

Smooth surface

Stiff at room temperature

Shape memory capability
 which can be activated by heat

swelling capability through 1 2 
hours of water immersion

Tensile strength of   27  Mpa and 
Young modulus of 11661 Mpa

Anisotropic swelling behaviour

Compliant at 90°C or above

White colour

Soft surface

Soft and compressible 
at room temperature

Porous structure

Shape memory capability 
at low temperature

Low swelling capability through 1 2 
hours of water immersion

Tensile strenghth of 0 .17 Mpa
Young modulus of 5 .57  Mpa  

Isotropic swelling behaviour

R-based foam formulation

Figure 4.13 Mind map of the technical and experiential qualities of cellulose-based formulations
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Working with the material and conducting a series of tests on the formulations 
allowed us to gain an understanding of the technical and experiential qualities 
of the developed cellulose-based polyesters . As suggested by the MDD method, 
a mind map was created (figure 4.13) to present an overview of the knowledge 
that had been gained. According to figure 4.13, formulation P is capable of two 
unique properties, including shape memory and swelling capabilities, which 
makes this formulation ideal for 4D printing technology . On the other hand, 
the soft and compressible qualities of the R-based formulation make it an ideal 
material for the human interface or support part of an object .
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Material Benchmarking

Material PLA Filament Soybean oil epoxidized 
acrylate  

Wood-fill fine filament Hydrogel-based ink  polymers based on 
poly(ethylene oxide) and 

poly(2-oxazoline)s  

Chitosan-based polymer chitosan film chitosan-hydrogel polymer Bacillus subtilis natto cell

Application Application in engineering fields 
such as filtering, localizing and 

guiding acoustic waves. 
Application in shape changing 

solar concentrators

Biomedical scaffolds  Passive devices for solar tracking 
systems or responsive building 

skin

Biomedical application where 
spatial constraints limit the initial 
shape of objects to flat surfaces 

only  

Biomedical applications such as 
protein chromatography, sensing 
devices, protein adsorption and 
tissue engineering , temperature 

triggered drug delivery and 
regenerative medicine 

Smart drug delivery Responsive truss structure self deployable structure or 
packaging

Adaptive interface and wearable 

Specific material 
capability utilised for 

application

Heat-shrinkable property Shape memory capability 
triggered by human 

temperature.

Anisotropic swelling capability in 
response to moisture

Swelling capability in response to 
moisture 

Solubility of the polymer in 
aqueous systems in response to 

tmpreture  

PH-responsive Swelling capability in reopens to 
water

Thermo responsive capability Humidity-responsive capability

Technical 
characteristics

Elastic modulus: 50 MPa,           
Tg: 60~65 oC 

Tg: 37 oC, UV curable Young’s modulus: ~4000 MPa Reduction of swelled volume in 
response to the increase of 
temperature to above 32°C

Temperature response Shrinking at low PH and swelling 
at high PH

Tensile strength of 60 Mpa, 50% Swelling capability in 
response to moisture

Experiential qualities Stiff in room temperature and 
compliant over Tg, Durable, 3D-

printed texture

Biocompatible Stiff at room temperature with 
pores structure, Natural colour, 
High naturalness, Rough texture

Biocompatible with human body, 
It can regulate the range of 

stiffness and softness  

Biocompatible with human body. Biodegradable. Biocompatible, High deformation and shape 
change through swelling. Stiff in 

dry state and compliant in wet 
state.

Sufficient stiffness, high 
transparency,  

Tiny films with high bending 
curvature (80 degree), 
biocompatible, edible

Image

Citation Zhang, Yan, Zhang, & Hu, 2015; 
Momeni & Ni, 2018

Miao et al., 2016 Duigou et al., 2016  Naficy et al., 2016; Gao et al., 
2019 

Weber, Hoogenboom, & 
Schubert, 2012

Gao et al., 2019 Zolfagharian, Kaynak, Khooو 
Kouzani, 2018

Gupta et al., 2019 Yao et al., 2015

1

4.4.1.4 Material benchmarking

Table 4.3 Material benchmarking 

maryam Namini Mianji


maryam Namini Mianji
This content is unavailable, please consult the print version for access.
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The MDD method suggests that the next step should be to position the 
cellulose-based polyester formulations within a group of similar materials 
and their applications . The aim of such an approach, which is called material 
benchmarking, was to find out the potential applications emphasised in the 
domain of responsive bio-based polymers and to observe which qualities of 
material have been emphasised in these applications . Therefore, through delving 
into literature and material websites, a material benchmarking for responsive 
bio-based polymers was created (table 4 .3) . According to table 4 .3, similar to 
formulation P, the shape memory and swelling capability of the majority of the 
responsive bio-based polymers became the focus . While the majority of these 
bio-based polymers are utilised for engineering and biomedical applications, 
some of them are applied for adaptive wearables or interfaces and responsive 
architectural structures . The natto cell-based material utilised for an adaptive 
wearable (Yao et al ., 2015) demonstrates the potential application of responsive 
materials for smart products with the ability to adapt to the human body . In 
addition, according to Naficy et al. (2016) the hydrogel-based ink is applied for 
medical applications where the initial shape of the object is limited to spatial 
constraints and can only be in a contracted or flat form.

Interestingly, this requirement is also relevant in the area of product design .  
For instance, it would be beneficial to have large-scale products that need to be 
transferred to another destination in flat form. This would result in the occupation 
of a smaller space . One of the similarities among all these materials is the one-
directional shape-changing or curvature that these materials achieve . Therefore, a 
more sophisticated type of shape-changing might be possible to achieve through 
the development of a design for shape-changing .

With this overview, the next step was to develop design concepts for the potential 
application of the cellulose-based formulations .
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4.4.2 Designing material/product concepts

This step focused on the development of design concepts for the material . Firstly, 
the designer should incorporate the results of step 1 for ideation and concept 
generation . After the concept generation, the next step is to physically manifest 
and prototype each concept . This step is required to test the performance of the 
material for each concept .

4.4.2.1 Ideation

Based on the overview of material benchmarking (table 4 .3) and the Mind Map 
(figure 4.13), a series of design ideas were created through sketching and CAD 
modelling . Figure 4 .14 demonstrates an overview of the created concepts . The 
first concept was named Dust Mask. This concept utilised the R-based foam 
formulation as a filtration due to its porous structure as well as a soft interface 
for the mask . It also utilised the programming capability of formulation P to 
adapt the shape of the mask based on the user’s face . 

The second concept, named Elbow Guard, utilised the compressible qualities 
of the R-based foam formulation for the creation of a protective wearable . The 
next concept named Moisture Responsive Shoe Insert was developed based on 
the anisotropic swelling capability of formulation P . In this concept, formulation 
P was used to allow shape-changing of the shoe insert in response to moisture, 

while the R-based foam formulations were used for their cushioning properties . 
This shape-changing of the shoe insert would result in the adaption of the insole 
to the shape of the user’s feet. The last concept was the flat-pack furniture concept. 
In this concept based on the shape memory capability of formulation P, furniture 
was created in temporarily flat form for shipping purposes.  However, once 
arrived at the destination, the furniture would recover its permanent 3D shape .

All these design concepts were based on the capabilities which were discovered 
during the experimentations . To test the performance of the materials in each 
concept, the next step was to physically demonstrate these concepts through 
prototyping .
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Flat Pack Furniture

R-foam (25KCl): Soft material 
for skin contact

Formulation P : Stiff material, holds 
object in temporary shape at room 
temperature 

Filter paper

Dust Mask 

Formulation P, stiff 
material

R-foam (25KCl), 
compressible material

Elbow Guard

Stiff responsive materialCompressible foam material

Moisture Responsive Shoe Insert 

Ideation

Figure 4.14 Ideation of design concepts for potential application of cellulose-based polyesters
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4.4.2.2 Prototyping of design concepts

All the design concepts were prototyped through 3D and 4D printing utilising 
the Hyrel 3D printer. However, between these concepts, the flat-pack furniture 
concept was chosen to be developed further for the rest of this study . This decision 
was made due to the following reasons. Firstly, the literature review identified the 
unexplored area of 4D printing for large scale applications. Since the flat-pack 
concept is related to large-scale products such as furniture, further development 
of this concept would provide an opportunity to address this unexplored area . 
Secondly, as these cellulose-based polyesters are bio-based and sourced from 
renewable resources, the application of such material for large scale products 
provides a positive effect on the environment . Because the larger the scale, the 
more material will be used . Therefore, the more critical the environmental effect 
of a product will be .

Since only the flat-pack furniture concept was chosen for further development 
within this research, this section only explains the prototyping process of this 
particular concept . The prototyping of other design concepts can be found in 
the Appendix C .
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4.4.2.3 Flat-pack furniture concept

The flat-pack furniture concept process is outlined in figure 4.15. Firstly, the 
furniture model should be paste printed in a 2D form which is a faster than 
printing the model in a 3D form. Then the flat model should be placed in an 
oven at 105°C for 24 hours to semi-cure the model . This curing allows the paste 
material to cure into a solid material which would be easier for the programming 
step . After the 24 hours and while the model is still in the oven, it should be 
programmed and confined into a 3D shape. The final step is to continue curing 

Paste printing
1 2

Process

Complete curingHalfway curing Programming 3D 
shape

3 4

the 3D programmed model for another 24 hours . After this step the process of 
prototyping the furniture model is complete . The 3D shape that the model has 
following the final 24 hours of curing becomes the permanent form of the object.

Figure 4.15 Process involved in prototyping for the flat-pack furniture concept
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To prototype a flat-pack furniture model based on the aforementioned process, two 
simple digitally-designed models were created using the Solid Works software 
(figure 4.16, a). Then using the Repetral Software, this model was sent to the 
Hyrel 3D printer. Figure 4.16 (b and c) demonstrates the flat models that were 3D 
printed with formulation P before and after curing. As shown in this figure, after 
24 hours of curing, the model cracked in the middle and around the corners . Due 
to these splits, it was not possible to continue the process towards programming 
the 3D shape .

a) Digital Model b) 3D printed model before curing c) 3D printed model after 24 hours of curing

Figure 4.16 Prototyping the flat-pack furniture concept
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a)After water immersion b)Before water immersion

To overcome this problem a number of strategies including reinforcing the 
design through multi-layer printing, web structural design and increasing the 
height in z direction were carried out . However, all these tests resulted in broken 
prototypes (figure 4.17). Therefore, this cracking behaviour was a problem that 
needed to be addressed through material development .

