David Correa Zuluaga's dissertation explores additive manufacturing
approaches for architectural elements that have the ability to change
shape in response to external stimuli through their internal structure
formed in the printing process. Working closely with researchers from
the field of biology, he convincingly demonstrates how the 4D printing
method under investigation enables spatially and temporally more
complex shape changes. David Correa Zuluaga's research is convincing
not only because of its scientific depth, but also because of its
multifaceted approach. It demonstrates how genuine interdisciplinary
research can be conducted at the interface of architectural, engineering
and natural science, leading to original findings from which new
disciplinary insights can also emerge. A particular strength of the work
is that, in the context of additive manufacturing, it also reflects these
insights theoretically and thus critically addresses and redefines the
traditional understandings of design, production and function, which
are called into question by 4D printing processes.
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ihre Form in Austausch mit externen Stimuli zu verändern. In enger
Zusammenarbeit mit Forschenden aus der Biologie legt er auf
überzeugende Weise dar, wie die untersuchten 4D-Druckmethode
räumlich und zeitlich komplexere Formänderungen ermöglicht. Die
Forschung von David Correa Zuluaga überzeugt neben der
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betrieben und originäre Erkenntnisse gewonnen werden können, aus
denen auch neuartige disziplinäre Einsichten hervorgehen. Eine
besondere Stärke der Arbeit ist, diese Einsichten auch theoretisch zu
reflektieren und damit die durch additive Fertigungsprozesse in Frage
gestellten, tradierten Verständnisse von Gestaltung, Fertigung und
Funktion im Kontext des 4D-Druckens kritisch zu thematisieren und
neu zu definieren
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This thesis research was conducted between 2012 and 2016 while I was
involved in teaching and research at the Institute for Computational
Design and Construction at the University of Stuttgart.
The thesis committee includes my supervisor Professor Achim Menges
and thesis committee member Professor Dr. Branko Kolarevic, whom I
thank for their technical and personal insights as well as their support
and valuable advice. Professor Dr. Thomas Speck with Dr. Simon
Poppinga from the Plants Biomechanics Group, at the University of
Freiburg, provided an essential space for collaboration and exchange
through the Joint Research Network on Advanced Materials and
Systems (JONAS). Many thanks to Professor Achim Menges for
helping to inspire the pursuit of this dissertation research and for the
particular computational and material-orientated approach he fosters in
architecture at the ICD.
I am grateful to Professor Dr Simon Schleicher, and Dr Ehsan Baharlou,
for their openness and guidance throughout the preparation of this

dissertation. And I would like to thank Katjia Rinderspacher, for her
unwavering friendship and support during my research at the institute.
To my colleague Oliver Krieg I have very much appreciated our
excellent collaboration and team work during the HygroSkin project as
well as our multiple workshops on Robotic Fabrication and
Performative Wood. Many thanks as well to Associate Professor
AnnaLisa Meyboom of the University of British Columbia for her
review and discussion of exerts relating to structural behaviour in
materials. I am also indebted to the following people who have helped
me and contributed to my research:
Steffen Reichert and Nicola Burggraf for their relevant contributions in
hygroscopic actuation as well as their openness in the many insightful
discussions on programmable matter and design methodologies.
Kai Parthy for his relevant contributions in experimental polymers and
3D printing as well as his research support; Abel Groenewolt for his
relevant contributions on FFF G-Code development as well as for our
fruitful exchanges on fabrication; my colleague Sean Campbell for his
consummate support in editing this document and for the rigor and
precision of his analysis.
Particular thanks to my colleagues at the Institute for Computational
Design and Construction for providing a productive and challenging
research environment, and to Saskia Frank and Claudia Wesiak for their
organizational support.
I would like to express my deepest gratitude for the love, support, and
unwavering encouragement at every step of my life, and through my
doctoral studies, to my mother, Maria Zuluaga; to my brother Dante
Zage, who I also thank for his tough, provocative ideas and

conversations, and ever-present support; and to my beloved partner,
Kristin Schreiner, for her constant love and exhaustive assistance
through this journey and our life together. Her exceptional
communication and English editorial skills have greatly contributed to
the clarity of this thesis. Most importantly, our meaningful intellectual
exchanges, and her unique design sensibilities brought new dimensions
to this work.
David Correa Zuluaga

Para la mejor mamá del mundo y para mi Linda.

Nomenclature
h

height of a cross section [mm]
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Abbreviations
2DP

Two-Dimensional Printing

3DP

Three-Dimensional Printing

4DP

Four-Dimensional Printing

ABS

Acrylonitrile Butadiene Styrene

AM

Additive Manufacturing

C

Celsius

CABS

Climate Adaptive Building Shells

CAD

Computer Aided Design

CAM

Computer Aided Manufacturing

CLT

Cross-Laminated Timber

cm

Centimetre

CMYK

Cyan, Magenta, Yellow and Key (Black)

CNC

Computer Numerical Control

CPC

Cellulose Polymer Composite

DED

Directed Energy Deposition

DLP

Digital Light Processing

dm

Decimetre

EMC

Equilibrium Moisture Content

ETH

ETH Zurich – Swiss Federal Institute of Technology

FDM

Fused Deposition Modelling (trademarked term for

FFF)
FFF

Fused Filament Fabrication

ICD

Institute for Computational Design and Construction

ID

Interfilament Distance

ITKE

Institute of Building Structures and Structural Design

LOM

Laminated Object Manufacturing

LT

Layer Thickness

m

Metre

mm

Millimetres

min

Minutes

nm

Nanometre

PBF

Powder Bed Fusion

PET

PolyEthylene Terephthalate

ph

Potential of Hydrogen (referring to a scale of measure of
how acidic/basic water is)

PLA

Polylactic Acid

PVA

Polyvinyl Alcohol

PM

Programmable Matter

RH

Relative Humidity

RT

Room Temperature

SLA

Stereolithography

SLS

Selective Laser Sintering

SMM

Shape Memory Materials

SMP

Shape Memory Polymer

SRM

Stimulus Responsive Material

TPC

Thermoplastic Polyester Copolymer

TPU

Thermoplastic Polyurethane

UV

Ultraviolet Radiation

WPC

Wood Polymer Composite
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Developing Materials that can change their shape in response to
external signals, like heat or humidity, is a critical concern for
architectural design as it enables designers to develop building
components that can be programmed to transform in response to
changing environmental conditions. However, developing a stimulusresponsive material requires the architect to extend its level of
engagement from the macroscale of the building into the much smaller
scale of the material’s micro- and meso-structure. In this thesis, a novel
approach for the 4D printing (4DP) of hygroscopic responsive shapechanging mechanisms is proposed and analysed. This approach engages
the design of mesoscale technical structures, via a precise material
deposition, that harness the anisotropic properties inherent to the
fabrication process and the constitution of the printing material itself.
Organization models from biological organisms, such as motile plant
structures, are abstracted into smart 4D printed techniques to
preprogram water induced shape-change using copolymers with
embedded cellulose fibrils. This principle enables expansion or

contraction forces, whose direction and strength are dependent on the
architecture of the 3D printed structure. A series of experiments are
described that validate the transfer of known hygroscopic bilayer
principles from lamination processes to 3D printing (3DP). They
demonstrate the increased programmable control of the 4DP technique
through functional gradation, moisture control and multi-phase motion;
and present the augmented kinematic capacity of the novel 4DP
technique. In addition to the self-shaping mechanisms, the possibilities
and challenges of using 4DP structures in architectural applications,
such as aperture assemblies and flap mechanisms are discussed. The
presented techniques,

and bio-inspired approach to

organization, demonstrate the first
differentiated

Wood

Polymer

material

successful application of

Composite

(WPC)

3DP

for

programmable hygroscopic shape-change. The experiments can help to
form the basis for complex stimulus-responsive building components
capable of performing autonomous transformations in technical
applications for thermal and moisture regulation.

Die Entwicklung von Materialien, die als Reaktion auf äußere Signale
wie Hitze oder Feuchtigkeit ihre Form verändern können, ist ein
wichtiges Anliegen für die architektonische Gestaltung, da sie es den
Designern ermöglicht, Gebäudekomponenten zu entwickeln, deren
Transformationen als Reaktion auf ändernde Umweltbedingungen
programmiert werden können. Die Entwicklung eines auf Stimuli
reagierenden Materials erfordert jedoch, dass der Architekt sein
Engagement von der Makroebene des Gebäudes auf die viel kleinere
Ebene der Mikro- und Mesostruktur des Materials ausdehnt. In dieser
Arbeit wird ein neuartiger Ansatz für das 4D-Drucken (4D-Printing,
4DP)

von

hygroskopischreagierenden,

formverändernden

Mechanismen vorgeschlagen und analysiert. Dieser Ansatz beinhaltet
die Entwicklung mikroskopischer technischer Strukturen durch eine
präzise Materialablagerung, welche die anisotropen Eigenschaften des
Herstellungsprozesses und die Beschaffenheit des Druckmaterials
selbst nutzen. Organisationsmodelle aus biologischen Organismen, wie
z. B. bewegliche Pflanzenstrukturen, werden in intelligente 4D-

Drucktechniken abstrahiert, um wasserinduzierte Formveränderungen
durch

Copolymere

mit

eingebetteten

Zellulosefibrillen

vorzuprogrammieren. Dieses Prinzip ermöglicht Expansions- oder
Kontraktionskräfte, deren Richtung und Stärke von der Architektur der
3D-gedruckten Struktur abhängig sind. Es werden eine Reihe von
Experimenten beschrieben, welche die Übertragung bekannter
hygroskopischer Doppelschichtprinzipien von Laminierungsprozessen
auf den 3D-Druck validieren. Sie demonstrieren die verbesserte
programmierbare Kontrolle der 4DP-Technik durch funktionale
Abstufung, Feuchtigkeitsregulierung und mehrphasige Bewegung und
stellen die erweiterte kinematische Kapazität der neuartigen 4DPTechnik vor. Darüber hinaus werden neben den selbstformenden
Mechanismen auch Möglichkeiten und Herausforderungen für den
Einsatz von 4DP-Strukturen in architektonischen Anwendungen, wie
z. B. Blenden- und Klappenmechanismen, diskutiert. Die vorgestellten
Techniken und der bio-inspirierte Ansatz zur Materialorganisation
demonstrieren die erste erfolgreiche Anwendung des differenzierten
3D-Drucks von Holz-Polymer-Verbundwerkstoffen (Wood Polymer
Composite,

WPC)

zur

programmierbaren

hygroskopischen

Formveränderung. Die Experimente können dazu beitragen, die
Grundlage

für

komplexe,

auf

Stimuli

reagierende

Gebäudekomponenten zu schaffen, die in der Lage sind, in technischen
Anwendungen zur Wärme- und Feuchtigkeitsregulierung autonome
Transformationen durchzuführen.

Materials actively undergo transformations through physical and
chemical processes. These transformations are usually a response to
changes in environmental conditions. Different materials respond
differently to these changes. For example, most movement in metal
occurs in response to temperature, while most of the expansion and
contraction in wood occurs in response to moisture. Harding et al.
(2008) argue that it is possible to consider these responses as a form of
computation; in other words, materials are containers of information, as
well as active agents that are capable of processing and even
exchanging information with other agents. Granting a material
autonomy by framing its capacity to exchange information, and
therefore compute, is referred to by Kwinter as active intelligence (or
material intelligence), and he provides a direct connection to the

philosopher Diderot’s concept of “sensitivity” (Kwinter 2003).
However, Kwinter’s concern is that in a paradigm of complex
mechanical systems and structures, every given part uses a single
dimension (“a single set of relations”) of the material’s vast array of
embedded intelligence. For instance, the complex shape-changing
characteristics of hygroscopic expansion in wood is one of these sets of
relations that is habitually suppressed in favour of other isolated
functions. An example is the compression in a wood wall stud or tension
in

the

bottom

flange

of

a

wood

truss.

The

extensive

compartmentalization of these functions into discrete, single-purpose
building

components

industrialized

reflects

production

the

fosters.

mechanistic
Kwinter

approach

(2003)

sees

that
this

“mechanistic” domain as a form of suppression, and defines it as
“deterministic and reductionistic.” This definition infers that by
reducing materials to a single predetermined function, a-priori, it fosters
a reductionist approach to design thinking.
When considering a wood component in isolation, it is easy to overlook
the multiple levels of material organization and “active intelligence”
that the wood, as a biologically grown tissue, possesses. Plant structures
are capable of computation at multiple scales, and as a living organism,
a tree is a very active computational entity. In terms of efficiency,
architecture has much to learn from living organisms. Trees are selfsupporting structures that strive for an optimal use of resources, while
providing a habitat for a myriad of other living organisms. Plant
structures also have the ability to compute form based on a negotiation
between internal instructions embedded in their genes and external
stimulus; such as light, water, or wind loads. Unlike conventional

building structures, one of the things that plants do very well is to adapt
to their local environment through an active exchange of information.
Developing buildings with an active “intelligence” has been a pressing
and fascinating challenge for architects over the last few decades
(Addington and Schodek 2005; Kwinter 2003). A growing need for
buildings that have some level of computational capacity has led to the
addition of electromechanical systems, smart devices, operating
software, to a myriad of specialized building components. Usually,
these components consist of a sensor, an actuator, a processing unit, and
sometimes, a communication module. Each mechanism can be
programmed to gather information and respond accordingly. However,
with the electromechanical approach, every building requires hundreds
(if not thousands) of individual systems with various, and often unique,
sets of requirements for maintenance and operation. While this effort
does provide information sensing and processing capabilities that can
be tailored to specific needs, the systems’ designers seldom consider
the building assemblage’s own material computational capacity. That
is, the electromechanical approach layers additional failure-prone
systems to the building, rather than reconsidering the fundamental
principles under which the materials that make the building operate. A
quick overview of the technical advances in this field can quickly turn
into a lesson in software and hardware obsolescence (Meagher 2014).
A material approach positions “active intelligence” within the domain
of the material itself – Programmable Matter – whereby design
problems conceptualize material as the “computing medium” (Toffoli
and Margolus 1991, p. 266). For instance, metal will compute a shape
transformation (expansion) in response to an external stimulus such as
increased temperature. This form of computation can also be stopped

or reversed in response to changes to that stimulus. Therefore, the
mechanics of that computation are as connected to the isolated
properties of the metal (as an atom), as they are to the distinctly
different bulk properties of the material in its common form. From this
perspective, any material, no matter how complex or simple its
molecular structure, has enormous computational capacity.
Current research in material programming focuses on the manipulation
of the physical and chemical properties of material at molecular level,
as well as macroscale manipulation of the shape and geometry of the
material structures. The goal is to gain a more precise understanding of
the various parameters that are needed to tailor a desired set of
responses from a material. At the larger (macroscale), this tailoring can
be achieved through conventional additive processes, such as
lamination, to create shape-changing bilayers (Timoshenko 1925; Sung
2011; Reichert et al. 2015; Holstov et al. 2015a; Rüggeberg and Burgert
2015; Pezzulla et al. 2015b; Le Duigou et al. 2017). More recently, with
the increased availability of advanced numerically controlled additive
processes, such as 3D printing, greater control over the choreographed
organization of material structure at multiple length scales is possible
(Truby and Lewis 2016). For instance, the development of microarchitectured materials, such as auxetic materials with a negative
Poisson ratio (Critchley et al. 2013; Christensen et al. 2015), has the
capacity to transform shape in response to temperature (Lee et al. 2017;
An et al. 2018; Han et al. 2018) or humidity (Tibbits 2014; Raviv et al.
2014; Ge et al. 2013; Momeni et al. 2017). Each of these material
programming methods can play a pivotal role in providing buildings
with an autonomous capacity to exchange information with their
environment and respond accordingly.

The motivation for this work is the development of a new method for
the 3D printing (3DP) of structures that can autonomously change shape
in response to relative humidity (RH). By relying on material as the
computing medium, this new method builds on material organization
principles from the fields of plant biomechanics, architecture,
engineering, and additive manufacturing. More specifically, this
method engages the design of mesoscale technical structures and
macroscale mechanisms via precise material deposition. Therefore, the
methodology harnesses the material anisotropies, which are inherent to
the Fused Filament 3DP Fabrication (FFF) process (Ziemian et al.
2012), and the material constitution (bulk properties) of Wood Polymer
Composite (WPC) filament as the printing material itself. This
controlled additive process allows for meticulous programming of the
physical properties within the printed structure. On a smaller scale,
wood fibres within the WPC are aligned with the direction of filament
extrusion (Bell 1969; Compton and Lewis 2014; Le Duigou et al. 2016),
which in turn, dictates the moisture- induced direction of expansion (Le
Duigou et al. 2016). The adjacent alignment of multiple filaments,
controlled by a raster print pattern, dictates the mechanical properties
within the multilayer assembly (Ahn et al. 2002; Sood et al. 2010;
Ziemian et al. 2012), including the direction of hygroscopic expansion
at the macroscale (Le Duigou et al. 2016, p. 110; Correa Zuluaga and
Menges 2015).
Inspired by the kinematics of plant structures, such as the pine cone
scale or the lily flower (Lilium ‘Casa Blanca’), the orientation and
architecture of these materials can be designed to program the direction
and amplitude of shape transformation in response to moisture. Thus,
the instructions for computing a shape transformation in response to

moisture as the external input, are directly embedded within the
multilevel architecture of the material itself. This novel concept allows
for the programming of complex shape transformations that do not rely
on the existing structure of a preprocessed material, such as the wood
grain in a bilayer structure. Instead, additive manufacturing provides
complete access to the formation of these properties within a layered
architecture. For architectural design, this method facilitates direct
input into the integrative design of the form, the mechanical
performance, and the programmable climatic adaptive response of a
building component within a single fabrication process. In other words,
it allows for a more comprehensive and more intelligent engagement
with a wider set of relationships between the material and the climatic
environmental conditions in which it operates.

3D printed structures produced via FFF have mechanical properties that
are dependent on both the chemical composition of the printer’s
filament and the directionally dependent printing process (Ziemian et
al. 2012). The resulting printed material can be viewed as a laminate
composite, comprised of vertically stacked layers of “contiguous
material fibres (rasters) with interstitial voids (air gaps)” (Sood et al.
2012, p. 82) (Rodriguez Jose F. et al. 2000, p. 2). That is, the same
printed part will have different properties based on the type of filament
used, but also based on the printing parameters selected. Furthermore,
the same printed part can have different physical properties depending
on the raster orientation used to print each layer, as well as the
orientation in which the part was positioned in the print bed – as the
printing coordinates (x, y, z) define the orientation of the laminate. As
a result, multiple anisotropic behaviours occur under given mechanical
loads (Ahn et al. 2002). Additionally, as a result of the FFF printing
process, 3D printed structures are porous, and are therefore, particularly
susceptible to moisture. This susceptibility has a significant effect on
the mechanical properties of many of the thermoplastics used for FFF,
with up to 70 percent less tensile strength than under dry, roomtemperature conditions (Kim et al. 2016). Fibres have been added to a
wider range of printing polymers, with the intention of improving the
mechanical properties of the printer’s filament (Parandoush and Lin
2017). Several studies have shown that this improvement is the result
of the shear-induced alignment of the fibres in the direction of the print
path, as demonstrated by Shofner et al. with carbon fibres in an
Acrylonitrile Butadiene Styrene (ABS) matrix (Shofner et al. 2003).
Nevertheless, the bonding of the fibres to the polymer remains a key

area of research, as it has a significant impact on the performance of the
material. For natural fibres this is particularly challenging, as
delamination can occur at the fibre/matrix interface, as well as the cell
wall itself (Le Moigne et al. 2014; Le Duigou et al. 2014). By adding
further complexity, the hydrophilic nature of cellulose fibres within
composites, as well as the physical properties of the fibres themselves,
influence the mechanical properties of the overall composites (Bledzki
and Gassan 1999, p. 229). As a result of these micromechanical
characteristics, most natural fibre composites gain a slight increase in
stiffness, with only a general decrease in strength – compared to similar
polymers that do not contain natural fibres (Milosevic et al. 2017; Dong
et al. 2018; Osman and Atia 2018; Xiao et al. 2019). Thus, the purpose
of adding fibres to the 3DP filament is primarily for structural
reinforcement and, in some cases, as a filler.
Previous research on FFF 4D printing (4DP) has relied on principles
developed in plastics research to use synthetic fibres (and their
extrusion alignment) as constraints for the directional expansion of
hydrogels. The use of oriented fibres as constraints for shape-change
was initially tested via hydrogel casting by Erb et al. (2013) . They
introduced hydrogel casting to create self-shaping composites, using
chiral seed pods as a biological precedent. Cast in multiple steps to form
a bilayer structure, the oriented particles dictated the direction of
swelling in the hydrogel, and therefore, provided a suitable design
parameter to manipulate the resulting shape transformation (see figure
B4.3.1). Using this fibre orientation principle, Gladman et al. (2016)
developed a similar mono-material method of directional printing, this
time using an FFF 3D printer. By employing a hydrogel matrix with
cellulose fibres, Gladman et al. were able to develop several macroscale

structures that can articulate complex shape transformations in response
to moisture (Gladman et al. 2016). However, other 4DP approaches did
not rely on fibres such as microstructural constraints (as opposed to
geometric). For instance, Ge et al. (2013), Tibbits (2014) and Li et al.
(2019) have all 3D printed a hinge- or scaffold-like mechanism, in a
non-swellable material, to orient the expansion of the hydrogel regions.
In the latter, Li et al. used wood flour (5%) as filler for the nonhygroscopic, Polylactic Acid (PLA) “scaffold,” which the authors
describe as a “passive material”. Therefore, the hygroscopic expansion
of wood fibres as the driver of shape-change transformation, within a
WPC, has yet to be investigated within the context of a 4DP application.
Next to the material characteristics and the architecture of the raster
pattern, the geometry and anatomical features of the printed part are
fundamental in defining the behaviour of the shape-change
transformation. Research on shape-change bilayers for wood laminates
(Rüggeberg and Burgert 2015; Wood et al. 2016; Holstov et al. 2015a),
veneer composites (Reichert et al. 2015; Holstov et al. 2015a;
Abdelmohsen et al. 2019a), and hydrogel bilayers (Erb et al. 2013; Li
et al. 2019) have demonstrated the role that width, length and thickness
have on the shape-transformation. The implications of shape and
localized functional features (such as differentiated material properties
for edges, ribs or boundaries) in shape-change transformation for
motile-plant structures have also been studied. However, these studies
have focused on plant-based transformations as abstract models (van
Doorn 2003; Forterre et al. 2005; Stahlberg and Taya 2006; Burgert and
Fratzl 2009; Guo et al. 2015; Schleicher et al. 2015) with only limited
applications for 3DP (Uchida and Onoe 2019). As yet, 4D printed
material models that apply bio-inspired kinematics have only been

developed with the use of hydrogels in mono-materials (Gladman et al.
2016), or they have only been abstracted as single-curve bilayers (Li et
al. 2019).
Lastly, the porosity of both plant tissue and man-made materials are
affected by moisture diffusion. For both shape-change mechanisms,
transformation begins when there is a discrepancy between the climatic
conditions and the moisture content of the hygroscopic material.
Studies on wooden laminates have shown that grain orientation directly
impacts moisture exchange, due to the capillary structure of wood
(Vailati et al. 2017). To date, the application of similar moisture
diffusion channels, which can be used to manipulate the rate of shapechange transformation, have not been implemented in any field of selfshaping 4DP structures.

The key objectives for investigation in this thesis are:
(i)

Development of a novel 3D printing method that uses wood
fibres, embedded in a polymer, as the driver of directional
hygroscopic expansion for a time-based shape-change
transformation in response to moisture changes 4D printed
hygroscopic programmable material architectures. This
method examines a functional integrated material architecture
designed to augment microscopic anisotropies into
macroscopic material properties.

(ii) Investigate the abstraction and translation of previously
developed climate responsive mechanisms, using laminated
veneer and fibreglass, into a one-step 4D printed mechanism.
This includes the development of a multi-material bilayer
architecture, and the characterization of key material
organization parameters, geometry, and additive fabrication
strategies.

(iii) Investigate and develop different material architectures, via
the novel 4DP method, that can achieve a wider range of
shape-change transformations or optimize known models.
This includes the investigation of bio-inspired kinematic
mechanisms based on plant motile structures, such as the twophase shape-change transformation of the Bhutan pine cone
seed scale and the flower-opening mechanism of the Lilium
‘Casa Blanca’. Moisture diffusion channels and other
anatomical

features

that

can

facilitate

manipulation will also be investigated.

shape-change

•

In addition to designing the material architecture of a composite
with a Stimulus Responsive Material (SRM) and a non-SRM,
there is also the potential to develop bespoke polymers and/or
other fibrous composites. It is theoretically possible to create
such materials so that the same fabrication process generates
larger or smaller microscopic anisotropies, resulting in
potentially larger or faster shape-change responses. While the
challenges and limitations of this approach are covered in
Outlook (chapter D3), this dimension of the research is not
analysed in this work since the focus is set on the transfer of
SRM from wood veneer composites (a found material) to the
development of a 3DP composite. Correspondingly, this
transfer is applied in both methods, and material composition by
using derived wood fibres as the primary driver of hygroscopic
swelling in the 3DP filament polymer composite.