Another problem that was observed during the prototyping step was the micro-
scale cracking of formulation P in response to water immersion . Figure 4 .18 
compares a cured sample of formulation P before (a) and after (b) water immersion . 
These photos, taken with a micro lens, demonstrate that after 12 hours of water 
immersion, small cracks appeared in the sample . Therefore, after the water 
immersion, this formulation becomes weak and brittle . This was another problem 
that needed to be addressed through further material development .

Figure 4.17 Demonstration of prototyping failure due to cracking 
problem

Figure 4.18 Cracking behavior of formulation P due to water immersion
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To overcome the cracking problem of formulation P during water immersion 
and the curing process, this formulation was developed further by the material 
scientist . As a result, a new formulation called formulation Q was developed 
(figure 4.19). Since this formulation is a developed version of formulation P, 
they have similar characteristics such as stiffness and toughness . To test the 
cracking behaviour of formulation Q a cracking test was undertaken . In addition, 
to better understand the technical qualities of formulation Q, a series of other 
tests including shape memory test, swelling test and tensile test were carried out .

4.4.2.4 Formulation Q

Figure 4.19 A cured sample of formulation Q
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Prior to the common tests that were conducted previously, a cracking test was 
conducted . For this test, similar furniture models that were previously 3D printed 
with formulation P were utilized (figure 4.20, a). However, this time, these 
models were 3D printed using formulation Q . Figure 4 .20 demonstrates the 3D 
printed models before (b) and after (c) the curing process . As indicated in this 
figure, the models survived the curing process without any cracks and splits. 
Therefore, formulation Q would be ideal for the flat-pack furniture concept.

Formulation Q: Cracking test

a)Digital Model b)3D printed model before curing c)3D printed model after 24 hours of curing

Figure 4.20 Cracking test of formulation Q
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Formulation Q - Shape memory test

a)After programming the permanent 3D 
shape

c)After programming the temporary flat shape

d)Shape recovery from a temporary flat form to a permanent three-dimensional form

b)After 48 hours of curing

Figure 4.21 Shape memory test of formulation Q
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Similar to formulation P, formulation Q should also have shape memory capability . 
Since the cracking test was conducted on the furniture models, it was decided 
to conduct the shape memory test on the same models instead of creating a 
new basic cubic model . This way, it was possible to test the performance of 
formulation Q for the flat-pack furniture concept. Therefore, after the 24 hours 
of curing, one of the furniture models was programmed into a 3D shape and 
confined in that shape using threads while it was heated in an oven at 105°C 
(figure 4.21, a). Then the programmed model was kept in the oven for another 
24 hours to complete the 48-hour curing process . Figure 4 .21 (b) demonstrates 
the model in 3D form after completing the curing process . This 3D form that 
the table was cured in was the permanent shape, and the model would have a 
memory of it. Then to programme the model for a temporary flat form, it was 
placed between two pieces of glass planes while being heated in the oven . Then 
without removing the glass planes, the programmed flat model was moved 
from 105°C to room temperature (figure 4.21, c). After cooling the model to 
room temperature, the external mechanical force that was applied by the glass 
planes was then removed, revealing a fixed temporary shape for the furniture 
model. To test the shape memory capability of formulation Q, the flat table was 
immersed in hot water (90°C). As demonstrated in figure 4.21 (d), the model 
recovered its shape from the temporary flat form to the permanent 3D form. 
This recovery confirmed the shape memory capability of formulation Q. In 
addition, this test demonstrated the potential application of formulation Q for 
the flat-pack furniture concept.
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Duration 
stayed in water 

QA-Top 
Length 
(mm) 

QA-Middle 
Length 
(mm) 

Q-B-Top 
Length 
(mm) 

QBMiddle 
Length 
(mm) 

QA-Top 
Width 
(mm) 

QAMiddle 
Width 
(mm) 

QB-Top 
Width 
(mm) 

QBMiddle 
Width 
(mm) 

QA-Top  
Hight 
(mm) 

QA-Middle 
Hight 
 (mm) 

QB-Top 
Hight 
(mm) 

QB-Middle 
Hight 
(mm) 

0 28.39 28.42 28.3 28.26 6.69 6.79 6.04 6.7 2.26 2.15 2.31 2.28 

15 28.4 28.43 28.26 28.28 6.71 6.8 6.11 6.69 2.29 2.15 2.31 2.29 

45 28.42 28.41 28.28 28.25 6.68 6.81 6.12 6.71 2.31 2.16 2.34 2.31 

105 28.45 28.45 28.28 28.29 6.71 6.83 6.11 6.69 2.32 2.19 2.34 2.33 

195 28.45 28.48 28.32 28.32 6.76 6.88 6.13 6.67 2.35 2.24 2.38 2.37 

1635 29.38 29.32 29.23 29.22 6.99 7.19 6.4 6.98 2.42 2.3 2.46 2.43 

3075 29.55 29.58 29.38 29.36 7.06 7.25 6.43 7.73 2.5 2.33 2.5 2.48 

Formulation Q - Swelling Measurements

0%
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Formulation Q - Swelling Chart

Q Length Q Width Q Height

Formulation Q: Swelling test

To test the swelling behaviour of formulation Q, two beam samples were 3D printed 
and cured in an oven for 48 hours . Then these two samples were immersed in water 
multiple times for different durations . Before and after each immersion, the dimensions 
of the samples were measured and recorded (table 4 .4) . A plot graph was created as a 
graphic representation (graph 4 .3) of the measured swelling behaviour . It was calculated 
from the average and standard deviations of width, height and length of the samples .

According to graph 4 .3, the height of the sample swelled more than 
its width, and the width swelled more than its length . This means that 
this sample demonstrated anisotropic behaviour . Therefore, formulation 
Q, similarly to formulation P, has an anisotropic swelling capability . 
This behaviour might also be due to the alignment of cellulose fibrils. 
Therefore, formulation Q can also be used to produce hydro-responsive 
4D printed samples .

Table 4.4 Swelling measurements of formulation Q Graph 4.3 Graphic representation of swelling measurements for formulation Q                                                                                                                             
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The last test conducted on formulation Q was the tensile test . To conduct this 
test, two specimens were 3D printed with formulation Q (figure 4.22). These 
specimens were placed in the Instron machine . Figure 4 .23 demonstrates this 
process of measuring tensile stress on the material . As a result, the tensile strength 
and the young modulus of formulation Q were calculated as 66 Mpa and 11,295 
Mpa, respectively . Comparing these results with other materials’ properties 
such as PLA and ABS filament, a conclusion can be drawn that formulation 
Q is three times stiffer than the PLA and six times stiffer than ABS filaments. 
In addition, this formulation has the same strength as a PLA filament and is 
two times stronger than ABS filament. Also, comparing these results with the 

Formulation Q: Tensile test and compresion testing

tensile test results of formulation P, formulation Q is two times stronger than 
formulation P and has the same stiffness . Moreover, formulation Q is 400 times 
stronger than R-based foam formulation and 2,000 times .

Overall, formulation Q has better mechanical properties compared to other 
formulations and the commercially available 3D printing filaments.

Figure 4.23 Tensile test of formulation QFigure 4.22 3D printed sample of formulation Q for tensile testing
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Round 1

Round 2

Round 3

Round 4

a b c d

Figure 4.24 Compression testing on the table model



M
at

er
ia

l 
Ex

pe
rim

en
ts

73

Compression testing was also applied to the same table model that had been utilised 
in the previous test . This testing was conducted to evaluate the performance of 
the table model, made out of formulation Q, when it is overloaded . In this test, 
the same machine (Instron) that was utilised in previous mechanical tests was 
used. As demonstrated in figure 4.24, the table model was placed under a load cell. 
Then eventually, about 0 .1 Newton per second was applied on the table for about 
22 minutes (figure 4.24, a-c). When the model was under maximum compression, 
the load was removed (figure 4.24, d). During the time, the displacement of the 
model was automatically calculated by the Instron machine . As demonstrated in 
figure 4.24, this test was repeated four times, labelled rounds 1-4. Although the 
table model is stiff at room temperature, it did not break in any of these rounds . 
Also, after the removal of the load, the table deformed back to its 3D shape . This 
demonstrates the high capacity of formulation Q to resist deformation under 
the applied load at room temperature .

Graph 4.4 Graphic representation of compression testing on the table model  

Graph 4 .4 is a graphic representation of the result for the compression testing 
created by the Instron machine . In this graph, the red line demonstrates the 
behaviour of the model during the testing in round 1 . Similarly, the following 
lines including the tiny red line, the green line and the blue line demonstrate 
the behaviour of the table during rounds 2, 3 and 4 respectively . As indicated 
by this graph, although the table model did not break during this test, the model 
reversed back to a lower high after each round . For instance, in round 1, the cell 
load reached the table model after displacement of 7 .5 mm, while in round two, 
the cell reached the table model after 9 .5 mm of displacement . This means that 
the height of the table decreased by 2 mm after the first round. This was repeated 
in each round as well . Overall the permanent shape of the table changed 5 mm 
in its height . However, this displacement is a small amount, and this test still 
presents decent mechanical properties of formulation Q .
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In addition to formulation Q, the sawdust formulation was also developed from 
formulation P (figure 4.25). The sawdust formulation is made out of formulation 
P with added sawdust . Therefore, this formulation has similar properties to 
formulation P with increased strength and swelling ratios . The only purpose 
behind the development of this formulation was to use as a substitute for extrusion 
test while other formulations were being prepared . Therefore, the previous tests 
were not conducted on this formulation .

4.4.2.5 Sawdust formulation

Figure 4.25 Cured sample of sawdust formu-
lation
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Another developed formulation is called the S-based foam formulation (4 .26) . 
This was developed from the R-based foam formulation to achieve better qualities 
such as a softer texture . Since this formulation has similar technical characteristics 
to R-based foam formulations, the previous tests were not repeated .