•

An important assumption for this research lies in the predictable
and theoretical understanding of material characteristics of
wood and cellulose fibres. The long-term performance and
chemical interaction of these fibres with the polymer and
corresponding behaviour resulting from fatigue, creep or
environmental deterioration were excluded to allow a more
comprehensive investigation of the material architectural
characteristics and corresponding fabrication methods.

This thesis is divided into four chapters:
A and B. These chapters provide the motivation, background,
theoretical foundation, and research context for this thesis. The chapters
contextualize the dissertation work within the fields of Material
Computation, Programmable Matter, and Bio-Inspired design while
they also provide a technical overview of the state-of-the-art 3D and 4D
printing methods. These chapters establish the role that materials play
as active participants in our environment, and within the field of design,
architecture, and material science.
C. This is the core of the dissertation research. This chapter describes a
set of investigations, conducted by the author, that address the
functional implementation of the developed 4D printing methods. Five
exemplary climate-responsive, shape-change actuation mechanisms are
investigated. Each of the case studies is presented in relation to its key
research contribution, its bio-inspired abstraction, and its material
organization strategies. And each is supported by a project description:
research aim and trajectory, detailed analysis of the project’s shapechange movement, functional morphology, and material behaviour.
Individual methods, results, insights, and contributions are discussed
individually in this chapter, while larger aggregate findings are
discussed in chapter D. Given the interdisciplinary nature of the
research work, author contributions, associated publications, as well as
the contributions of external collaborators are listed individually in the
project description, material and methods, and the acknowledgments
subsections.

D. This chapter synthesizes the key findings and contributions from the
case studies and related publications. Methods and procedures are
reviewed and discussed in relation to the overall findings and
conceptual approaches. General abstractions and analysis are made of
the impact of the conducted research and the potential transfer of the
developed methods and mechanisms on other systems and materials.
Limitations of the presented research, future trends and potential
research outlooks are outlined in Outlook, chapter D3.
In accordance with section 2.4 of the University of Stuttgart
Dissertation regulations, some selected findings of this dissertation
have already been published, with prior supervisor approval. Each of
the papers and their corresponding contributions have been listed in the
bibliography and referenced accordingly in the corresponding citations
throughout the dissertation.

Materials play an active role in exchanging information with people;
from the food we eat, to the things we make, and the environments we
inhabit (Sennett 2008). Materials also actively exchange information
with their local environment, whether they are organic materials in the
soil, or structured materials that comprise part of a living organism. Of
primary concern, but not solely, is our engagement with materials in
order to make things. While traditional forms of making establish an
explicit engagement between the thing that is made, and the matter that
the thing is made of (Sennett 2008, p. 10), the disciplinary study of
materials has shed valuable light on the complexity of interaction that

occurs at multiple length scales (Fratzl and Weinkamer 2007), from
their exceptional mechanical performance in living organisms (Ashby
et al. 1995), to their functional role in much larger and complex systems
(DeLanda 1997). In the latter functional role, DeLanda (2015)
conceptualizes this complexity by addressing non-linear interactions.
He positions materials as “active” entities, by which he means
embedded with the capacity to be affected (the material’s own and
unique computational response to external interaction by forces or other
processes). This conceptualization of materials also implies a spectrum
of capacities to affect others. He frequently uses the example of a knife
to illustrate this perspective. DeLanda states that a metal knife has
physical characteristics that are the result of the bulk properties of the
material (e.g. the type of steel, hardness, and weight) and it has
properties that are defined by its shape, including the edge quality of its
blade – sharp or dull. He presents these properties as actual – at any
point the knife is either plastic or metal, sharp or dull. However, the
capacity for the knife to do something is categorized in relation to the
potential interaction with other entities that can be affected by it. In
other words, a knife only has the capacity to cut when it is used in an
interaction with something that has the capacity to be cut by it (softer
than metal, like paper). Therefore, the knife has the real capacity to cut
things, but this capacity is only a potential to do so. The knife can only
cut if it engages with the correct circumstances. DeLanda refers to these
types of interactions as “virtual capacities,” while applying the concept
of “the virtual” from Gilles Deleuze (DeLanda 2015, p. 19). The
complexity of this concept increases when the multiple states of a
material are considered. For instance, a cube of ice has “actual”
mechanical properties that depend on the defined solid state of the

material. However, it also has the “virtual” capacity to be a fluid, with
distinctive properties at that state. Both are true, but not at the same
time. What is at stake here is the space of possibilities in which
materials can generate interactions, exchange information or compute
form.
Harding et al. (2008) describe the physical and biological processes,
and the complex set of interactions that they encompass, as
computation. In their 2008 journal paper “Evolution in Materio:
Exploiting the Physics of Materials for Computation”, they aim to
develop methods to “exploit the molecular dynamics and mesoscale
physics for computation” - while fully acknowledging that the
computational capacity of the real world will always exceed that of our
models.
“The world is a better model of itself than the models we can induce
from our data” (Harding et al. 2008, p. 1). This is a statement that
echoes literature in the field of theoretical physics, when addressing
dynamic systems (Wolfram 1985, p. 737). Considering physical
processes as a form of computation presents a useful space for the
design of these interactions themselves. Wolfram outlines this
framework when he proposes using computers to predict (compute) a
specific outcome. When developing a computational tool, one must
assume that shortcuts can be made “if the computations used in the
calculation are more sophisticated than the physical system can itself
perform”. However, computers used for the calculation are themselves
physical systems and therefore limited by their own physical laws.
While abstractions and mathematical optimizations can provide
feasible solutions, solutions that provide useful but incomplete
predictions for a specific purpose, the full complexity of a

material/physical system remains outside the reach of a “general
predictive procedure” (Wolfram 1985, p. 735).
“Most physical questions may be answerable only through irreducible
amounts of computation” (Wolfram 1985, p. 735). In pragmatic terms,
these are the limitations that other philosophers, thinkers and architects
have seen as not only a source of frustration, but also as a source of
inspiration. For Harding et al., what is of particular value is the
exchange of information. The interactions that process inputs and
compute new information to share externally, is a process that occurs
locally. In other words, materials don’t use global or external systems
to process complex equations, they use local interactions to swap data,
a form of “tiny computational agents” (Harding et al. 2008, p. 1). For
designers, and also for Harding et al., this makes material a valuable
medium for computational programming. Materials can be manipulated
(designed or programmed) to physically process a given equation. In
their words, “we can use bulk matter for computation almost as if it was
programmable matter” (Harding et al. 2008, p. 18). In general terms, it
is proposed to use those pesky and irreducible computational challenges
(physical material computation) as the medium to program rather than
focusing on shortcuts to reduce their complexity.

“When different types of matter, or different orientations of
intelligence in matter, are brought together in a proper
sympathetic rhythm or proportion, an entirely new level of
intelligence is created” (Kwinter 2003, p. 90) .
Materials are a constant participant in the technical development of
human societies. For Sennett (2008), an inherent interest in material

qualities emerges from a deep-rooted fascination for things that can be
changed. To work with materials is to transform them. He presents three
key aspects of this transformation: “metamorphosis, presence and
anthropomorphosis.” (Sennett 2008, p. 120). “Metamorphosis” refers
to an awareness in the change of procedure used to manipulate material,
the “magic” that emerges from formation. “Presence” addresses the
self-referential, and the subtle messages that are left during the process
of making, through the marks, scale and shape of the entities created.
Large monolithic structures communicate monumentality and power,
while the precise assembly of smaller components communicates
skilfulness. “Anthropomorphosis” refers to the projection of “human
qualities onto a raw material”, such as the “honesty” of brick or the
“warmth” of wood. One such example of metamorphosis is found in
futurist architecture, where formed matter is considered to exist in
constant “flux,” while generating “zones of influence” that fluctuate in
negotiation with their environment (Kwinter 2001, p. 64). A fascination
that aims at expressing the otherwise invisible mutability of matter is
conveyed, in this case, through form. Descriptions of materials such as
“intelligent” (Kwinter 2003) or “smart” (Addington and Schodek 2005)
can perhaps be attributed to a form of human empathy directed at the
agency of materials. It could be argued that imbuing materials with
meaning was the first form of material programming.
More recently, the term “Programmable Matter” has been defined as
“the science, engineering, and design of physical matter that can change
form and/or function…in an intentional, programmable fashion”
(Campbell et al. 2014, p. 2). For Campbell et al., there are two particular
approaches that satisfy the concept: (1) objects made of multiple
elements that form a structure with self-transforming capacity, or (2)

discrete units (particles, components or microrobots) that can interact
with one another in a way that can produce greater programmable
behaviours. This latter definition encompasses many of the same
aspirations as early precursors from 20 years earlier:
“In programmable matter, the same cubic meter of machinery
can become a wind tunnel at one moment, a polymer soup at the
next; it can model a sea of fermions, a genetic pool, or an
epidemiology experiment at the flick of a console key. Ten
times as large a simulation will simply require ten cubic meters
of

machinery,

instead

of

one.

Flexibility,

instant

reconfigurability, variable resolution, total accessibility, and
handling safety make such programmable matter worth a
premium over ordinary matter.” (Toffoli and Margolus 1991,
p. 263)
Both instances identify the autonomy of the individual units to
compute, as well as the value they can bring when they are organized
to serve a macroscale function. In addition to Programmable Matter,
there are a number of other terms that have been used – sometimes
interchangeably – to address parallel research perspectives. These
include, Smart Materials, Responsive Materials, Programmable Matter,
and Metamaterials. Some of these terms have been coined by certain
disciplines, while others have been recognized in response to their
adoption by funding agencies, such as the US military. For instance, the
use of the term Smart Materials can be traced to Rogers and Ahmad as
co-chair of the US Army Workshop of Smart Materials (Rogers and

Ahmad 1989) while DARPA1 ran a Programmable Matter program in
2007 (Campbell et al. 2014, p. 3). Tracing the origin of Programmable
Matter to its earliest publication, to the best of the author’s knowledge,
leads to the Toffoli and Margolus publication on “Programmable
matter: Concepts and realization”. The paper was developed by selfdescribed “amateur” theoretical material scientists focusing on the
cumulative computational capacity of interconnected computing
elements in three-dimensional space. However, their main goal was to
illustrate “the fundamental connections between physics and
computation” (Toffoli and Margolus 1991, p. 271). It can be inferred
from the paper that materials, as programmable matter, have enormous
computational capacities and should therefore be carefully considered
as an “instrument” (Toffoli and Margolus 1991, p. 263). They establish
a distinction between a personal computer and a network of computers,
in which the latter is a “new kind of object.” This concept is extended
to a programmable material, illustrated in their paper as a network of
discrete computers interconnected and organized in a 3D-spatial
structure, the paper connects this concept directly to gold as a physical
material. This relation is presented as one where the properties of gold
as an atom are distinctly different from the properties of gold, as a
nugget.
“The properties of 'gold' as a material (for instance, specific
weight, hardness, conductivity) are quite distinct from the
properties of an isolated gold atom (atomic number, mass, spin,
etc.). Certain statistical features emerge and become better and

1

“Defense Advanced Research Projects Agency (DARPA) is an agency of the United
States Department of Defense responsible for the development of emerging
technologies for use by the military.” Wikipedia 2019.

better characterized as we consider a larger and larger lump of
gold; beyond a certain size, these bulk properties have stabilized
enough that we can speak of 'gold' in a generic way, without
having to specify the size or the shape of the lump. Similarly, if
we consider an indefinitely extended, uniformly interconnected
network of identical personal computers, we will have defined
a synthetic "material" having well-defined bulk properties.”
(Toffoli and Margolus 1991, p. 263)This publication and that of
Ahmad (1989) present a set of properties that must be met
before a material can be categorized by their corresponding
definitions:
(Programmable Matter)
“With the benefit of hindsight, let us define programmable
matter as a three-dimensional, uniformly textured, fine-grained
computing "medium" having the following properties:
(i) It can be assembled into lumps of arbitrary size (the limits
being given by economics rather than technology).
(ii) It can be dynamically reconfigured into any uniform,
polynomially interconnected, grained computing network
(iii) It can be interactively driven, in the sense that its
dynamical evolution can be started, interrupted, and resumed at
any moment in response to the occurrence of specified internal
or external events.
(iv) It is totally accessible to real-time observation, analysis,
and modification.”
(Toffoli and Margolus 1991, p. 266)

(Smart Materials)
“The common features of the so called 'smart' or 'intelligent'
structures or materials, can be identified as follows:
1. They have embedded (or bonded) or intrinsic sensor/s which
recognize and measure the intensity of the stimulus, such as
stress, strain, thermal, electric, magnetic, electromagnetic,
chemical or nuclear etc.
2. They have embedded or intrinsic actuator/s to respond to the
stimulus.
3. For controlling the response in a predetermined manner they
have available mechanisms of control and sometimes of
selecting a particular response if more than one option is
available.
4. Time of response is short /appropriate.
5. The system returns to its original state as soon as the
stimulus is removed.”
(Ahmad 1989)

As the differing definitions demonstrate, there are clearly some
conceptual differences between programmable matter and smart
materials. While Smart Materials identifies sensors and controllers
that should be “embedded,” Programmable Matter addresses a
“computing medium.” In either case, both sets of characteristics
address an exchange of information with their environment and a

direct response to an external input, defined here as either a “stimulus”
or an “event”. The computation can also be stopped or reversed in
response to changes to the stimulus – a key characteristic for
controlling the system. All of the above properties relate to Harding et
al’s definition of material computation:
“The external forces induce property/changes, which we can
consider to be a sort of “computer program,” so that there is a
direct link between the external forces that we have control over
and the induced changes in the block of matter. By measuring
the behaviour of the altered block of matter, we can essentially
submit input data to the sample and receive output data. In this
way we have performed a type of computation.” (Harding et al.
2008, p. 2)
Lastly, it is worth noting that neither list of properties sheds light on the
inner workings of these materials. A certain level of undefined
transformation appears to cloud the “uniformly textured” “lumps” in
which these “intelligent” structures operate (Toffoli and Margolus
1991, p. 266). Arguably, the focus appears to be on the development of
discrete units, which are capable of computation; at least, in the way
that they are programmed and how their self-organization or selfassembly characteristics manifest. One such indication can still be
found in the definition by Campbell et al. (2014), where 4DP is included
as one of the methods for assembly for “preconnected elements”. To
further understand the inner workings of how materials might compute
information, it is valuable to look at both metamaterials and composites,
of which the former is categorized as a subset of the latter.

The definitions of both smart and programable materials share the
relation that a defined stimulus has in initiating, stopping, or reversing
a response in the material. This particular functional relation is the focus
of investigation in the field of Stimulus Responsive Materials (SRM).
While several types of external stimuli are possible, SRM materials are
categorized in two types of response: 1) materials that respond to
external stimulus by changing shape and 2) Shape Memory Materials
(SMM), which can be mechanically deformed, but can also return to
their original shape when exposed to a defined stimulus (Duigou et al.
2019; Momeni et al. 2017; Sun et al. 2012). At the nanoscale, external
stimuli are also defined as “extrinsic stresses”, since the term refers to
stresses that are not induced during fabrication, but are the result of
external factors, such as “temperature change, chemical reactions,
magnetic forces or electric fields” (Cho et al. 2010, p. 2320).
Materials that expand or contract in response to an external stimulus
can be categorized by whether the dimensional change (defined as
isotropic) is equal in all directions, or not. If the dimensional change is
not equal in all directions, but has a specific orientation, it is anisotropic.
Most isotropic materials tend to have a consistent molecular structure
in all directions, which provides them with mechanical properties that
are not affected by the direction in which they are applied. Two of the
most commonly used materials in this category are metals and gels, or
“suspensions.” For instance, hydrogels are hydrophilic polymers that
have a capacity for high water binding, high water retention, and they
expand homogeneously in all directions by absorbing moisture or
compatible solvents (Ajdary et al. 2020; Ligon et al. 2017). There are
also specialized “stimuli-responsive hydrogels” that respond to

temperature, pH and the electric field (Han et al. 2018). Metals, like
many other materials, are highly susceptible to thermal expansion. On
the other hand, most anisotropic materials contain fibres that act as
microscopic constraints contributing to the mechanical performance in
tension. These constraints are often oriented in relation to the load path
and therefore, they play a significant role in defining the mechanical
properties. Wood is a highly oriented anisotropic material, whose
material behaviour is individually determined from tree to tree, by the
species, the type of wood, and by the tree’s actual growth conditions.
Wood has multiple hierarchical levels of anisotropic structures that give
it its unique mechanical properties but these directionally dependent
properties also affect its stimulus-induced behaviour (expansion or
contraction) in relation to water.

The prefix “meta”, from the Greek “beyond,” was initially used to
position metamaterials as materials that were artificial and therefore
capable of properties beyond those commonly found in nature (Engheta
and Ziolkowski 2006). The common adoption of the term
“metamaterial” in research can be similarly traced to a DARPA
workshop in 1999: “DARPA is interested in gathering information
concerning the area of artificially constructed materials, or
Metamaterials, which possess qualitatively new responses that do not
occur in nature” (Ziolkowski 2014, p. 1). The workshop focused on
material performance beyond those found in conventional composites,
particularly for electromagnetic applications. The term constructed in
this definition is important in relation to composites. It presents a clear
distinction from the definitions used in Smart Materials or

Programmable Matter. Here, the goal is the design, construction, or
assembly of a composite made of a host medium (or surface) embedded
with “artificially fabricated inclusions” (Engheta and Ziolkowski
2006).
However, the field of research for these designed and constructed
composites started towards the end of the 19th century. This can likely
be traced to early discussions on laminates by James Clarke Maxwell
(1873) and work by Bose (1898) in regard to “rationally designed”
complex twisted wires that were able to disrupt electromagnetic fields
in unique ways, which today, would be called “artificial chiral
elements” (Engheta and Ziolkowski 2006; Kadic et al. 2013). What is
particularly interesting about the terminology used in this field, is that
there is an active engagement in describing how these “artificial”
properties emerge from the rational design of their composite
structures. For metamaterials, the microscale is instrumental in enabling
these unique properties.
“Metamaterials are artificially crafted composite materials that
derive their properties from internal microstructure, rather than
chemical composition found in natural materials. The core
concept of metamaterials is to craft materials by using
artificially designed and fabricated structural units to achieve
the desired properties and functionalities. These structural units
– the constituent artificial 'atoms' and 'molecules' of the
metamaterial – can be tailored in shape and size, the lattice
constant and interatomic interaction can be artificially tuned,
and 'defects' can be designed and placed at desired locations.”
(Berger 2020)

It is important to note that the notion of beyond nature (artificial)
identifies the potential for matter to be manipulated in the pursuit of
specific material properties. As the field has grown from encompassing
electromagnetic and optics applications to encompassing elastic,
mechanical, acoustic, and thermal properties (Fedotov 2017, p. 1351;
Kadic et al. 2013; Bertoldi et al. 2017) the definition has also changed.
From materials with properties “not found in nature” (Kshetrimayum
2004) to “artificial material composites engineered to display physical
properties that surpass (or complement) those available in nature”
(Fedotov 2017, p. 1351). It is this complementary relation to nature that
is important for this thesis research.

Most materials that we come in contact with in our everyday life, and
in nature, are composites. Wool, cotton, clay, wood, granite, foams and
even clouds are composites (Milton 2002, p. 1); they are ubiquitous
because they are highly effective at providing great functionality. This
is due to the integrated relationship between their constituent parts –
that is, the sum is more than its parts. For example, wool effectively
functions as a composite of fibre and air (Milton 2002, p. 1).
Furthermore, composites are particularly relevant here, because most of
the materials that are discussed in the field of programmable matter and
4DP fit in this category. According to Milton, a composite is a material
that has irregularities at scales of length that are “much larger than the
atomic scale…but which are essentially (statistically) homogeneous at
macroscopic length scales, or at least some intermediate length scales”
(Milton 2002, p. 1). This scale relation is of conceptual importance. On
a smaller scale, the cellulose microfibrils, embedded in a lignin and

hemicellulose matrix, give wood its tensile strength and its cellular
polymeric composite structure (Dinwoodie 2000b, p. 2). On a much
larger scale, reinforced concrete is a common composite that couples
the tensile properties of steel with the compression capacity of concrete.
Laminates are a form of composite structures that are stratified, and
therefore, only vary in one direction – the “direction of lamination”
(Milton 2002, p. 159). The use of laminate materials in architecture is
very common. It is an effective strategy for addressing performance
requirements by combining materials with different properties.
Cladding materials are a good example of laminate composites that
combine water repellent layers with thermal or acoustical insulation
layers. The insulation foam is itself a form of composite between
polymer and air (Milton 2002, p. 1). However, plywood might be a
clearer example of a stratified structure. Fibre orientation in wood
dictates tensile strength within the wood grain. This directiondependent property then dictates the dominant direction of tensile
strength in a layer of wood veneer. By alternating grain direction within
the layers of a plywood sheet, a laminate composite structure is created
that is equally strong in both directions.
Conceptually, composites can be considered a critical form of
programmable matter. They are structured materials that are designed
with targeted computational capacities. This is perhaps the reason that
natural systems make extensive use of composites to address complex
functional requirements (Gibson et al. 1995). While natural composites
are the result of adaptive growth processes, which are not always
reproducible through artificial means, they provide valuable insights
into multilevel engineering strategies (Dunlop and Fratzl 2013, p. 8).
Designers developing composites must understand the individual

properties of each of the materials to be combined, as well as the
functional relation that is established when they are combined. The
functional relation is affected by the combinatory process, the geometry
of the resulting structure and the scale at which they interact. For
instance, materials printed via FFF are considered to be “laminate
composites with a variety of controllable mesostructural features
related to the fibre layout and void geometry” (Rodriguez Jose F. et al.
2000, p. 2). Combining polymers with wood in a laminate floor might
provide a mechanically stable flooring solution at one scale; however,
the combination of the same materials at the microscopic scale can
serve as the foundation for a 4DP system.

A recurring consideration in the design of material architectures is the
definition of length scales, which include the pico-, nano-, micro-,
meso-, and macroscales. The picoscale (10-13 meter) is the range of
measurement that is used for atoms, while the nanoscale (10-9 meter) is
the range that is used for molecules. These scales are too small for
manipulation via FFF 3DP, and are therefore outside the scope of this
research. The microscale (10-6 meter) is the limit of what can be seen
by the naked eye. A common example of objects at this scale is a human
hair, with a width ranging from 17 to 180 micrometres, which is the
equivalent of 0.017 mm – 0.180 mm. However, the length scale of
greatest importance for material design through 3DP is the mesoscale.
Defining this scale is more challenging. Since this is an intermediate
scale, multiple orders of magnitudes are therefore possible. With smart
materials in architecture for instance, the mesoscale is defined as
approximately 1 cm (Addington and Schodek 2005). In contrast, in the

field of Manufacturing Engineering the mesoscale encompasses a much
broader range, from approximately 10 micrometres to multiple
decimetres (Teague and Evans 1999). Mesoscale Science defines this
intermediate territory as a “sequence of mesoscale architectures and
phenomena that form, step by step, a staircase reaching from atoms to
bulk materials that can be experimentally observed, theoretically
understood, and ultimately physically controlled” (Crabtree et al. 2012,
p. 3). In other words, the mesoscale is a broader space concerned with
the relation between large quantities of entities with a defined spatial
construct. The macroscale can similarly encompass the scale of “bulk
materials” (Crabtree et al. 2012, p. 3) or entities larger than 1 mm
(Teague and Evans 1999). Architectural design mostly operates within
a couple orders of magnitude greater than 1 mm as it addresses building
components and room layouts. However, the design of a building does
rely on smaller scales when we consider the mechanical properties of
materials. For instance, when addressing adaptive building facades,
Loonen et al. (2013) refers to the macroscale when addressing building
parts and the microscale when addressing the internal structure of
materials themselves (Loonen et al. 2013, p. 488). When the discourse
of architecture extends beyond the building into the city, the macroscale
is further extended to encompass the urban and regional context.