4.4.2.6 S-based foam formulation

Figure 4.26 Cured sample of  S-based foam 
formulation
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• Translucent appearance
• Stiff at room temperature
• Compliant at 90 °C or above
• brittle and weak after water immersion
• Shape memory capability triggered  by heat
• Anisotropic swelling behaviour
• Tensile strength of 27 Mpa
• Young modulus of 11661 Mpa

• Opaque and yellowish appearance
• Stiff at room temperature
• Compliant at 90 °C or after water immersion
• Shape memory capability triggered  by heat
• Anisotropic swelling behaviour
• Tensile strength of 66 Mpa
• Young modulus of 11295 Mpa

• Dark appearance
• Rough texture
• Stiffer than formulation P
• Similar characteristics to 
formulation P

• Softer than R-based formulation
• Similar properties to R-based 
formulation

• Soft surface
• Porous structure
• Soft and compressible at room 
temperature
• Shape memory capability at freeze 
to room temperature
• Low isotropic swelling behaviour
• Tensile strength of 0 .17 Mpa
• Young modulus of 5 .57 Mpa 

4.5 Conclusion

Formulation P Formulation Q

Material taxonomy

Sawdust formulatiom S-based foam formulationR-based foam formulation
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Following the MDD method, this chapter reviewed a series of lab-based 
experimentations of cellulose-based polyesters followed by concept development 
and prototyping. As a result, firstly this chapter created a material taxonomy 
of cellulose-based polyesters, which express the unique capabilities and 
characteristics of the material. Secondly, it developed and prototyped the flat-pack 
furniture concept as a potential design application of cellulose-based polyesters 
(figure 4.27). This concept demonstrates the unique dynamic qualities of the 
cellulose-based polyesters from an industrial design point of view . In addition, 
this chapter demonstrated a collaborative form of working for designers and 
material scientists, which can be beneficial to both. This type of collaboration has 

Flat-Pack furniture concept

informed both the designer in material understanding and design implication and 
the material scientists for understanding the issues and requirements associated 
with material development in relation to design . All the experimentations and 
developments presented in this chapter were crucial for answering the research 
question and to highlight the unique properties of the materials and their potential 
design applications .

Figure 4.27 Shape-shifting of table model
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5.1 Terminology of chapter 5

Industrial robotic arm

Pneumatic

Paste extruder

Stepper motor

Arduino programming

A robot system that is used in a factory environment for manufacturing applications . An industrial 
robot arm is automated, programmable and movable on three or more axes .

Depending or operating based on pressured air or gas .

A type of extruder that can push a paste type material out of its nozzle . A paste extruder is 
usually used in 3D printing technology .

A type of electric motor that divides a full rotation into a number of steps .

A type of computer programming language .
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5.2 Introduction

Chapter four explored the properties of cellulose-based polyesters and in response 
introduced the concept of flat-pack furniture as a potential design application 
for these materials . As a result this chapter developed and prototyped a series of 
4D printed small-scale furniture with the ability to change shape from 2D to 3D . 
However, to explore this concept, and the performance of material on a larger 
scale, there is the need for hardware that provides opportunity for large-scale 
prototyping . Therefore, this chapter focuses on designing and building a large 
capacity paste extruder . This extruder can be installed on an industrial robot arm 
and provides opportunity for large scale prototyping and testing . The hardware 
developments in this chapter were critical for the large-scale exploration of 
bio-based materials and 4D printing technology .
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To explore and identify what type of extruder would best suit this project, a 
brainstorming of possible options was conducted (figure 5.1). The brainstorming 
reviewed two potential types of extruders, such as a pneumatic extruder and 

5.4.1 Brainstorming 

5.4 Process

In order to develop a large-scale paste extruder, I utilized methods of brainstorming, 
computer-aided design (CAD) modelling and physical prototyping . 

5.3 Method

Figure 5.1 Brainstorming of potential paste extruders

a motor-based extruder as well as their price . While a pneumatic extruder is 
controlled through air pressure, a motor-based extruder is controlled through a 
stepper motor and computer programming . Since a motor-based extruder that 
is controlled through a computer-based program provides more control over the 
extrusion speed and rate, such an extruder was chosen for further development 
of the project . 
Motor-based extruders are commercially available from a variety of companies 
such as the 3D Potter Company . However, these extruders are a expensive; have 
a long delivery time; a small capacity (maximum 2 litres); and are not customised 
to cellulose-based polyesters in terms of chemical-reaction considerations . Based 
on these reasons, it was more beneficial to develop a custom motor-based extruder 
with a large capacity (5 litres) that is compatible with the cellulose-based polyesters 
and ideal for installation on an industrial robotic arm . However, the extruders 
from the 3D Potter Company were used as a reference point for identifying the 
required components and design .

Different types of large 
scale extruder for robotic 

arm

Motor based extruder

If bought ready 

2000 ml Linear Actuator Ram Standalone Extruder Drive

NZ $2560 

If Parts are bought separately and assembled by ourself

https://www.banggood.com/Nema-23-23HS5628-2_8A-Two-Phase-
Stepper-Motor-With-TB6600-Stepper-Motor-Driver-For-CNC-Part-

p-1360560.html?rmmds=search&cur_warehouse=CN


Nema 23 23HS5628 2.8A Two 
Phase 8mm Shaft Stepper Motor 

With TB6600 Stepper Motor 
Driver (NZD$54.71), (Shipping 

time:7-15 business days, 
NZD$10.22 )

https://3dpotter.com/add-ons/standalone-extruder-drive-e9lef


https://3dpotter.com/extruders/2000-extruder


Specifications: 57HS NEMA23 
(JK57HS56-2804 Stepper motor 

driver). Half inch acme screw

  2.8A, 1.8 step angle, 

No clear shipping info for NZ

Worm Gear Motor Speed 
Reducer for NEMA23-030  

(NZD$87.51),(Shipping time:7-15 
business days, NZD$ 7.48 )

https://www.banggood.com/Worm-Gear-Motor-Speed-Reducer-
Ratio-1015202530405060801-For-NEMA23-030-p-1332090.html?

gmcCountry=NZ&currency=NZD&createTmp=1&utm_source=googleshoppi
ng&utm_medium=cpc_union&utm_content=2zou&utm_campaign=ssc-nz-

all&gclid=CjwKCAiA9K3gBRA4EiwACEhFe44FpD_-
JoP_IWQSYAZe4kCwKO44QRLexgeWIHv8DzViN7kojYRl-

BoCfYoQAvD_BwE&ID=554018&cur_warehouse=CN


900 mm acme screw 
(NZD$32.08),(Shipping time:7-15 

business days, NZD$15.16 )

https://www.banggood.com/T10-Lead-Screw-12243648-Inch-Lead-Screw-
with-Brass-Nut-p-1101733.html?

gmcCountry=NZ&currency=NZD&createTmp=1&utm_source=googleshoppi
ng&utm_medium=cpc_union&utm_content=2zou&utm_campaign=ssc-nz-

all&gclid=CjwKCAiA9K3gBRA4EiwACEhFezaQlcZsnvi15cGCJiCzfEkw8AF3
pt2rfIxlrgwutLKvPLlDziIGHxoC0t4QAvD_BwE&ID=41859&cur_warehouse=

CN


container+ Nozzle

Available??

Specifications: 23HS5628 model, 
2.8A, 1.8 angle, 8 mm shaft


TB6600 Stepper Motor Driver 
9-42 V

There are different types , need to 
calculate which version will 
match our stepper motor

Need to be calculated which size 
should be bought

PNUMATIC RAMS

Or

Custom made container 

container+ Nozzle

Available??

Or

Custom made container 

Custom made Disc

SMC Double Action Double 
Acting Cylinder 50mm Bore, 

500mm stroke (NZD$253.22),
(Shipping time:5 business days, 

cost included in the overall price )
https://nz.rs-online.com/web/p/pneumatic-profile-cylinders/9178717/


https://nz.rs-online.com/web/p/pneumatic-profile-cylinders/1215224/


Festo Double Action Pneumatic 
Profile Cylinder 80mm Bore, 

500mm stroke (NZD$671.422),
(Shipping time:5 business days, 

cost included in the overall price )

NZ $207 (without including the 
cost of making a new container 

or spring if there is non available)

900 mm acme screw 
(NZD$32.08),(Shipping time:7-15 

business days, NZD$15.16 )
https://www.banggood.com/T10-Lead-Screw-12243648-Inch-Lead-Screw-

with-Brass-Nut-p-1101733.html?
gmcCountry=NZ&currency=NZD&createTmp=1&utm_source=googleshoppi
ng&utm_medium=cpc_union&utm_content=2zou&utm_campaign=ssc-nz-
all&gclid=CjwKCAiA9K3gBRA4EiwACEhFezaQlcZsnvi15cGCJiCzfEkw8AF3
pt2rfIxlrgwutLKvPLlDziIGHxoC0t4QAvD_BwE&ID=41859&cur_warehouse=

CN


Around NZ $ 300 to 700 (without 
including the cost of making a 

new container or spring if there is 
non available)

#1
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4.2.2 Computer-aided design (CAD) 

Based on this reference point, a digital model for the 
design of the custom paste extruder was developed 
through CAD modelling (figure 5.2). This CAD 
model was created using SolidWork software, which 
is a CAD program . The design of the paste extruder 
was developed to provide a 5-litre capacity . This 
design consisted of two main parts: the paste extruder 
itself and the housing of the paste extruder . This 
housing part consists of a metal plate, custom 3D 
printed saddle-bracket and Velcro tape and attaches 
to the head adapter of an industrial robot arm . This 
part allows for ease of placement and the removal 
of the paste extruder from the robotic arm . The 
paste extruder consisted of a number of components 
ilustrated in figure 5.2.

Figure 5.2 Visual demonstration of the CAD model for the custom paste extruder
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Figure 5.3 Components sourced for the custom paste extruder

Nema 23 two phase stepper motor

High density polyethylene rod

TB6600 stepper motor driver T10 acme screw Worm gear motor-speed reducer

Polyethelyne tube Stainless steel rod

List of the sourced items

Some of these components were purchased commercially, namely: worm gear motor-speed reducer; acme screw; stepper motor and its driver . Other components 
such as the cap, plunger, nozzle head, nozzle, and the tube were required to be machined out of plastic and metal . However, the cellulose-based polyesters utilized 
in this research perform chemical-reactions with the majority of plastics and metals except for polyethylene, polypropylene, and stainless steel . Therefore, these 
materials were the only options that could be sourced . Figure 5 .3 reviews the list of commercially-sourced items and materials .
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Figure 5.4 Digital sketch and measurements of the machined components, units are in mm

5 .4 .3 Physical prototyping

Prototyping of part one: Paste extruder

Tube Cap Plunger Nozzle head

After sourcing the required components and materials, the next step was to prototype the custom designed paste extruder . Figure 5 .4 demonstrates the digital 
drawing and measurements of the components, which were required to be machined . Among these components, the tube was made out of the black polyethylene 
tube while the cap, plunger and nozzle head were machined out of the white polyethylene rod . Figure 5 .5 demonstrates a part of the machining process .
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Figure 5.5 Demonstration of lathing polyethylene and stainless steel rods
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Figure 5.6 Electrical components Figure 5.7 Developed Arduino code for Stepper motor

In addition to machining the components, the development of electrical components was carried out . In this development, the stepper motor, motor driver and an 
Arduino board were wired up (figure 5.6). Also, Arduino code (figure 5.7) was developed and uploaded to the Arduino board to test the function of the stepper 
motor .
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Figure 5.8 Demonstration of paste extruder’s components before assembly

All the developed components of the paste extruders are shown in figure 5.8. 
Additional components such as 3D-printed component housing for electrical 
parts and a square tube piece were added . This tube was required to stop the 
acme screw from rotational movement thus allowing the driving motor to push 
the screw and the plunger down the tube .