Figure B1.6: (a) Nano-, micro-, meso-, and macroscales with corresponding units of length.
Source: David Correa | ICD, University of Stuttgart | 2021

While specific measures for each scale can be assigned as less than a
millimetre for micro, more than a meter to the macro, the use of these
scales is highly contextual (Figure B1.6). The field of economics
provides a useful definition of relationships between them: “Micro
refers to the individual carriers of rules and the systems they organize,
and macro consists of the population structure of systems of meso.
Micro structure is between the elements of the meso, and macro
structure is between meso elements.” (Dopfer et al. 2004). This relation
between the unit, structures of units and a the whole is used by Dopfer
et al. to illustrate why individual buildings are considered to be the unit
in urban studies. The city is the macro- and the neighbourhood, the
mesoscale; meanwhile, in material science the unit is the atom, the
macro is the bulk material while the mesoscale bridges the relations in
between. Architecture plays a key role in the design of interdependent
spatial, structural, and function relationships. Currently, the smallest
unit scale of engagement, the microscale, could be argued to be the
building component (i.e., a brick, stone or a facade component). The

presented work contributes to the expansion of that definition and the
role of the designer, to include smaller unit scales within material
structures. Fabrication processes, such as additive manufacturing,
enable the manipulation of organized systems of units at multiple
hierarchical levels. The term “architecture” or “architected” materials
is now widely used to address the design of micro- meso- and
macroscale structures that give material targeted properties. For
instance, in the interdisciplinary work done by Xu et al. (2018) the term
“micro-architected materials” is used to define ultra-lightweight
periodic cellular materials that can achieve “superior structural
efficiency and multi-functional advantages because of the inherent open
space”. The important aspect is that the “design” of the “microarchitecture” is the key device to “achieve mechanical properties
unattainable previously” (Xu et al. 2018). As will be outlined in the next
section, this integration in functional relationships across scales is
pervasive in nature’s hierarchical materials and a useful source of
inspiration for architects and designers at multiple length scales.

Nature is considered a “school for material science,” and bio-inspired
design, a technical transfer from natural systems to man (BensaudeVincent et al. 2002, p. 2). Fratzl (2007) proposes that the study of
natural systems can reveal “structure-function relationships” that link
the architecture of a material to a functional characteristic within the
system. Julian Vincent (2009) places the complexity of natural systems
as one that emerged out of necessity. He states that “in biology material
is expensive but shape is cheap (the opposite is true in the case of
technology)” (Vincent 2009, p. 78). Abstractions and principles from
biological role models, informed by research collaborations, have
provided valuable

insights

to

this

dissertation’s 4D-printing

methodology. However, the focus of this dissertation remains in the
field of material organization strategies for architectural applications,
as opposed to the field of Biomimetics, Plant Biomechanics or BioInspired Design. This section aims to provide context to some of the
foundational concepts that are found in this research and to highlight
the interdisciplinary nature of the work. Several research exchanges
with the Plant Biomechanics group at the University of Freiburg have
supported the development of the presented work, and have provided
valuable insight into the field. Each subsection provides a brief
overview, key principles, terminologies, and research drivers that have
informed the development of the bio-inspired abstractions outlined as
part of the case studies. Bio-inspired design has been interpreted as a
driver of investigation as opposed to the subject of the investigation
itself.

For the purpose of this dissertation, plant movements are of particular
interest as they present kinematic/functional strategies that combine
shape, anatomical components, hierarchical anisotropic structures,
mechanical instabilities, and stimulus-driven mechanisms to produce
highly articulated shape deformations. The following subsections
provide a brief overview of the most relevant concepts for this
dissertation.

The structure of organic tissue is of great research interest to material
scientists, architects and designers. It demonstrates a high level of
structural complexity, functional differentiation and specialization,
while it only uses a very small selection of constituent materials (Ashby
et al. 1995; Sanchez et al. 2005; Dunlop and Fratzl 2013). To avoid the
arbitrary use of the terms “material” and “structure”, Speck and Speck
(2019) have proposed the term “material system”. In this dissertation,
“material system” is used when existing literature using this term is
referenced; and in a more general sense, when referring to material
relationships. In relation to the designed 4D printed structure, the term
“material architecture” is used to emphasize the unique importance of
functional and spatial articulation, and to distinguish it from the much
wider set of interactions that the term “system” might encompass.
Strategies to create organic tissue are robust and highly adaptive. For
instance, type I collagen provides rigidity and shock resistance in bones;
it functions as a low rigidity elastomer with capacity for high
deformation in tendons; and it also provides optical properties, like
transparency, in

the cornea (Sanchez et al. 2005, p. 277). Across all species, a small
variation of the same material strategy can produce a remarkable range
of materials properties suited to highly specialized performance
requirements (Ashby et al. 1995). Natural materials are the result of
adaptive growth processes that give the material levels of structural
organization at multiple length scales (Dunlop and Fratzl 2013, p. 8). In
the case of wood, Dinwoodie (2000b) identifies “four orders of
structural

variation”,

such

as:

“macroscopic,

microscopic,

ultrastructural and molecular” (Dinwoodie 2000b, p. 2). This involves
length scales that range from the nanometre to the centimetre. Elices
discusses the representative volume elements of wood as having
approximately 15 orders of magnitude and seven hierarchical levels to
account for their structural organization, including: “tissue, cell,
laminated cell walls, individual walls, cellulose fibres, microfibrils and
protofibrils” (Elices 2000b, p. 6) – see figure B2.1. At each scale,
individual units are organized precisely, and their spatial and formal
organization is directly related to the next level of organization. Several
micro- and mesoscale levels of organization can be encountered that
directly affect the mechanical performance of the bulk material. Most
importantly, each hierarchy also operates multiple functions for the
living organism in addition to structural support. The comprehensive
integration of spatial architectures in the organization of the material is
one of the reasons why Jeronimidis (2000b) describes the traditional
differentiation between “materials” and “structures” as arbitrary. It
could be argued that the architecture, as a formal and functional
organization of said structure, is one of the key drivers for adaptation.
This means that the same components can be adapted to perform

different functions in the same organism through a different
design/architecture.

Figure B2.1: Different hierarchical levels of structural features in wood. Source: reprinted with
permission by Robert J Moon (Moon 2008, p. 226).

Cellulose tissue can be both a passive structural component, as in the
trunk of a pine tree, or it can also be the key driver of kinematic
actuation, as in pine cone scales. Biological processes are developed
“under stress and strain”, referred to by Elices (2000a) as “adaptive
mechanical design”. These complex interactions are used to direct, and
redirect, the deposition of material and to “modify interactions between
hierarchies” (Elices 2000a, p. 20). This type of active optimization is
not yet reproducible through artificial means (we are not yet ready to

design and implement growth processes to create materials), but they
provide a roadmap of valuable insights and a potential outlook for
integrative multilevel engineering strategies. It is for these reasons that
a bio-inspired approach to materials has been repeatedly highlighted as
one of the most promising scientific and technical undertakings
(Bensaude-Vincent et al. 2002; Sanchez et al. 2005; Burgert et al.
2016). This is similarly echoed in the field of architecture and
engineering (Knippers and Speck 2012; Knippers et al. 2016; Poppinga
et al. 2018; Speck and Speck 2019). In this thesis, the incorporation of
wood cellulose fibres and the organization of material at multiple
hierarchical scales are key biological abstractions. These two
abstractions are transferred into the 3DP method to achieve functional
relations, such as, moisture driven shape-change.

Living systems are characterized by common complexity features that
are of great interest for architecture. The consideration of materials as
active agents that are in dynamic exchange with their environment, can
be used to draw parallels to living systems with complex features. As
described by Bellomo and Carbonaro (2011), with regard to the
mathematical theory of living systems, these complex features include:
a. A capacity to implement “specific strategies and organizational
abilities that depend on the state of the surrounding
environment” without the need for an “external organizing
principle” (Bellomo and Carbonaro 2011, p. 3). BensaudeVincent et al. (2002) refers to this capacity as a “blind
evolution” driver that is guided by the genetic code, but one that
is “not afraid of impurities, defaults, mixtures and composites”.

b. Living systems aim is to operate in a particular “out-ofequilibrium state, i.e., to stay alive.” (Bellomo and Carbonaro
2011, p. 3). This approach is not simply an existential one, but
one of energy conservation, resilience and balance within the
surrounding environment. This can be seen in the growth
process of leaves (Sharon and Sahaf 2011, p. 122) or in the
finely-tuned material structures of pine scales in their
environments (Poppinga et al. 2017; Habrouk et al. 1999).
c. “Heterogeneity” in a system allows entities with identical
biological structure to interact and develop differently under the
same parameters (Bellomo and Carbonaro 2011, p. 4).
d. An understanding of living systems always requires a
“multiscale approach,” since microscopic dynamics have a
direct impact on macroscopic behaviour. In natural materials,
the difference between material and structure is mostly arbitrary
(Bellomo and Carbonaro 2011, p. 4).
e. “Complexity in living systems is also due to the large number
of variables” (Bellomo and Carbonaro 2011, p. 4). As every
organism adapts to local conditions differently, it is
computationally impossible to simulate and understand the
interdependencies of each variable.

Plant movement occurs over many different lengths of time. It serves
different biological purposes, and is triggered by various stimuli; from
the “opening and closing of minute stomata on leaf surface to the
reorientation of tree trunks in response to gravity” (Forterre 2013,
p. 4745). The literature presents a number of categories for the

classification of plant movement. These categories are determined by
factors such as whether the movement is reversible or irreversible,
whether it is active or passive, by the type of stimulus, or by a
correlation between movement and stimulus (tropic or nastic) (Forterre
2013, p. 4746). A compelling review of flower-opening mechanisms by
van Doorn (2003) highlights the artful mechanisms and complex set of
stimuli that make flower opening possible. One important consideration
that applies in all instances is that water (transportation) is the most
important driver of movement in plants. Plant movement begins with
the manipulation of the osmotic gradient across the semipermeable
membrane of the plant’s cells in order to drive water in and out (Dumais
and Forterre 2012). Given the diversity of plant structures and their
corresponding movements, Dumais and Forterre (2012) argue that
plants offer “some of the most elegant applications in fluid mechanics
found in nature.” From a mechanical perspective, plant movement can
be categorized into slow hydraulic movements, which are related to
irreversible growth, or the reversible swelling and shrinking of tissue,
and rapid elastic energy release movements, which are faster than the
maximum speed of water transfer across the plant tissue. The speed of
hydraulic movement is referred to as the poroelastic boundary line
(Skotheim and Mahadevan 2005) or the poroelastic timescale (Forterre
2013, p. 4749). Most plant movements that break this speed barrier
achieve these speeds by creating mechanisms that store elastic energy
accumulated through hydraulic movement, and followed by a rapid
mechanical release of said energy, which translates into rapid
displacement (Skotheim and Mahadevan 2005).
From an architectural perspective, the physiology, material structure,
amplification, and the stimulus response principles of plant movement

provide valuable insights into the material organizational strategies
adopted by plants. As outlined by Pezzulla et al. (2015b),
“Understanding the interplay among geometry, mechanics, and
swelling is essential for the controlled morphing of thin structures.” It
is, therefore, common to find plant movements as a source of
conceptual generation in the development of compliant mechanisms
(Burgert and Fratzl 2009; Schleicher 2015), elastic systems (Schleicher
et al. 2015), lateral torsional buckling for facade-shading elements
(Lienhard et al. 2011), adaptive structures, and “materials for
morphing” (Li and Wang 2016), or
microscale actuating structures (Guo et al. 2015) – among many others.
Plant mechanisms are also a source of inspiration for interdisciplinary
journal publications that were developed as part of this thesis (Correa
et al. 2015; Correa Zuluaga and Menges 2015; Reichert et al. 2015;
Wood et al. 2016; Dierichs et al. 2017): the complex multi-phase
actuation of the Bhutan pine’s cone scale (Pinus Wallichiana ) (Correa
and Menges 2017; Correa et al. 2020), and the complex mechanisms of
the lily flower (Lilium ‘Casa Blanca’), moss peristomes, the Venus
flytrap (Dionaea muscipula) and the carnivorous waterwheel plant
(Aldrovanda vesiculosa) (Poppinga et al. 2020). A comprehensive
description of each movement, abstraction and functional morphology
is provided for each case study in chapter C. The following subsection
will provide context, and a brief overview of the role that these
mechanisms play in enabling movement in plants.

Tropistic and nastic movements both take place in relation to external
stimulus. Tropisms in plants are movements such as growth or turning,

in which the direction of the movement is determined by the direction
of a stimulus (Dumais and Forterre 2012, p. 458). This response can
take place in relation to gravity – gravitropism (Toyota et al. 2011),
light – phototropism (Martone et al. 2010, p. 888), or touch –
thigmotropism (Scorza and Dornelas 2011) among many others. Nastic
plant movements on the other hand, are those considered to have
“direction-independent mechanical movements” (Guo et al. 2015, p. 1).
The rapid actuation of the Venus flytrap in response to touch, or the
scale of the Bhutan pine in response to environmental changes, are well
known examples of nastic plant movement (Forterre et al. 2005; Simon
Poppinga 2015). However, different plants may develop very different
types of responses to the same stimulus. In the case of touch, for
instance, a stimulus response can be thigmotropic, or in the case of the
direction awareness, the “coiling movement of tendrils” searching for
support (Scorza and Dornelas 2011, p. 1979), or it can be entirely
thigmonastic and not direction dependent, as is the case with Mimosa
pudica (Volkov et al. 2017).