Square tube
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Figure 5.10 Initial trial of sausage bagFigure 5.9 Polyethylene sheets

Since this extruder has a 5-litre capacity, the process of filling it with material and cleaning it can be difficult and messy. Therefore, to avoid this problem, a 
decision was made to create ‘sausage bag’ that would be filled with the material and placed inside the tube of the extruder. To check the plausibility of this idea, 
a simple test was conducted. In this test, sausage bags were created through a heat sealing polyethene sheet (figure 5.9) and was filled with water. As figure 5.10 
demonstrates, this bag was able to contain water without leaking . Therefore, this method was chosen for the rest of this study .
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Testing of the paste extruder

Figure 5.11 Initial test of the paste extruder

Small sausage bag filled up with 
material

Inside of the tube after the removal of 
the sausage bag

Placement of sausage bag

Extruding material
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After preparing all the machined components and the electrical components, 
it was time to test whether the extruder was able to extrude the paste material 
properly. As demonstrated in figure 5.11 a small sausage bag was created and filled 
with the paste material . Then, the bag was placed inside the tube, and covered 
with the nozzle head . After a few minutes of running the motor, the extruder 
started extruding the material, which was confirmation of the functionality of 
the extruder . After the removal of the sausage bag from the tube, as shown in 
figure 5.10, the inside of the tube was completely clean as had been expected.
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Prototyping of part two: Housing of the paste extruder. 

Figure 5.12 Installation of metal plate to the head adapter

Figure 5.13 Installation of saddle bracket to metal plate
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The second part of the paste extruder that required prototyping was the housing 
of the paste extruder . Two of the main components of this part such as the metal 
plate and the head adapter were available at the Victoria University workshop . 
The head adapter is a part of the robotic arm, allows the attachment of custom 
developed tools and is commercially available from the ABB Company . To 
assemble the housing part, as demonstrated in figure 5.12, the metal plate was 
first connected to the head adapter of the robot arm using screws. Then the 
saddle brackets, were attached to the metal plate using screws (figure 5.13). 
These saddle brackets were custom 3D printed using an Up-Box 3D printer . 
Also, Velcro tape was placed inside and around these brackets to provide support 
for the paste extruder that would be placed in this part .
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Figure 5.14 Installation of electrical components on the metal plate

Figure 5.15 Electrical connection from (a) robot arm; to (b) DC/DC converter; then to (c) the stepper motor driver

3D-printed housing for Arduino board

a
Voltage transfer a

b b

c
Voltage transfer 
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All the electrical components except the stepper motor were required to be 
placed on the metal plate of the housing . This is because the required voltage 
to run an Arduino board and the stepper motor driver were provided from the 
head adapter of the robot arm . To be able to install the Arduino board on this 
metal plate, a component hosing for this board was custom 3D printed . Both the 
3D-printed component housing with the Arduino board in it and the motor driver 
were installed on the metal plate using screws (figure 5.14). Since the Arduino 
board can receive a maximum of 9 V, but the robot arm provides more than this 
amount (25 V), there was the requirement to use a DC/DC converter to convert 
24 V to 9 V . Figure 5 .15 shows the connection from the robot arm head adapter 
(a) to this DC/DC converter (b) and from this converter to the Arduino board 
and the motor driver (c) . Once the housing part had been assembled, this part 
was installed on the robot arm through pneumatic locking system (figure 5.16). 



H
ar

dw
ar

e 
D

ev
el

op
m

en
t

96

Figure 5.16 Installing the housing on the robot arm

Installation of the housing part on the robot arm
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Figure 5.17 Process of loading the extruder

To prepare the extruder for printing, the first step was to load this part with material. As mentioned previously, a large sausage bag made out of a polyethylene 
sheet was manually filled with material (figure 5.17). Then this filled bag was placed inside the black polyethylene tube.

The process of loading the extruder
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Figure 5.18 Process of assembling the extruder

a b c d e

After loading the tube with the material, the nozzle components were placed on the tail using screws (figure 5.18, a, b). Then, the plunger was inserted in this 
tube from the other side (c), and the cap was placed on the top of the tube using screws (d and e) .
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a

d

b

e

f

c

a

Figure 5.19 Process of installing the extruder on the housing part

Once the extruder was loaded, the next step was to install this extruder in the robot arm. As figure 5.19 demonstrates, firstly the extruder was placed on the housing 
part on top of the saddle brackets (a, b) . Then the two Velcro tapes were fastened to provide support for the extruder and keep it steady (c to e) . The last step was 
to connect the stepper motor to the motor driver with the white wire pin socket (f) . After this step, the extruder was connected to the robot arm and was ready to 
be used for 3D printing . Figure 5 .20 demonstrates the assembled extruder installed on the robot arm .

Prototyping of part two: Housing of the paste extruder. 
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Figure 5.20 Overview of the extruder after installation
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This chapter reviewed the process of designing, developing and constructuing 
a large-scale paste extruder . This extruder, which is the third outcome of this 
research is about 1 .7 metres tall, has a 5-litre capacity and is compatible with 
cellulose-based polyesters . As demonstrated, it can be installed on an industrial 
robot arm and provide an opportunity to prototype and explore the behaviour 
of the material on a large scale .

5.5 Conclusion
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6Design DeveLopment
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6.1 Introduction

Along with the hardware development, the development of a design that would 
best benefit from the properties of cellulose-based polyesters and demonstrate 
the dynamic qualities of the material was required to be carried out . Therefore, 
this chapter focuses on the improvement of a design for the flat-pack furniture 
concept . The design developments in this chapter are based on the experiences 
gained in chapter four regarding the material behaviors and capabilities .
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The design development process involved a number of methods including 
criteria-based design (Rodríguez Ramírez, 2017); weighted matrix (Martin & 
Hanington, 2012, p.202); and high fidelity and low fidelity prototyping (Martin & 
Hanington, 2012, p .122) . These sets of methods helped carry out the development 
process in a systematic manner . The details on process and how each method 
was approached are explained in the following sections .

6.2 Methods
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Four design criteria were developed to act as a starting point for designing . These 
primary criteria that were essential for the design of flat-pack furniture are as 
follows . Firstly, the design should have the ability to transform from 3D shape 
to flat shape and vice versa. This criterion was the most essential as it refers to 
the nature of the flat-pack furniture concept. Secondly, the design should entail 
a structural stability . This criterion was required for the model to perform the 
transformation process conveniently . Thirdly, the design should be based on 
a single piece rather than consisting of multiple parts and components . This 
criterion was required due to the essence of the flat-pack furniture concept. And 
the last criterion was that it demonstrate the dynamic quality of the responsive 
materials, which was one of the main aims of this research .

Criteria:

• Ability to change from 3D shape to flat shape and vice versa;
• Entail structural stability; 
• Consisted of one coherent piece in contrast multiple parts and components; 
and
• Demonstrate the dynamic 4D quality of material

6.3.1 Criteria-based design

Development of criteria

6.3 Process
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Figure 6.1 Overview of the initial designs

Initial design development
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Based on these criteria a series of designs were developed (figure 6.1). In this 
initial design development, the aim was to explore a variety of different designs 
with different patterns, forms and movements . The designs demonstrated in 
figure 5.1 were created as CAD models using SolidWorks software. Later, as 
demonstrated in the next section, the majority of these designs were prototyped 
to check their performance during the curing and shape-changing steps . In 
addition, this prototyping step allowed us to gain understanding as to how the 
formulation Q would behave in different forms .
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6.3.1.1 Prototyping of the initial designs

Figure 6.2 Prototype 1

Figure 6.3 Prototype 2

After 3D printing

After 3D printing

After 24 hours of curing

After 24 hours of curing

After 48 hours of curing in 3D form

After 48 hours of curing in 3D form

Model in 3D form

Model in 3D form

Model in 3D form

Model in 3D form

Prototype 1 did not perform the transformation behaviour properly as the legs tangled . In addition, the design was not stable .

Prototype 2 did not transform completely from a flat shape to its exact 3D form. This was due to the weight of the back compared to its legs.
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Figure 6.4 Prototype 3

After 3D printing After 24 hours of curing Prototype during the transition to 3D form Model in 3D form Model in 3D form

Prototype 3 did transform from a flat to 3D shape. However, during this transformation, it did not have the proper stability due to the direction of its legs.

Figure 6.5 Prototype 4

During the  3D printing process After 24 hours of curing Prototype during the transition to 3D form Model in 3D form Model in 3D form

Prototype 4 required support material to be 3D printed . However, due to the chemical reaction between the support material and formulation Q, it did not complete 
the curing process properly . Therefore, a conclusion was drawn from this prototype that the design, which required support was not suitable for this research .
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Figure 6.6 Prototype 5

After 3D printing After 24 hours of curing After 48 hours of curing in 3D form Model in 3D form Model in 3D form

Prototype 5 was developed to demonstrate a method of creating a deployable structure . Based on this prototype, prototype 6 was developed . 

Figure 6.7 Prototype 6

After 3D printing After 24 hours of curing After 48 hours of curing in 3D form Model in 3D form Model in 3D form

Prototype 6 performed the shape changing behaviour completely .
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Figure 6.8 Prototype 7

Figure 6.9 Prototype 8

After 3D printing

After 3D printing

After 24 hours of curing

After 24 hours of curing

Prototype during the transition to 3D form

Prototype during the transition to 3D form

Model in 3D form

Model in 3D form

Model in 3D form

Model in 3D form

Prototype 7 prototype performed the shape changing behaviour properly and demonstrated the dynamic quality of the material .

Similar to prototype 7, Prototype 8 performed the shape changing behaviour properly and demonstrated the 4D property of the material .
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Figure 6.10 Prototype 9

After 3D printing After 24 hours of curing Prototype during the transition to 3D form Model in 3D form Model in 3D form

Prototype 9 was developed as a basic model for a chair . This model performed the transformation process properly .