Active and passive plant movement can be referred to as those
kinematic mechanisms that involve either live tissue (active) or dead
tissue (passive) – with some exceptions. Active movement in plants
requires energy input, and is controlled by the direct actuation and
control of living cells. Motion is driven by dimensional changes in the
volume of cells as water is exchanged, pressure is locally controlled
through the exchange of ions between cells and by adjusting the
permeable characteristics of membrane tissues (Burgert and Fratzl
2009, p. 1542; Forterre 2013). Stahlberg and Taya (2006) categorize
this actuation mechanism as either hydraulic or osmotic. On the

contrary, passive systems do not require any energy input to generate
movement. When plant cells are exposed to a dry environment, they
lose moisture via evaporation causing the cell volume to diminish. An
example to consider is the wilting of the plant leaves when there is not
enough water. This passive movement, a sort of “folding” of the leaf
resulting from low water pressure, can help the plant reduce the amount
of leaf surface that is exposed to light, reducing its heat load and further
water loss through evaporation – this consequently, prevents further
damage to the plant (Zhang et al. 2010). Several passive motions rely
on the selective hydration or dehydration of “dead” tissue
(swelling/shrinking) as drivers of actuation (Forterre 2013, p. 4748).
Common examples of this mechanism include the release of seed from
pine cone scale (Dawson et al. 1997; Reyssat and Mahadevan 2009),
foldable structures of pollen grains (Katifori et al. 2010), self-burial of
seeds (Elbaum et al. 2007; Elbaum 2011; Evangelista et al. 2011) and
seed dispersal mechanisms (Armon et al. 2011; Elbaum and Abraham
2014). In these instances, the expansion relies on the adhesive
absorption of water into the internal capillary spaces of cellulose fibres
(Stahlberg and Taya 2006). The tensile reinforcing role of fibres
coupled with their parallel arrangement results in a distinct diametric
swelling. Since there is no energy input from the living cells of the
plant, the system relies on external stimulus resulting from
environmental changes; while the mechanical movement of the plant is
already predetermined/pre-programmed by the microstructure of the
tissue (Dawson et al. 1997) (Burgert and Fratzl 2009, p. 1542).
Current technologies in digital fabrication are far from achieving
growth-like processes, or able to match the level of multi-material
differentiation that biological tissue has. There is also no known

fabrication process that can create self-regulating structures with the
capacity to modulate turgor pressure at the micro- or meso-structural
levels. However, nastic structures that rely on inert tissue provide
valuable lessons in material organizational strategies that can be
abstracted into functional models for the programming of mechanical
response. As will be demonstrated in chapter C (Case Studies), multihierarchical models for stimulus responsive shape-change material
structures can be implemented through digital fabrication.

Sometimes plants develop mechanisms that are very fast, and their
movements cannot be explained by active or passive hydraulics alone.
In other words, these mechanisms defy the timescale of water diffusion
through tissue – this is a significant challenge that is also defined as the
poroelastic limit (Skotheim and Mahadevan 2005; Dumais and Forterre
2012; Forterre 2013; Guo et al. 2015; Poppinga et al. 2018; Poppinga
et al. 2020). In order to move faster, plant structures use elastic
instabilities to store and release elastic energy. Depending on the
anatomical features of the mechanism, these movements can be
reversible (the mechanism can accumulate and release elastic energy
multiple times) or irreversible, when the release of energy permanently
ruptures the mechanism itself (Poppinga et al. 2020). Examples of
irreversible mechanisms can be found in the explosive diaspore
dispersal mechanisms, like the touch-me-nots (Impatiens glandulifera)
(Deegan 2012) or the dynamite tree (Hura crepitans) (Swaine and Beer
1977; Vogel 2005). Examples of reversible mechanisms can be found
on the trap mechanisms of the Venus flytrap (Dionaea muscipula)
(Forterre et al. 2005),or of the bladderwort (Utricularia) (Vincent et al.
2011; Dumais and Forterre 2012). Other amplification mechanisms

might not be as closely related to the speed of movement as they are to
the range of movement that can be achieved. This type of geometrically
enhanced amplification can be found in the passive actuation movement
of the ice plant seed capsules (Delosperma nakurense) or the active
differential growth-induced flower opening of the lily Lilium ‘Casa
Blanca’(Liang and Mahadevan 2011) – further information in Case
Study 5 – and the underwater snap-trap of the waterwheel plant
(Aldrovanda vesiculosa) (Poppinga and Joyeux 2011; Westermeier et
al. 2018), which uses a curved-fold bending mechanism. Some plant
movements, which combine several phases of motion both fast and
slow, are still not fully understood. For instance, some moss peristome
teeth can flick spores at high speed and also have slow curling
(Gallenmüller et al. 2018). Similarly, the fruit of the dynamite tree
(Hura crepitans) can have slow desiccation and explosive fruit
“dehiscence” (Swaine and Beer 1977; Poppinga et al. 2020).
Turgor pressure and nastic motors present models for material or
actuation strategies. However, plant actuation mechanisms demonstrate
how these strategies can be instrumentalized into highly specialized
applications (Schleicher et al. 2015) and future models for 4DP
mechanisms and bio-inspired building components – as detailed in this
thesis.

The Computer Numerical Control (CNC) process of Additive
Manufacturing (AM), commonly referred to as 3D printing (3DP),
operates through the precise control over both the amount of material
and the Cartesian location of where that material is added (ASTM
2015). Both CNC milling and 3DP rely on Computer Aided Design
(CAD) and Computer Aided Manufacturing (CAM). However, this is
where the similarities end. AM fundamentally differs in the way it
builds a part. Rather than subtracting existing material, through cutting
or milling, AM deposits material in layered increments. This is a
fundamental shift from fabrication processes that define material
properties a priori, to one where material properties are uniquely
defined through the fabrication process itself. Depending on the type of
material and method used, AM can encompass a wide range of
technologies – each having its own impact on the material properties
and performance characteristics of the produced objects. For this
document, ISO/ASTM 52900 on standard terminology for AM (ASTM
2015), will be used: “material extrusion, vat photopolymerization,
powder bed fusion, binder jetting, sheet lamination, material jetting and
directed energy deposition”.
While AM was initially referred to as “rapid prototyping” – an
intermediary step to assess the form of the part prior to a high repetition
manufacturing process, like extrusion moulding or casting – the
technology has evolved to become a viable manufacturing solution for
complex applications that have low volume, or that require higher levels
of part customization. Examples of these applications include the

manufacturing of specialized components in medical or aerospace
applications (Ligon et al. 2017), laboratory hardware for scientific
research (Pearce 2016), architectural models (Gibson et al. 2002), or
functionally graded experimental projects (Oxman 2011). As a
production technology, AM also offers a high return on investment
(Pearce 2016), lower design-to-fabrication times, increased geometric
complexity, and less waste material (Cole et al. 2016). Line by line
and/or layer by layer, the aggregate effect of this structured material
deposition defines the physical properties of the printed object (Dizon
et al. 2018).

“a process in which material is selectively dispensed through a
nozzle or orifice.” (ASTM 2015, p. 2)
AM via extrusion relies on the precise deposition of material, in a
viscous state, through a nozzle. The extruder controls the extrusion
temperature and the filament feed speed to the nozzle. A multi-axis
displacement system adjusts the position of the extruder in Cartesian
space. Displacement and extrusion rate are directly correlated, a
correlation that is needed to maintain consistency in material
deposition. In the case of thermoplastics, the extruder’s “hot end”
temperature is also calibrated to the extrusion rate to maintain a
consistent flow of material. The technology was originally submitted
for patent in 1989 and was awarded patent in 1992 under US5121329A
as Fused Deposition Modelling (FDM) by Scott Crump (Crump 1991,
1989). Since the expiration of the patent, the term is now used
interchangeably with fused filament fabrication (FFF) to describe the

technology. FFF is a relatively low-cost, high-output AM process, as it
does not require post-processing curing. It also uses more cost effective
machines and materials than those used by other AM processes, which
rely on lasers or specialized polymers (Wong and Hernandez 2012).
The main disadvantages of FFF are lower resolution, lower material
density and imprecise surface quality (compared to other AM
processes), the need of support structures, and the “anisotropic nature
of a parts properties” (Gibson et al. 2015, p. 163).
This thesis presents material strategies that demonstrate the potential of
harnessing these anisotropic qualities, inherent to FFF, to develop
specialized shape-change material behaviour. While other AM
technologies will be references in the Case Studies, the substance of the
research work has been primarily conducted in a consumer level FFF
unit.
Terminology used across FFF literature can vary significantly.
Therefore, a few clarifications are made here in regards to specific
terms (see figure B3.1). This includes the use of the term “print-path
line” in reference to a single line of extruded material using FFF,
whether linear or curved. This term is used to differentiate the extruded
output from the feedstock material prior to extrusion, which is
commonly referred to as filament (for instance, a “1kg spool of
filament”). While ISO/ASTM 52900 terminology will be used
throughout the document, the standard does not provide a specific term
to describe the extruded material in FFF. The term “road” (Gibson et al.
2015, p. 145) or even “fibre” (Ziemian et al. 2012) have been used in
the AM literature to refer to the aforementioned print-path line but they
will not be used here for clarity purposes. In some instances the printpath line may also be referred to as a “bead” in direct reference to the

supporting literature (Tekinalp et al. 2014; Cole et al. 2016), but less
often as filament unless the reference is congruent to specific
publications using that term, such as Gladman et al. (2016), LlewellynJones et al. (2016), or Compton and Lewis (2014).

Figure B3.1: (a) Bulk filament production from pellets, (b) FFF dual extruder 3D printer (c)
extruder components, (d) print path, layer thickness (LT) and interfilament distance (ID), (e)
raster print pattern. Source: David Correa | ICD, University of Stuttgart. | 2021

“[An AM] process in which liquid photopolymer in a vat is selectively
cured by light-activated polymerization.” (ASTM 2015, p. 2)
Stereolithography (SLA), Digital Light Processing (DLP), and
projection micro-stereolithography (Bertsch and Renaud 2011) are
processing technologies that use a vat of photocurable resin and an
irradiating light source to induce and control the selective curing of the
resin (Bártolo 2011b). The main technical difference is that SLA uses
“direct writing” and DLP uses “mask-based writing” to solidify the
resin selectively (Bártolo 2011a). In the SLA process, a scanning UV
laser is used to trigger the polymerization of the resin; while, in the DLP
process, a digital mask is used to control the UV pattern projected on
the vat (Dizon et al. 2018). Micro-stereolithography follows the same
process of mask-based writing but it adds an additional reduction lens
to focus the UV light, with the aim of producing a pattern at a much
higher resolution (Han et al. 2018; Bertsch and Renaud 2011). Since
both micro-stereolithography and DLP use projection, a single layer can
be cured simultaneously in a few seconds. This is a significant
advantage in terms of fabrication speed compared to other 3DP
techniques that depend on the movement of a mirror, laser or nozzle to
trace the outline of the required shape. The disadvantage of using a
projection mask lies in the correlation between pixel size, projection
lens, and the size of the produced object. A DLP system can produce a
large object with low resolution or a small object with high resolution
using the same pixel count, as the pixel size is ultimately the resolution
limit (Dizon et al. 2018, p. 47). For SLA, resolution is limited by the
“spot size” projected by the laser (Dizon et al. 2018, p. 47).

“[AM] process in which thermal energy selectively fuses regions of a
powder bed.” (ASTM 2015, p. 2)
Selective Laser Sintering (SLS) also uses a direct writing approach to
SLA. However, instead of resin, it uses a bed of fine powder (polymer,
metal or resin) and a high power laser, which fuses the powder through
melting or sintering (Dizon et al. 2018, p. 47). After one layer has been
fused, a new layer of powder is deposited on top of the fused layer, and
the sintering process begins again. The sequential build-up of powder
beyond the fused region, allows the surrounding material to act as a
support structure for overhangs (Davis and Mitchell 2011). Print quality
is determined by a complex set of interdependent parameters; which
include bed temperature, laser power, scan size, scan spacing, and layer
height (Gibson and Shi 1997, p. 131). SLS can process a wide range of
thermoplastics, including high performance plastics. However, SLS 3D
printed parts tend to present porosity that affects the mechanical
properties of the part and limits the range of applications in which the
parts can be used (Ligon et al. 2017, p. 23) .