Figure 6.11 Prototype 10

After 3D printing After 24 hours of curing Prototype during the transition to 3D form Model in 3D form Model in 3D form

Similar to Prototype 9, Prototype 10 was a basic model for a table, which performed the shape changing process completely . 
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Figure 6.12 Prototype 11

Figure 6.13 Prototype 12

After 3D printing

After 3D printing

After 24 hours of curing

After 24 hours of curing

During the transformation to the 3D 
form

During the transformation to the 3D 
form

During the transformation to the 3D 
form

During the transformation to the 3D 
form

Model in 3D form

Model in 3D form

Prototype 11 was developed as a version of Prototype 9 to provide more structural support, therefore the performance of it was similar to Prototype 9 .

 Prototype 12 was another version of Prototype 10 with similar performance .
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Figure 6.14 Prototype 13

After 3D printing After 24 hours of curing During the transformation to the 3D 
form

During the transformation to the 3D 
form

Model in 3D form

Prototype 13 performed the shape changing process successfully .

Figure 6.15 Prototype 14

After 3D printing After 24 hours of curing During the transformation to the 3D form During the transformation to the 3D 
form

Model in 3D form

Similar to previous prototype, Prototype 14 performed a successful shape changing .
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Figure 6.16 Prototype 15

Figure 6.17 Prototype 16

After 3D printing

After 3D printing

After 24 hours of curing

After 24 hours of curing

After 48 hours of curing in 3D form

Prototype during the transition to 3D 
form

Model in 3D form

Prototype during the transition to 3D 
form

Model in 3D form

Model in 3D form

Prototype 15 was successful during the transformation and due to its surface propagation, it was able to achieve a more complex curvatures compared to previous 
prototypes . 

In contrast to other prototypes, Prototype 16 could transform from a compressed shape rather than a flat shape. Therefore, it was less suitable for the flat-pack 
furniture concept .
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After prototyping the initial developed designs, the next step was to check which 
designs were most promising. Therefore, a weighted matrix was developed (figure 
6 .18) . In this matrix, the set of developed criteria were scaled to three . Then, 
based on the performance of the prototypes and how well the designs met the 
criteria, they were ranked as zero, one, two or three . Based on the performance 
of the prototypes, each design was ranked against the set of criteria that were 
developed in section 6 .3 .1 .

6.3.2 Weighted matrix
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Designs/Criteria Weight

Ability to change from 3D 
shape to flat shape and vice 
versa.

3 3 3 3 2 3 3 3 3 3 3

Entail structural stability  3 2 2 3 2 3 3 3 2 3 3

Consisted of one coherent 
piece in contrast multiple 
parts and components 

3 3 3 3 3 3 3 3 3 3 3

Demonstrate the dynamic 4D 
quality of material 

3 2 2 2 2 2 2 2 2 2 3

Totals 10 10 11 9 11 11 11 10 11 12

Weighted Matrix

Designs/Criteria Weight

Ability to change from 3D 
shape to flat shape and vice 
versa. 

3 0 0 3 3 3 3 3 0 3 3

Entail structural stability  3 1 3 2 1 1 2 1 0 2 3

Consisted of one coherent 
piece in contrast multiple 
parts and components 

3 3 3 3 3 3 1 1 3 3 3

Demonstrate the dynamic 4D 
quality of material 

3 1 1 1 1 2 0 0 0 3 3

Totals 5 7 9 8 9 6 5 3 11 12

Designs/Criteria Weight

Ability to change from 3D 
shape to flat shape and vice 
versa.

3 3 3 2 2 2 3

Entail structural stability  3 2 3 3 3 3 1

Consisted of one coherent 
piece in contrast multiple 
parts and components 

3 3 3 3 3 3 3

Demonstrate the dynamic 4D 
quality of material 

3 2 2 3 3 3 2

Totals 10 11 11 11 11 9

1Figure 6.18 Weighted matrix
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According to this matrix, prototype 15 received the highest rank against the other 
designs . Comparing this prototype with others, the good characteristics of this 
design can be noticed . One of the strengths of this design is the multi-directional 
curvatures that makes the form dynamic and complex (Figure 6 .20) . Moreover, 
this type of dynamic form does not give the impression that the three-dimensional 
form was achieved from a flat model. This is the most important strength of 
this design . In addition to the dynamic appearance, utilizing multi-directional 
curvatures or double-curvatures in the design of furniture assist in achieving 
comfort . This strategy can also be observed in precedents within the history 
of furniture design . Majority of successful designs follow the same strategy in 
order to achieve comfort and appealing appearance (Figure 6 .21) . An example 
can be the LCW chair designed by Charles and Ray Eames (1945) can be named 
which was also developed from a flat plywood.

As a result of this evaluation, the new aim for the development of further designs 
was to achieve a dynamic and complex form . Based on this explanation, two 
new criteria were added to existing set of criteria for further design development . 
The first new criterion was to entail double curvature resulting in a dynamic and 
engaging form . The second criterion was to design a 3D form that does not give 
the impression of a transformed flat model. Based on these two new criteria, 
a set of new designs and prototypes were developed . However, this time the 
focus was on the 3D form of a design rather than its shape shifting capability . 

Figure 6.19 Highest ranked prototype Figure 6.20 Schematic representation for the curvatures of prototype 15
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Figure 6.21 Design precedents

Fantastic elastic Plastic by Ron Arad, 
1999

Panton chair by Verner Panton,1999

LCW by Charles and Ray Eames, 1945
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According to the two new developed criteria a set of new designs were developed 
through sketching (figure 6.22) and low fidelity prototyping using paper (figure 
6 .23) . The focus in these prototypes was achieving a dynamic 3D form while 
also providing structural stability . These developed sketch models explored 
different variation of a similar style . The prototyping in this step was a form 
of iterative process in which each design was developed after the previous one 
based on its sketch model. Developing these low fidelity prototypes assisted in 
developing a suitable design style .

6.3.3 parallel  prototyping

Figure 6.22 Sketches
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Figure 6.23 Low fidelity prototypes
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Figure 6.24 High fidelity prototypes

Then two of the paper models (figure 6.33 numbers 14 & 8) with the most 
potential from the aesthetic and structural aspect, were chosen for further 
development . In the next step of prototyping, an acrylic sheet was utilized for 
a better understanding of the 3D form of these two models . In this step, a laser 
cutter was used to cut the 2D shape of the two designs from the acrylic sheet . 
Then the laser cut pieces were heated and shaped to the 3D forms using a seem 
sealing iron. While models a and c of figure 6.23 demonstrated the acrylic 
prototype of the paper model number 8, model b shows the acrylic prototype 
of paper model number 14 . 

a b

c
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Figure 6.26 Iterative 3D modeling processFigure 6.25 Standard measurements

Developing the acrylic prototypes provided valuable information regarding the 
overall 3D form of the recent designs . Then this information was utilized to 
develop a 3D digital model . In this development, instead of starting the design 
or prototype from a 2D sketch, a new strategy for prototyping was carried out . 
In this strategy, the focus was on developing and refining the 3D form. As figure 
6 .26 demonstrates, through an iterative process, a series of digital models were 
created and revised . This strategy helped to achieve a precise dynamic 3D form . 
The dimensions of this design was based on the standard dimension for seating 
informed by Tilley & Henry Dreyfuss Associates (1993) (Figure 6 .25) . 

105-115 ADJ

420 mm

240 mm

Padding19 mm

Lumbar Center

Depth<405 mm

Width>405 mm
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Figure 6.27 Final 3D design
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Figure 6.28 Flattening the 3D model Figure 6.29 Flattened chair

Formulation Q

S-based Foam 
formulation

Figure 6.27 illustrates the final design of the 3D model. In order to prototype this 
final design, the flat form of this design was required. As figure 6.28 demonstrates, 
the 3D digital model was flattened down into a 2D shape using the SolidWorks 
software . As with previous prototypes, formulation Q was chosen for printing the 
body of the chair due to its shape memory capabilities. In addition, as figure 6.29 
illustrates, S-based foam formulation was also chosen to be used to prototype 
the cushion part of the back and the seating areas .
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Figure 6 .30 (a) illustrates the prototyped model which was created through dual 
material printing. As demonstrated in this figure, after 24 hours of curing (b), the 
models were programmed to their pre-designed permanent 3D shape and were 
confined in that shape to complete the 48 hours of curing (c). The cushion part 
for the back and seating area are shown in figure 6.30 (d and e). Then, to test 
the shape-changing behaviour of this design, the models were programmed into 
the temporary flat form (f). After this step, the programmed model was placed 
in hot water . Figure 6 .30 (g) demonstrates the shape recovery of the model from 
the temporary flat shape to the permanent 3D shape.

Figure 6.30 Iterative 3D modeling process

a-After 3D printing

f-After programming for temporary flat 
shape

g- Demonstration of shape recovery from temporary flat form to permanent 3D form

b-After 24 hours of curing c-After 48 hours of curing in 3D form d-Detail shot e-Detail shot
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Table 6.1 Evaluation of final design Figure 6.31 Design characteristics

After prototyping and testing the shape-changing behaviour of the final design, 
this design was evaluated against the set of criteria that were developed in 
previous sections (Table 6 .1) . Firstly, as demonstrated in the previous page, this 
design can transform from the flat shape to its 3D shape. Secondly, as illustrated 
in figure 6.31 (a) due to the multiple directions of the legs, this chair is designed 
for structural stability . Also, this design is consisted of one coherent piece and 
does not require the production of multiple parts and assembly . In addition, 
the 3D form of this design consists of curvature in double axes . However, this 
design demonstrates the dynamic capability of the cellulose-based formulations 
to transform from a flat shape to a multi-directional complex curvature (Figure 

Designs Criteria Weight

Ability to change from 3D 
shape to flat shape and vice 

versa.

3 3

Entail structural stability  3 3

Consisted of one coherent 
piece in contrast multiple 

parts and components 

3 3

Demonstrate the dynamic 
4D quality of material 

3 3

The form should entail 
double curvature which 

would result in a dynamic 
and engaging form

3 3

A three dimensional form 
that does not give the 

impression of a transformed 
flat model

3 3

Totals 18 18

1

Structural stability

Milti directional 
curved surface

a b

6 .31, b) . Lastly, due to the dynamic shape that this design presents it does not 
give the impression that the model was developed form a flat form. Therefore, 
based on this explanation, this final design fulfils the overall set of criteria.
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Figure 6.32 Overview of the final design
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Although this design requires further development on the materials and the 
structural performance, should it be put into production, it does illustrates how 
a shape shifting material can be utilized through design for large-scale products 
such as chairs. The final design described in this chapter (Figure 6.32) was 
developed to demonstrate the unique dynamic quality of materials which was 
the fundamental aim of this project. To achieve this final design in a systematic 
manner, initially a criteria-based design method was utilized . Then based on 
the constructed criteria, a variety of designs were developed, prototyped and 
assessed against the criteria. Based on this assessment, high fidelity and low 
fidelity prototyping methods were utilized to develop and finalize the design of a 
chair. This final design of the chair not only presents the 4D quality of cellulose-
based material, but also shows that this material can be beneficial in achieving 
a multidirectional curved shape in contrast to plywood and plastic sheets .