“[AM] process in which droplets of build material are selectively
deposited.” (ASTM 2015, p. 2)
This additive process relies on the selective deposition of photopolymer
droplets, which are then solidified through UV light. The small
diameter of the ink-jet nozzle and the low viscosity of the photopolymer
allow for a thickness of 16 µm. The high-resolution characteristic of
this process favours its application in the production of highly detailed
parts (Wong and Hernandez 2012; Stratasys 2018). This process is

similar to conventional ink-jet printers. The integrated system of the
print heads can accommodate the deposition of multiple inks
simultaneously. In the case of AM, this enables the use of materials with
different properties within a single component; properties that include
different shore hardness, flexural strength, and translucency or colour.
Oxman (2011) refers to this design-to-fabrication capacity as “variable
property rapid prototyping”. A gel-like polymer is used as support
material for overhangs, this support material is also deposited using the
same ink-jet nozzle system (Wong and Hernandez 2012). The material
jetting process has the advantage of not requiring post-curing or
substantial post-processing, but the ultra-thin layer resolutions can
result in very long print times compared to other AM processes.

“[AM] process in which a liquid bonding agent is selectively deposited
to join powder materials.” (ASTM 2015, p. 2)
Binder jetting or Powder Bed Fusion (PBF) was originally developed
under the name Three-Dimensional Printing (3DP) at the Massachusetts
Institute of Technology (Sachs et al. 1990). This AM process relies on
a liquid binder material that is selectively jetted over a powder bed
(Dizon et al. 2018, p. 47). Once the powder particles have been fused,
a new layer of powder is added on top. The residual powder around the
printed part remains in place, acting as a support for the print’s
overhangs, until it is used in a following project. Similar to material
jetting/PolyJet systems, the binder jetting system benefits from ink-jet
control technology. Specifically, the precise deposition of microscopic
binder droplets produces high resolution components and, in some
instances, adds colouring agents for multicolour components (Ligon et

al. 2017, p. 36). Depending on the type of binder and powder used,
binder jetting can be a highly effective, low-cost and high-output AM
technology (Gibson et al. 2010). For example, sand can be used to
manufacture large-scale moulds and even structural components for
architectural applications (Rippmann et al. 2018; Voxeljet industries
2018).

“ [AM] process in which focused thermal energy is used to fuse
materials by melting as they are being deposited.” (ASTM 2015, p. 2)
Directed Energy Deposition (DED) is similar to SLS in that it makes
use of a laser to fuse material in focused areas. The difference however,
is that DED processes are “not used to melt material that is pre-laid in
a powder bed but are used to melt materials as they are being deposited”
(Gibson et al. 2015, p. 245). DED has been used with polymers and
ceramics, but its primary industrial application is metal powders. As
such, it is commonly referred to as metal deposition technology. DED
allows for the functional grading of a component by changing the
process parameters and the powder melting mixture, or by adding layers
(or fused components) of specialized materials to an existing part
(Gibson et al. 2015, p. 266) – this is a material capacity unique to this
technology. However, DED systems have more limitations than the
powder bed fusion system, specifically in developing complex shapes,
since they require dense support structures similar to those used in FFF.
The complex high temperature fusion allows for the use of high
temperature melting materials, like titanium alloys, but high heat
transfers between the molten pool and the remainder of the component

create material performance challenges, which result in porosity an
strength anisotropy (Wolff et al. 2016, p. 398).

“[AM] process in which sheets of material are bonded to form a part.”
(ASTM 2015, p. 2)
Unlike the previous AM processes, Laminated Object Manufacturing
(LOM) integrates both additive and subtractive fabrication methods
within a single process (Wong and Hernandez 2012). Sheet lamination
requires stock sheets to be layered on top of one another (additive). It
also requires the cutting and removal of any redundant material beyond
the required raster profile (subtractive). Different sheet materials can be
used to form components. The sheet material most commonly used is
paper, but there are also other applications that use plastics, ceramics,
metals, and even carbon fibre composites (Gibson et al. 2015, p. 224;
DaMour 2015; Windsheimer et al. 2007). Since this process operates
by building up the object sheet by sheet, the thickness of each sheet
ultimately defines the minimum thickness of the printed layer. This
process can easily accommodate overhangs as the excess material can
serve as a support structure for the object; however, the same
characteristic can make the removal of internal cavities very difficult
(Wong and Hernandez 2012). Due to the sheet lamination structure, the
resulting material has highly anisotropic material properties affecting
directional strength and machinability.

Sanchez et al. (2005) describes a vital consideration in materials
science: “The performance of a material depends not only on its
formulation but also on an optimized process” (Sanchez et al. 2005,
p. 282). In other words, it is not only important to understand the
functional qualities of the material, but also to understand the processes
that are involved in their formation. For 3D printed materials, a careful
understanding of the spatial structure of the layered assembly is also
required. In the case of FFF, the result of the oriented raster print pattern
and the layering in a printed part, is not significantly different from that
of a fibre-reinforced composite part (Fernandez-Vicente et al. 2016,
p. 184).
“For AM-processed materials, where properties are variable
with respect to spatial location and a high density of
microstructural

heterogeneities

exist,

local

mechanical

techniques are needed to fully understand processing–structure–
property relationships.” (Cole et al. 2016)
While the anisotropic properties of the printed parts can be seen as
deficiencies, the same characteristics can offer unique opportunities for
targeted design strategies. The challenge is that most 3DP processes,
from design to printing, are optimized for ease of fabrication,
dimensional stability of the part and surface quality consistency (Wong
and Hernandez 2012; Lievendag 2014; Kim et al. 2016). That is, they
do not directly offer tools that can tailor these anisotropic properties
with a design-oriented focus.

In an additive process, the design to fabrication method gives access to
parameters that affect the structural composition of the component at
multiple hierarchical scales – many of these parameters were not
accessible with previous technologies.
At the macroscale, computationally driven 3DP processes allow for
rapid design iteration, which facilitates functional optimization. Within
the component itself, the 3DP process allows for the precise localization
of different materials within a single component. A PolyJet printer can
produce, within a single 3DP process, an object with a soft grip area, a
flexible clip support, and a harder and stiffer functional region (Oxman
2011). Different types of elastomers and polymers with different
hardness can be integrated into targeted areas. Depending on the
printer’s capabilities, all the functional regions can have the same
colour and different material properties, or each region can be assigned
additives during the printing process to colour and distinguish them
from one another. Within FFF, the range of material differentiation is
limited to the number of filaments that the printer can use within a
single print, as well as the corresponding multi-material handling
system found in the hot end nozzle. This material differentiation can
range from printers with four filaments (CMYK filament colour
spectrum ) (RoVa4D Full Color Blender 3D Printer) to the more
limited, two filament mechanism of the MakerBot Replicator 2X,
which was used for most of the presented projects (MakerBot 2018).
(see figure 3.2.1).

Figure B3.2.1: (a) MakerBot Replicator 2X with dual extruders used for the dissertation
research. Close up of print bed after printing flap mechanisms for Case Study 4, (b) 3D printer
and enclosure, (c) 3D printing research workspace at ICD. Source: David Correa | ICD,
University of Stuttgart | 2016

At the mesoscale, the additive process greatly affects the design of the
material structure and the composition of the object itself (Blok et al.
2018). Beyond multi-material differentiation, the same object (or test
sample) can have significantly different performance characteristics.
These characteristics are dependent on the way the object is printed;
from the orientation within the print bed (Virgin 2017) to the design of
the architecture of the material structure itself (Ahn et al. 2002; Ziemian
et al. 2012). The latter is particularly exemplified in the case of 3DP of
auxetic structures (Critchley et al. 2013; Wang et al. 2015). Wang et al.
(2015) used multi-material 3DP to create a highly tuneable
metamaterial with a negative Poisson ratio. The printed material
achieves unique properties due to the mesostructure of the lattice
design, which is based on the re-entrant structural cell. However, the
multi-material 3DP process extends this capacity by adding functional
differentiation to the joints (flexible material) and the beams (stiff
material).
At the microscopic level, the fabrication process can be further
instrumentalized to generate precise material anisotropies. These

anisotropies have a greater potential for improving performance, by
producing substantial differences in tensile properties (Dizon et al.
2018), by instrumentalizing residual stress for self-folding (An et al.
2018, p. 3), or by manipulating fibre orientation in high performance
lightweight cellular composites (Compton and Lewis 2014; Malek et al.
2017). In “The Mechanical characterization of 3D printed polymers”
Dizon et al. (2018) present a comprehensive review of the literature that
highlights the vast variation of material effects that small parameter
changes can create. These parameter variables include nozzle
temperature, printing chamber temperature, printing orientation, layer
to layer print-path orientation, among many others. Of particular
interest for this thesis are the porosity and the shear-induced alignment
within fibrous composite polymers for FFF 3D printing.
Porosity in FFF occurs due to weak interlayer adhesion and volumetric
shrinkage in the printed beads (Sood et al. 2010). In other words, as the
polymer is extruded through the hot nozzle, the polymer’s molecules
align along the axis of deposition (van Manen et al. 2017, p. 7). Once
the material has been extruded, the temperature drops and the polymer
reorganizes, which results in a volumetric shrinkage of the printed bead
(Cole et al. 2016). This shrinking, combined with differences in
temperature between the freshly printed layer and the layer below,
results in air gaps between beads, and weaker bonding between
layers(Ziemian et al. 2012; Tekinalp et al. 2014; Blok et al. 2018;
Kempaiah and Nie 2014). (see figure 3.2.2). Since each extruded bead
is considered a fibre, the bonding between the fibres is a key concern in
the mechanical performance of the 3D printed part. For example, the air
gaps reduce the actual load-bearing area across the layers, which affects
the tensile and yield strength of the part (Ziemian et al. 2012).

Figure B3.2.2: (a) Diagram and cross-section photographs of mesostructure configuration of
ABS over multiple layers – used with permission from Rodriguez Jose F. et al. 2000. (b)
Tensile strength of ABS samples with different raster patterns compared to injection mould –
used with permission from Ahn et al. 2002. (c) Scanning electron microscope pictures of
fracture samples after tensile failure – reprinted with permission from Ahn et al. 2002.

Moreover, the air gaps essentially create anisotropic porosity in the
structure, which also provide an easy fracture path (Ziemian et al. 2012)
and increase the rate of water absorption – which further reduces the
mechanical properties of most 3DP polymers (Kim et al. 2016, p. 7).

Fibre layout and void geometry are considered mesostructural features
that can be designed and optimized to influence stiffness, strength or
density (Rodriguez Jose F. et al. 2000, p. 175).
Fibrous composites couple a polymer matrix with chopped
(discontinuous) fibres, both natural or synthetic, in order to increase
tensile capacity (Chapiro 2016). The intention is for these fibres to
achieve a high degree of alignment, correlated to their high aspect ratio,
within the filament, which will result in increased tensile strength. In
the case of carbon fibres, Shofner et al. (2003) have demonstrated that
fibres can be aligned in both the extrusion of the filament stock as well
as the nozzle extrusion in the 3D printer (Shofner et al. 2003, p. 3081).
This shear-induced alignment has also been observed with natural
fibres, such as cellulose fibres (Wang et al. 2018; Gladman et al. 2016),
wood fibres (Le Duigou et al. 2016; Pitt et al. 2017), as well as hemp
and harakeke (Milosevic et al. 2017). However, the use of natural fibres
has, thus far, only shown limited (Pitt et al. 2017), or no improvement
due to challenges in interfacial bonding between the matrix and the
fibres (Shofner et al. 2003, p. 3088; Milosevic et al. 2017). To improve
mechanical properties in synthetic fibre composites, current research
points towards the formulation of better polymer matrixes and the use
of longer fibre lengths (Chapiro 2016; Le Duigou et al. 2020). In the
case of natural fibres, the critical factor for mechanical performance
appears to be the delamination of the cell wall itself (Le Duigou et al.
2014). In other words, even if a perfect bonding between the fibre
bundle and the polymer were to be achieved, the critical failure would
still occur at the interface between elementary fibres or through
delamination of the cell wall (Le Duigou et al. 2020). The research
outlook in fibre composites for 3DP attempts to address some of these

shortcomings through the development of a continuous fibre extrusion
(Pyl et al. 2018; Swolfs and Pinho 2016; Kabir et al. 2020) or the
development of alternative (non-mechanical) applications. These
applications could include using

fibres as fillers to reduce the

ecological footprint of composites, to lower the cost of raw material, or
to reduce the weight of a component (Pitt et al. 2017). Shofner et al.
(2003) propose that the next level of development might exist in “Fiber
functionalization”, where different bonding interactions occur with the
matrix in order to “enhance shear transfer interactions”. A multi-scalar
approach to fibre interaction, to fibre and polymer selection, as well as
mesoscale architecture design via AM, outlines an active research
outlook for 3D printed fibrous composites. One additional research
trajectory is the development of 4D-printed hygromorphic shapechanging composites that use the natural hygroscopic swelling of fibres
– a topic that will be covered in chapter B4.3.