6.4 Conclusion
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7 Large-scaLe 4D printing
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7.1 Terminology of chapter 7

Caliper

Fused deposition modeling (FDM) 3D printing

Grasshopper software

Printing toolpath

Slicing system

A device that measures the dimensions of small objects .

A type of 3D printer which melts and extrudes thermoplastic filaments to create a 3D object.

A visual programming language developed by David Rutten at Robert McNeel & Associates .

The path in the space that the nozzle of a 3D printer follows to create pre-made geometry .

A computer software used in a 3D printing process to convert a 3D model in computer to a required 
code for 3D printing
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7.2 Introduction

The last step of this research was to prototype the final design of the flat-pack 
furniture concept on a larger scale using an industrial robotic arm . The 4D printed 
small-scale furniture models in previous chapters  (material experiments and 
design development) had already demonstrated the potential design applications 
of responsive bio-based polymers and 4D printing technology for large-scale 
products . However, to provide feedback for future development of material and 
design this chapter aimed to explore large-scale 4D printing and prototyping of 
the flat-pack furniture concept. Therefore, through producing 1:4 scale furniture 
models, this chapter offers feedback and suggestions for future development of 
material and design . The last output of this research is produced in this chapter .
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7.3 Methods

Initially a number of experiments were required to understand the proper settings 
for prototyping . In addition, since the different factors such as the extrusion 
diameter or material quantity would result in different material behaviours, a 
design research method called Experiments (Martin & Hanington, 2012, p . 72) 
was used to test material curing and shape changing for different factors . This 
method measures the effect that an action has on a situation . In this method, 
variables of printer settings were manipulated, and their results were observed 
and measured . After understanding the proper setting for 3D/4D printing with 
robotic arm, the high-fidelity prototyping method (Martin & Hanington, 2012, 
p . 138) was used to create the 1:4 scale models . During the prototyping and 
experimneting process the performance of the prototypes and materials was 
evaluated to provide feedback for the future development of materials and design .
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7.4 Process

Before conducting the experiments on materials, it was necessary to learn how 
to control the robot arm . In order to print with the robotic arm, a toolpath was 
generated to guide the movement of the arm . This toolpath should consist of a 
series of coordinate points which the robot arm would follow. For instance, figure 
7 .1 (a) demonstrates the simple strand line which was created in grasshopper 
software for experiment 1 . Then this strand was divided into a series of points 
through using the same software (Figure 6 .1, b) .

Figure 7.1 Point coordinate generation

a) Generated line a) Generated points
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After the creation of point coordinates for the printing pathway, these points 
were required to be transferred into a RAPID code . RAPID code is a computer 
programming language used to control an industrial robot arm . In order to 
create this code, a grasshopper script with the ability to generate RAPID code 
from input data was utilized . This script was available from Victoria University 
for students working with the industrial robot arm . Figure 7 .2 illustrates this 
grasshopper script. As highlighted in this figure, the digital model of the paste 
extruder was required to be assigned in the “Tool input”. Then the developed 
point coordinate of the design such as the strand created in the last page was 
inserted in the “Input of coordinate points” section. After inserting the tool and 
the points, the printing process could be simulated through section c . In addition, 
the RAPID code could also be viewed in section d of this script . This generated 
RAPID code was sent to the robot arm through the Robot Studio software to 
start the printing process .
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a)Tool input: Digital model of paste extruder b)Input of cordinate points c)Printing simulation d)Rapid code generation

Figure 7.2 Overview of the RAPID code generator script
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7.4.1 Experiments

Experiment 1: Printing speed

After learning the required process for printing with a robotic arm, the first 
experiment was carried out to assess the best printing speed . In this experiment 
a single strand was 3D printed with a robotic arm at a variety of speeds from 
10 mm/sec to 40 mm/sec . After curing the strands, the thickness of each was 
measured using a caliper . Figure 7 .3 demonstrates the results of these experiments . 
According to this figure, the slower the robotic arm moves, the thicker the wall 
thickness of printing pathways will become . Therefore, based on the required 
wall thickness during the prototyping step, the ideal speed could be chosen from 
the list . The paste material used in this experiment was the sawdust formulation . 
This was because the other formulations were not yet available in the required 
quantity .
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Figure 7.3 Results of printing speed

Speed: 40 mm/sec
Wall thickness: ~4.60 mm

Spped: 25 mm/sec
Wall thickness: : ~7.4 mm

Spped: 35 mm/sec
Wall thickness: ~5.05 mm

Spped: 20 mm/sec
Wall thickness: ~7.7 mm

Spped: 10 mm/sec
Wall thickness: ~14 mm

Spped: 30 mm/sec
Wall thickness: ~6.4 mm

Spped: 15
Wall thickness: ~9.5 mm
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Experiment 2: Printing surface

The surface that the material is printed on has a very important influence on 
the behaviour of the material during the curing process. Since the Teflon sheet 
that was used in previous chapters as a printing surface was expensive in large 
quantities, an alternative had to be found . An experiment was conducted to decide 
which material would be most suitable to print the cellulose-based formulations 
on . In this experiment, a multi-strand design was printed on a series of surfaces 
including cotton fabric, baking paper, baking paper with added wax, and a 
lightweight polyethylene sheet . All other settings were kept the same during 
the experiment to keep all the factors the same . After printing, each model was 
cured for 48 hours in an oven at 105°C . Figure 7 .4 demonstrates this experiment 
at different stages including before curing and after 24 hours, and 48 hours of 
curing. According to this figure, the model printed on polyethylene sheet survived 
the curing process without cracking . However, the models that were printed 
on other surfaces all cracked and split . Therefore, the lightweight polyethylene 
sheet was chosen to be used as a printing surface for the rest of this study . The 
material used in the experiment was formulation Q .
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Figure 7.4 Results of printing surfaces
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Experiment 3: Spatial printing

During this research, I was not able to print models in 3D due to the nature of 
the paste-like material . Until this point, I had printed all the models in 2D form 
and then programmed them into a 3D form during the curing process . However, 
the 6 axes capability of the industrial robotic arm provides the ability to spatially 
print objects in a 3D mold . This is one major advantage between an industrial 
robotic arm and a syringe 3D printer. As demonstrated in figure 7.5 (a), a syringe 
3D printer can only move in the three axes of x, y and z . In contrast, an industrial 
robotic arm has the capability to move in six axes (figure 7.5, b).
Therefore, a simple model was spatially printed on a 3D aluminum mold using the 
industrial robot arm to test the behavior of material through spatial printing . The 
model was then placed in an oven at 105°C to cure for 48 hours . Unfortunately, 
during the first 24 hours of curing, the object gradually began to split due to 
the steep mold and the rheology of the material . Therefore, based on the results 
of this experiment, prototyping 3D printed flat form was continued for the rest 
of the study
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Figure 7.5 Comparison of a 3D printer and robot arm

Figure 7.6 Spatial printing test

X
y

Z

a)3D printer, 3 axis printing b)Robot arm, 6 axis printing

After printing, before curing After 24 hours of curing After 48 hours of curing
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7.4.2 Prototyping and analysis

The next step after gaining an understanding of the required printer settings was 
to prototype the finalized design from Chapter six on a large scale. Although 
the developed paste extruder and the robotic arm allowed us to print objects as 
large as furniture, the available oven to cure the printed models was only 400 
cubic millimetres . This meant that the maximum size of a printed, cured model 
could only be on a 1:4 scale . Therefore, prototypes produced in this chapter are 
on a 1:4 scale . However, compared to previous small-scale prototypes in this 
chapter and the majority of developed prototypes in the field of 4D printing 
technology a 1:4 scale of a furniture is considered a large-scale model . 

Since holding a 1:4 scale model during the programming step is impossible, 
a mold was 3D printed to support the chair to the desired permanent shape . 
This mold was 3D printed out of high temperature PLA filament through FDM 
printing (figure 7.6).
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Figure 7.7 Spatial printing test
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1:4 scale prototype 1

Grasshopper software was used to generate coordinate points within the 2D shape 
of the chair as the printing pathway of the robotic arm . Figure 7 .7 (a) illustrates 
the simulation of the printing pathway based on the inserted points . Then the 
generated RAPID code of this printing pathway was sent to the robotic arm for 
2D printing. Figure 7.7 (b) demonstrates this printed model. As figure 7.7 (c) 
shows, within the first 15 hours of curing in an oven at 105°C, a large number of 
unexpected cracks appeared in this prototype . Although this model was still in 
one coherent piece the cracks had made the structure fragile and weak . Despite 
these cracks, the model was programmed into the 3D shape in a mold (figure 7.7, 
d) . Then the programmed prototype was placed back in the oven to complete 
the 48-hour curing process. After completing the curing process (figure 7.7, e), 
the model was removed from the mold. As figure 7.7 (f) shows due to cracks 
within the structure, the prototype was not strong enough to keep its 3D form . 
Based on consultation with the material scientist, I conducted a number of 
experiments through modification of material and design as well as testing 
other production methods such as casting to overcome this problematic cracking 
behaviour . These experiments which can be viewed in Appendix D, helped to 
reduce the cracking behavior of material .
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Figure 7.8 1:4 scale prototype 1

a)Digital model b)After printing, before curing c)After 15 hours of curing

e)After 48 hours of curingd)After programming the permanent 3D shape over 
the mold

f)After removal from the mold
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1:4 scale final prototype 

As mentioned in the previous section, I was able to reduce the problematic 
cracking behaviour through several experiments . According to these experiments, 
the design of the printing pattern should entail an open structure and shorter 
straight lines or more curvature, which would help to reduce cracking . In addition, 
leaving the print at room temperature for 48 hours before curing would result in 
less cracking . This is because the cracking happens due to water evaporation and 
shrinkage of the material . Since storing the printed model at room temperature 
allows for gradual water evaporation, it helps the situation to leave it at room 
temperature. Based on this understanding, a final prototype was developed and 
created. Figure 7.8 (a) shows the computer-generated points of the final design, 
which formed a zigzag printing pathway . This zigzag type form has an open 
structure and consists of short straight lines and increased curved corners, which 
helped to optimize the cracking behaviour . As with the previous prototype, a 
simulation of the printing process was created, and its RAPID code was sent to the 
robotic arm for printing (figure 7.8, b). Then after printing the prototype (figure 
7 .8, c), the printed model was left at room temperature for 48 hours to allow for 
slow water evaporation. After the water evaporation, the flat printed model was 
shaped over the FDM printed mold (figure 7.8, d). Then the programmed model 
was placed in an oven at 105°C to cure for 48 hours . After this curing process , 
the model was removed from the mold . While the model still had several cracks 
it was able to retain its 3D shape (figure 7.8, e).
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Figure 7.9 1:4 scale final prototype

a)Generated points b)Generated printing simulation c)After printing, before curing

d)After programming the permanent 3D shape 
over the mold and before curing

e)After removal from the mold
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Figure 7.10 1:4 scale final prototype
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The 1:4 scale furniture prototype developed in this chapter demonstrated how 
changing the scale would result in different material behavior . While developing 
formulation Q helped to overcome the cracking problem in small-scale prototypes 
(chapter three), transition to a larger scale resulted in the same problem . Therefore, 
while the current formulations entail unique capabilities they still require further 
development to address this cracking behaviour . On the design part, development 
of different printing patterns would also help to minimize the cracking of the 
material . Particularly, patterns with shorter strands and open structures such as a 
web-structure . Therefore, future studies could focus on both material development 
as well as design development .

7.5 Conclusion
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8Disscusion & concLusion
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This research sought to answer the question: How can responsive bio-based 
polymers combined with 4D printing technology be applied to large-scale 
products?

This research has demonstrated that responsive bio-based polymers and 4D 
printing technology can be applied to large scale-products as a flat-pack concept. 
The shape memory capability of cellulose-based polyesters and 4D printing 
technology allows furniture products to be printed in a flat format and in one 
coherent piece for ease of transportation . Once the 4D printed furniture arrives 
at its destination, the local store or customers can transform the product into its 
pre-programmed 3D shape . This transformation can be done through triggering 
the furniture with the stimulus of direct heat or immersing it in hot water . 
Although this research focused on cellulose-based polyesters as responsive 
bio-based material and furniture as large-scale products, this concept has the 
potential to be applied to a variety of other responsive bio-based polymers and 
large-scale products .

8.1.1 Summary and interpretation of outcomes

8.1 Discussion

In addition, this research has also demonstrated that responsive bio-based polymers 
and 4D printing technology can be applied to large scale-products by utilizing a 
custom designed paste extruder that can be installed on an industrial robotic arm . 
While previous studies in the field of 4D printing technology have mostly used 
3D printers with limited print bed size (Tibbits, 2014, Ge, Qi, & Dunn, 2013; 
Ge, Dunn, Qi, & Dunn, 2014; Mao et al ., 2015; Raviv et al ., 2015; Kokkinis, 
Schaffner, & Studart, 2015; Zhang, Yan, Zhang, & Hu, 2015; Zhang, Zhang, 
& Hu, 2016; Wu et al . 2016; Miao et al, 2016; Liu, Wu, Paulino, & Qi, 2017; 
Chen & Shea, 2018), the outcomes of this research provide insight into the use 
of an industrial robotic arm allows objects to be printed without any small-scale 
print bed size limitations
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8.1.2 Implications

This research explored the application of 4D printing and responsive materials 
from an industrial design perspective for product applications . However, the 
majority of previous studies explored the field of 4D printing and responsive 
material from engineering and scientific perspectives for biomedical applications 
(Raviv et al ., 2015; Mao et al ., 2015; Zhang, Yan, Zhang, & Hu, 2015; Wu et 
al., 2016; Miao et al, 2016; Ge et al., 2016; Naficy et al., 2016 ); soft robotics 
(Kokkinis, Schaffner, & Studart, 2015; Gladman et al ., 2017; Nadgorny et al ., 
2016); actuators (Ge, Dunn, Qi, & Dunn, 2014; Duigou et al ., 2016; Zolfagharian, 
Kaynak, Khoo, & Kouzani, 2018); packaging (Ge, Qi, & Dunn, 2013); and 
shape-changing structures (Liu, Wu, Paulino, & Qi, 2017; Chen & Shea, 2018; 
Ou et al ., 2018) . Therefore, in contrast to previous studies, this research not 
only focused on the functional aspects of responsive materials but also explored 
the dynamic qualities of this material from aesthetic and performative aspects .

More importantly, while one of the main reasons behind the invention of 4D 
printing was to provide an increased scale for 3D printing applications, none 
of the previous studies in the field of 4D printing with bio-based polymers had 
explored the application of this technology and material to large-scale products . 
This research has identified and explored this gap. The focus on 4D printed flat-
pack furniture builds on Tibbit’s (2014) research and fits with his theory that “with 
4D printing technology, unique and highly tuned products will be manufactured 
in completely new ways where materials are activated through ambient energies 
to come together on their own, reconfigure, mutate and replicate” (p.121).
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This study has a number of strengths . Firstly, it explicitly demonstrated the 
dynamic quality of responsive bio-based polymers and used it for a novel form 
of production and transformation of large-scale products . Secondly, the furniture 
models were produced as one coherent piece which eliminated the need to produce 
multiple parts and assemble them . Thirdly, materials were sourced and made 
locally and are derived from renewable resources which provide the opportunity 
for a more sustainable environment . Fourthly, this study is an exemplar of how 
designers and material scientists could work together . It demonstrates a very 
productive method of collaboration where the designer is involved at a very early 
stage in the material development process and gains an intimate understanding of 
material capabilities while the scientist gains an understanding about the issues 
and material requirements from an industrial design perspective . Lastly, it is a 
stepping stone towards the potential use of bio-based polymers and shape-shifting 
products and provides a reference point for the future development of materials 
and design. Moreover, an initial publication of the flat-pack furniture concept 
for the academic and industry communities at the Manufacturing and Design 
(MAD) conference (Auckland, 2019) was received very well and awarded the 
best student innovation showcase prize .

8.1.3 Strengths and limitations

Along with the strengths the research also had a number of limitations . Firstly, 
although it resulted in a paste extruder that enabled the prototyping of a large-
scale object, the required oven to cure the material was limited in size (500 x 
500 x 500 mm) . Therefore, this research was only able to produce 1:4 scale 
furniture . Secondly, the semi-developed materials prototyped for this research 
had a noticeable amount of shrinkage resulting in the material cracking during 
the curing process. This problematic cracking behaviour was magnified when 
working in the larger scale. This magnification resulted in splits and cracking 
of the 1:4 scale furniture prototypes . 

Despite these limitations, this study demonstrated the concept of flat-pack furniture 
as well as the unique qualities and advantages of responsive bio-based materials 
and 4D printing technology through the 4D printed small-scale furniture models . 
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The cracking behaviour suggests that future studies should focus on the 
development of materials to overcome this critical problem and improve the 
mechanical properties of the cellulose-based polyesters . As demonstrated in this 
research, future studies should be conducted through a close collaboration between 
material scientists and designers. This would be beneficial in the development 
of a material’s properties for specific product applications and this development 
will open additional opportunities for further design exploration . 

The flat-pack concept of this study may have application for companies such 
as Ikea and other manufacturing businesses in this product sector . With the 
further development of the responsive bio-based polymers, hopefully there 
will be increased opportunity to apply the flat-pack concept to a broader range 
of products .

8.1.4 Future research

8.1.5 Application
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Combining smart engineered bio-based materials with 4D printing technology 
offers excellent potential for future product development . This research sets 
out to answer how responsive bio-based polymers combined with 4D printing 
technology can be utilised for large-scale applications . The collaboration with 
material scientists has provided a stepping stone for the future development of 
smart and responsive products, in this case as a series of 4D printed furniture 
prototypes made from engineered bio-based polymer composites . The furniture 
can be fabricated and transferred to the final destination in a flat format which 
is not only economical in terms of transportation but also requires a shorter 
production time when 3D printing. On arriving at the destination, the flat-pack 
furniture can transform into its pre-programmed 3D form when heated to a specific 
temperature . This is due to the heat responsive and memory shape capability 
of the bio-based polymer composites . This innovative concept is economical, 
generates minimal waste, provides a new methods of manufacturing for large-
scale products with ease of transport and creates a potential opportunity to 
leverage Aotearoa New Zealand’s eco-friendly resources .

8.2 Conclusion
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Appendix 1: Shape changing behabiour of formulation p due to water immersion

Appendices

A series of formulation P samples were printed using different printing settings 
such as printing infill percentage and angle to test the effect of printing setting 
on the shape-changing behaviour of material . After 48 hours of curing each one 
of these samples were immersed in water and their behaviour was observed and 
documented at different periods of 1 hour, 2 hours, 4 hours, 6 hours and 24 hours 
after water immersion . Figures ap1 .1, ap1 .2, ap1 .3 and ap1 .4 demonstrates the 
behaviour of material at different stages of this experiment .
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Figure ap1.1 Overview of the shape changing behaviour of formulation P due to water immersion, part1
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Figure ap1.2 Overview of the shape changing behaviour of formulation P due to water immersion, part2
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Figure ap1.3 Overview of the shape changing behaviour of formulation P due to water immersion, part3 
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Figure ap1.4 Overview of the shape changing behaviour of formulation P due to water immersion, part4 
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The result of this experiment was concluded as following:

1 . Increase in the quantity of materials (increasing the layers in z direction 
or x direction) resulted in a more noticeable shape-changing behaviour of the 
material .

2 . In these samples which look like railway track objects, the sleeper 
(strands printed in y axes) swell in width and cause the object to bend toward 
the rails (strands printed in x axes) .

3. Change of the angle of printing infill from 0-45°C results in different 
shape changing behaviour from linear to twisting shape changing .

Result
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Another formulation that I conducted experiments on during the research was 
formulation K (figure ap1.1). This formulation was flexible and rubbery at room 
temperature but had low stiffness . In addition, similar to foam-based formulations, 
it had a low shape memory transition temperature . The glass transition temperature 
of this formulation is under 20°C . Similar to the other formulations, it was 
prepared as a paste and required 48 hours curing to become solid .

Formulation K

Appendix 2: Additiond formulations

Figure ap2.1 A cured sample of formulation K
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Table ap2.1 Swelling measurements of formulation K Graph ap2.1 Graphic representation of swelling measurements for formulation K

Figure ap2.2 Printed beam sample of formulation K for swelling measurements

Pre-curing Afetr-curing
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Formulation K - Swelling Chart
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Duration immersed 
in water  

A-Edge 
Length  

B-Edge 
Length  

A-Edge 
Height  

B-Edge 
Height  

A-Edge 
Width  

B-Edge 
Width  

A-Middle 
Length  

B-Middle 
Length  

A-Middle 
Height  

B-Middle 
Height  

A-Middle 
Width  

B-Middle 
Width  

0 min 29.45 mm 29.77 mm 2.15 mm 2.13 mm 5.14 mm 5.06 mm 29.47 mm 29.73 mm 2.22 mm 2.03 mm 4.89 mm 4.81 mm 

15 min 29.4 mm 29.93 mm 2.19 mm 2.12 mm 5.09 mm 5.01 mm 29.53 mm 29.77 mm 2.26 mm 2.02 mm 4.79 mm 4.66 mm 

45 min 29.6 mm 29.8 mm 2.15 mm 2.13 mm 5.07 mm 4.85 mm 29.59 mm 29.86 mm 2.26 mm 2.07 mm 4.87 mm 4.7 mm 

105 min 29.72 mm 29.99 mm 2.14 mm 2.14 mm 5.03 mm 4.96 mm 29.69 mm 29.95 mm 2.26 mm 2.08 mm 4.75 mm 4.9 mm 

225 min 29.75 mm 29.97 mm 2.14 mm 2.12 mm 5.11 mm 5 mm 29.83 mm 30.17 mm 2.29 mm 2.1 mm 4.77 mm 4.93 mm 

405 min 30.02 mm 30.29 mm 2.13 mm 2.27 mm 5.24 mm 4.97 mm 30.08 mm 30.37 mm 2.2 mm 2.14 mm 4.85 mm 4.91 mm 

1305 min 30.28 mm 30.59 mm 2.31 mm 2.27 mm 5.2 mm 5.07 mm 30.28 mm 30.58 mm 2.25 mm 2.1 mm 4.96 mm 4.95 mm 

2745 min 30.35 mm 30.49 mm 2.24 mm 2.28 mm 5.32 mm 5.05 mm 30.22 mm 30.36 mm 2.27 mm 2.19 mm 4.95 mm 4.95 mm 

4185 min 30.29 mm 30.45 mm 2.22 mm 2.15 mm 5.32 mm 4.8 mm 30.29 mm 30.46 mm 2.35 mm 2.06 mm 4.95 mm 4.95 mm 

5625 min 30.22 mm 30.59 mm 2.2 mm 2.18 mm 5.18 mm 5.11 mm 30.37 mm 30.57 mm - 2.01 mm 4.89 mm 4.86 mm 
 

Similar to other formulations, a swelling test was also conducted on formulation 
K . To test the swelling behaviour of formulation K, a small sample of was 
immersed in water for different periods of time . Before the water immersion 
and after each period, the dimensions of the sample were measured and recorded 
in table ap1 .1 . A plot graph was created as graphic representation (see graph 
ap1 .1) to better understand the swelling behaviour . This graph was created by 
calculating the average and the standard deviation of width, height and the 
length of the sample .

According to graph ap .1, the height, width and length of the sample swelled 
similarly . Therefore, formulation k has isotropic swelling behaviour . Therefore, 
this formulation does not provide noticeable shape-changing behaviour through 
water immersion . However, a noticeable shape changing behaviour can be 
achieved through dual printing of this formulation and another formulation 
with different swelling ratios .
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Dual printing with formulation P and K

Figure ap2.3 Demonstration of the shape changing behaviour of formulation K and P through dual 3D printing 

a)Post printing and pre- curing b)After 48 hour curing

c)After 16 hours water immersion d)After 21 hours water immersion e)After 112 hours water immersion f)After 15 minutes of heating
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To test this, a simple sample was dual 3D printed using formulation K and P .

As demonstrated in figure ap2.2 due to the different swelling ratios and behaviours 
of formulations P and K, the dual printed sample changed its shape through 
water immersion (c, d, e). Then the sample reversed back to its flat, permanent 
shape through drying (figure ap2.2, f).
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Another formulation that I conducted tests on is called Guar Gum formulation . 
In contrast to previous formulations, this material does not cure in oven, but 
it dimensionally becomes stable through 15 hours of curing . This formulation 
has a high swelling ratio . To test the swelling ratio of this formulation, a small 
3D printed sample of it was immersed in water for 32 hours . During the water 
immersion, the dimension of this cube sample was measured (figure ap2.3). Based 
on this experiment, the Guar Gum formulation has 98% swelling capability . 
After drying the sample, the cube sample turned into a tiny film due to water 
evaporation .

Guar gum formulation
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Post printing-pre 
curing stage

After 14 hours of curing 
width: 9.5 mm

After 4 hours of water immersion
Width: 15 mm

After 18 hours of water 
immersion

Width: 17.5 mm

After 32 hours of water 
immersion. Width: 18 

mm

Removed out of water at room 
temperature

After 30 minutes of 
heating in oven 

(105°C)
Transformation to a thin film after 2 hours at room 

temperature

Guar Gum and Glycerol Guar Gum with Glycerol being replaced by water

Guar Gum plus water Dry Guar Gum

Figure ap2.4 Demonstration of the swelling capability of Guar gum formulation 
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The moisture responsive shoe insert concept was developed based on the swelling 
capability of a dual printed model using formulation P and foam-based formulation . 
This concept is a self-customisable responsive shoe insert that provides support 
for those with high arches (figure ap3.1). This concept was prototyped through 
3D printing a digital model of a shoe insert with dual material, and curing it 
in an oven (105°C) for 48 hours. As figure ap3.2 demonstrated the shoe insert 
achieved a curved shape through moisture absorption or water immersion to 
provide support for a high arch .

Moisture responsive shoe insert:

Appendix 3: Prototyping of design concepts

Figure ap3.1 Overview of shoe insert concept

Formulation P, stiff materialS-foam (25KCl), compressible material
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Figure ap3.2 Prototyping of shoe insert concept 

Shape changing through water immersionFlat form when dry

3D printing
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The Dust Mask concept was developed based on the shape memory capability 
of formulation P as well as the soft property of foam-based formulation for 
human interface (figure ap3.3). This concept provides the ability to customize 
a Dust Mask to the shape of the user’s face. As figure ap3.4 demonstrates, this 
concept was prototyped through 3D printing with dual material and 48 hours 
of curing in an oven (105°C). Then after adding the filter paper to the mask, it 
was heated and programmed to a temporary 3D shape . This temporary 3D shape 
can be customized to any form .

Dust mask

Figure ap3.3 Overview of Dust Mask concept 

R-foam (25KCl): Soft material 
for skin contact

Formulation P : Stiff material, holds 
object in temporary shape at room 
temperature 

Filter paper



191

Figure ap3.4 Prototyping of Dust Mask concept 

Post-printing (pre-curing) 48 hours cured
After 12 hours of water 

immersion and salt removal After 30 minutes of oven drying Filter paper added

After shape changing
After programming a 3D temporary shape
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This concept was developed based on the compressibility of the foam-based 
formulation and the stiffness of formulation P to develop protective wearables . 
Figure ap3 .5 illustrates a cross section of the internal structure of an Elbow Guard . 
This concept was prototyped through dual material 3D printing of the digital 
model and curing in an oven (105°C) for 48 hours. As figure ap3.6 demonstrates, 
once forces are applied on this model, it contracts in all directions and provides 
a shock absorption capability .

Elbow Guard

Figure ap3.5 Overview of Elbow Guard concept

Formulation P, stiff material

S-foam (25KCl), 
compressible material

Cad model
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Figure ap3.6 Prototyping of Elbow Guard concept

Prototype of Elbow guard

Post printing-pre curing 
stage

48 hours cured

Formulation P & S-foam (25KCl)

After compression
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To decrease the cracking behaviour of the formulations, material scientists 
suggested adding fine salt to the formulation. This was because salt would 
help to decrease the amount of material shrinkage . Based on this suggestion, 
approximately 5kg of fine salt was added and mixed to the 10-litre bucket of 
formulation Q using an electric mixer (figure ap4.1, a & b). As figure ap4.1 (c) 
illustrates, a concentric pattern was developed for printing the 2D chair . After 24 
hours of curing in an oven (105°C), the 2D flat chair was shaped over the FDM 
printed mold and it was left to continue the 48 hours of curing . Unfortunately 
adding salt made the model stiffer and resulted in cracks while shaping the model 
on the mold . Therefore, after the removing the model form the mold, it was 
split into two parts . Therefore, adding salt to the formulations was not helpful .

Experiment on salt

Appendix 4: Experiments on the cracking behaviour of material
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Figure ap4.1 Cracking test for formulation Q with added salt 

a) Weighing salt

f)After 24 hours of curing

b)Mixing salt and material

g)After programming over the 
mould

d)Digital simulation

h)After 48 hours of curinge)After printing i)After removal from mould

c)Digital model
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Experiment on printing pattern

Another factor that could have influenced the behaviour of the material was 
the infill pattern which the material was printed on. To check the influence of 
this factor, another 2D chair was printed in a new infill pattern called the linera 
pattern using formulation Q with added salt similar to the previous experiment . 
Figure ap4 .2 (a) illustrates this new pattern that was different from the previous 
experiment’s infill pattern. After printing and during the curing process, a large 
number of cracks appeared on the model . Comparing the result of this print with 
the previous print (with a concentric pattern), the linear pattern resulted in a 
larger number of cracks and splits. Therefore, the geometric infill pattern with 
shorter straight or one directional lines and more curvature one would reduce 
cracks and splits . This is because sharp corners are stress concentrators therefore 
a pattern with curvatures and short resist cracking would be better .
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Figure ap4.2 Cracking test for infill pattern

a)Digital model b)During 2D printing c)After printing

d)After 24 hours of curing e)After 48 hours of curing
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Experiment on manufacturing method

The last experiment was to check whether other manufacturing methods such 
as casting would result in the same cracking behaviour. As figure ap4.3 (a, b, 
c, d) shows, after casting the material within a mold, it was left to be cured for 
48 hours in an oven (105°C) (figure ap4.3 e & f). Unfortunately, during the 48 
hours of curing, major cracks and splits appeared on the model . Comparing the 
result of this experiment with previous ones, it can be concluded that the cracking 
behaviour of material in a casted model is more severe than a 3D printed model 
due to cracking propagation . Therefore, using a 3D printing technology helped to 
decrease this cracking behaviour compared to traditional manufacturing methods .
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Figure ap4.3 Cracking test for casting method

a)Applying material b)Leveling the material c)Placing the mold over the material d)After casting

e) After 24 hours of curing f)After 48 hours of curing
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