4D printing (4DP) is defined as a 3D printing (3DP) process that uses
multiple materials to create prints with the “capability to transform over
time, or a customized material system that can change from one shape
to another directly off the print bed” (Tibbits 2014, p. 119). We draw
the following principles from this definition:
1. The fourth dimension is time. The design and 3DP fabrication
of a material with a property that can only be actualized through
its occurrence in time.
2. The differences between materials or within a material itself
(directional or hierarchical) are important. This definition
acknowledges the complexity of the material as a system.

3. The composition, geometry and shape-transformation functions
are programmed into the printed component within the process
of fabrication (a single step) and can be actualized immediately
after removal from the print bed.
4. Kinematic shape-change transformation of the print part is the
primary performance characteristic of 4DP.
The technical implication of this definition is that a careful design
process must integrate the geometrical, physical and mechanical
characteristics of the constitutive materials, while also considering their
interactions across time, specifically, in response to a given external
stimulus. Stress concentrators and directional mechanical properties are
key. It can be argued that 4DP belongs within the domain of Material
Computation (B1.1), and Programmable Matter and Smart Materials
(B1.2). While there is no explicit mention of the “computing medium”
or “embedded” sensors and controllers this can be implied. In fact, in a
2014 publication by Skylar Tibbits, this connection is made when the
author states that 4DP is “one recent example of PM” – Programmable
Matter – (Campbell et al. 2014, p. 2). The general definition of 4DP by
Tibbits is very clear in the role of material constitution and fabrication
but it is not very clear in articulating the specifics of the interaction
between the 4D printed part and the stimulus. The absence of this
connection is likely the reason that the definition of 4DP is primarily
used for PM systems that change shape.

In chapter B1 the role of material has been positioned as a key
participant in the processes of formation/materialization (B1). The
relation between the organization of matter at various length scales and
their function has been demonstrated as a foundational principle in both
biological and engineering models (B2). The connections between
material organization, fabrication tools and their organization under the
additive process methodology have been presented. Thus, outlining the
state of the art within each AM methodology (B3), presenting key
material characteristics (B3.2), and delineating the concept of 4DP
(B3.3). A focus on FFF, as the main methodology for this research, has
been brought to the forefront (B3.2). In this last introductory
subchapter, the role of this dissertation is positioned within the
historical continuum of architectural design and building construction
as it also outlines the latest technical developments in 4D printing and
SRM developments.

Buildings are active structures that have various levels of physical
transformation occurring at different timescales. These transformations
take place within a time frame of years in response to changes in
building configuration, or in a matter of hours, as occupants make small
changes to fit everyday needs. However, additional transformations
quietly occur in the background and mostly out of sight. Mechanical,
electrical, and information systems quietly manipulate and control the
occupants’ environment and ensure their safety. At the material scale,

energy exchanges between the user, the building, and the environment
(interior and exterior) are constantly in flux, although their magnitude
and impact might not always be evident (Addington and Schodek
2005). Greater physical transformations might be driven by the user,
such as changes in use or spatial reconfiguration, while other, more
imminent changes, might occur in relation to environmental events;
such as floods, earthquakes, or storms. Active transformation
mechanisms, such as dynamic dampers and mechanical systems, like
operable roofs, doors and windows, may operate autonomously or by
direct user manipulation. Conversely, exchanges of energy via user
occupancy, or changes in atmospheric conditions, drive a wide range of
passive transformation processes. For instance, the temperature
changes in a building are caused by cyclical solar exposure and changes
in seasonal atmospheric conditions, which, in turn, drive moisture in
and out of the building through the envelope. These kinds of processes
can affect the settling of foundations, the thermal expansion of
structural members and building components. The microstructure of
materials in building assemblies affect the behaviour of moisture
transfer across the envelope and within indoor environments. For
instance, the use of materials that can absorb and release moisture
within indoor environments can reduce extreme values in relative
humidity (Rode et al. 2007). In the case of indoor humidity levels, these
variables can have a considerable impact in affecting the health and
comfort of the building’s users (Fang et al. 1998; Bornehag et al. 2004).
Within a historical framework, architecture has a long trajectory of
engagement with ideas of reconfiguration, shape transformation and
user/stimulus response. For instance, expressing the mutability of form
as outlined by the Futurists (Kwinter 2001, p. 65), and actively

transforming the building skin or program in response to mood and
activity such as Cedric Price’s 1961 “Fun Palace” (Price and Littlewood
1968), or in 1962, Ballard’s “psychotropic house” (Ballard 1973), or
changing the building’s iconography through the facade (Venturi et al.
1972; Meagher 2014). The city itself has even been proposed as an
entity of continuous shape transformation, for example, Archigram’s
1960s “Plug in City”, “Walking City”, and “Instant City” (Sadler 2005).
The terminology used when addressing this challenge has also changed,
or it has become more specialized over time, to include terms; such as,
“active” (Ding et al. 2017; DeLanda 2015; Ge et al. 2013; Raviv et al.
2014), “actuated” (Wood et al. 2018; Burgert and Fratzl 2009),
“kinetic” (Schleicher 2015; Juaristi et al. 2018), “performative”
(Menges and Reichert 2015; Vazquez et al. 2019a), “responsive”
(Meagher 2014; Augustin and Correa 2019; Holstov et al. 2015a),
“intelligent” (Addington and Schodek 2005), “smart” (Addington and
Schodek 2005; Poppinga et al. 2018; Dierichs et al. 2017; Sung 2011;
Mann 2009; van Hinte et al. 2003), “interactive” (FIT 2020), “dynamic”
(Dumais and Forterre 2012; Fang et al. 2020; Kolarevic and Parlac
2015; Vazquez and Duarte 2019), “adaptive” (Loonen et al. 2013; Anis
2019),and even “diffusive” (Beesley 2015). Each term has a different
meaning, and some terms might be more frequently used in specific
disciplines (jargon). In fact, many of these terms have been used
interchangeably by several of the previously mentioned authors.
Collectively, this interest in transformation has also been positioned as
“Architecture of Change” (Kolarevic and Parlac 2015), “Responsive
Architecture” (Meagher 2014; Menges and Reichert 2015; Holstov et
al. 2017), or as “Smart Architecture” (van Hinte et al. 2003). This
perspective has also been addressed through the framework of “Smart

Materials” (Addington and Schodek 2005; Ahmad 1989; Mann 2009),
a categorization that is most apt to this dissertation. While architects
engage the multiple dimensions of building transformation in different
ways, it is the controlled actuation of openings (e.g. facade, entry
points, or roof) and the transformation of large operable structures (e.g.,
bridges, platforms) that has attracted the most interest. Building shells,
in particular, modulate the boundary between indoor and outdoor
environments, and are therefore, a crucial participant in the goal of
adapting the building to changing climatic conditions in its response to
user needs (Loonen et al. 2013).

The light aperture at the Institut du Monde Arabe (Jean Nouvel), in
Paris, is a project component that has been extensively debated and
referenced in the literature. It has garnered both praise for its pioneering
work as an adaptive facade system (kinematic cladding), as well as
criticism for its shortcomings (Sung 2016b). With over 30,000 electromechanical actuators, the kinematic shading system is truly inspiring,
but it required an excessive maintenance cost, becoming inoperable
shortly after its completion in 1987 (Meagher 2014). Subsequent
projects have attempted to provide responsiveness via the physical and
dynamic displacement of the building’s orientation (Hughes and
Chaudry 2011; Lynn and Eisenman 2013), the building’s structure
(Rogers 2015; Baldwin 2020), the addition of mechanical “muscles”
(Oosterhuis 2003), or by transforming the material itself (Mann 2009;
Addington 2010; Sung 2011; Tibbits 2014; Reichert et al. 2015).
Specific to facade systems, Loonen et al. (2013) present a
comprehensive review and classification of “Climate Adaptive
Building Shells” (CABS) including “relevant physics, scales of

adaptation and control types”. The development of facade systems
themselves is not the focus of this research. However, these projects
have still contributed by generating research interest in the development
of programmable materials and mechanisms.
Adaptive building components require sensors to gather data, actuators
to move components, and computational units to control said
movement. Within the development trajectory of adaptive buildings, it
is the advances in information management, as well as sensor and
microprocessor technologies that have expanded the type of signals,
stimulus, and data that are used to inform computational processing.
Following Ballard’s vision for a Psychotropic House, buildings are
moving towards heightened levels of interaction with their users, and
even autonomy. As Philip Beesley states, “The next generation of
architecture will be able to sense and transform itself” (Kolarevic 2015,
p. 14). Nevertheless, this may not always be desired (see further
discussion in chapter D).
To understand how these complex systems sense and transform
themselves, Addington and Schodek (2005) propose five categories,
which are paraphrased here as:
1. “The direct mechatronic model”: a mechanical-electrical
approach where a specific signal is picked up by a sensor, which
then relays another signal to the actuator. In this case, there is
no meaningful intermediate state to process the information, and
therefore, the signal acts mostly as a trigger mechanism.
2. “The enhanced mechatronic model”: a mechanical-electrical
approach similar to the direct model, except that in this case, a
significant

logical

function

is

incorporated

within

a

computational unit. The logical function is a construct that
processes the signal’s information through a set of given
instructions. The key differential here is the intermediate
processing of information before a signal is relayed to the
actuator(s), which can produce multiple levels of complexity.
3. “The constitutive model”: This approach relies on the material
architecture and physical constitution of the system itself. This
model correlates to Material Computation and Programmable
Matter (see chapter B1). The key differential here is that the
system’s primary adaptive response is driven by changes in the
properties of the material itself. The adaptive change is
controlled through a determined stimulus, like temperature
changes or moisture. In most cases the intention is for the
stimulus to engage the system through direct interaction in a
given climatic condition.
4.

A more complex “enhanced constitutive model” is also
proposed. It incorporates some form of embedded intermediate
logical control.

5. “The metaphor model”: This model is defined by the
physiological interdependence of living organisms, where
“stimuli, sensory, response and intelligence functions are totally
interlinked and embedded” (Addington and Schodek 2005,
p. 213).

While the prospect of “intelligence” is frequently discussed in the
literature (Addington and Schodek 2005; Kwinter 2003), the dominant
research direction in adaptive building systems points towards an
electromechanical paradigm of growing complexity. A paradigm that

might bring additional concerns about hardware and software
obsolescence. For instance, most of the climate adaptive shape-change
mechanisms in facades operate within the “direct” or the “enhanced”
mechatronic model. They are actuated through the use of a discrete set
of sensors, data processing controllers and electromechanical actuators
(Loonen et al. 2013). Reliability becomes a challenge with this model,
since each of the components represents a potential point of failure for
the system as a whole. The components are designed/fabricated in near
isolation. Since buildings operate in a larger time-scale than most
current electromechanical technologies, and although reliability in
software and control units have been improved, the hardware end of
operable systems remains problematic. This is a critical point, when the
system needs not only to reliably operate with its own set of parameters,
but must also work in synergy with the rest of the building’s control
systems - control units that have to address conflicting performance
criteria (e.g. views vs excessive solar gains, thermal vs visual comfort)
(Loonen et al. 2013, p. 490). It is in this context that Ed van Hinte et al.
(2003) argue that an ostensibly “dumb” building is smarter than one
that operates outside the control of its occupants. In other words, a
building with a myriad of technical devices does not necessarily equate
to a better/smart building (van Hinte et al. 2003, p. 120).
A material approach positions “active intelligence” within the domain
of the material itself, whereby material is the “computing medium”
(Toffoli and Margolus 1991, p. 266). This computational approach to
materials requires intentional design consideration of the intrinsic
material properties (chapter B1) that are engaged in the architectural
design process. To achieve this, architects and engineers often look to
Nature as a source of inspiration (chapter B2), and advanced

manufacturing as a means to develop new technologies (chapter B3).
Integrating AM and bio-inspired principles in the design process is an
inherently interdisciplinary approach that challenges the boundaries of
architectural design practice and technical expertise. The scope of study
needed in biomimetic research extends into multiple specialized
disciplines, such as biology, botany, anatomy, material science and
engineering. Similarly, AM encompasses a wide range of technical
expertise and technologies (chapter B3), including, computer science,
manufacturing and mechanical engineering. Michelle Addington
asserts that one of the main hindrances for innovation in this field lies
in the intellectual barriers between the “owners” of knowledge and the
“inventors” of the potential applications. She states that “there are
certain phenomena and physical properties that must be fully
understood in order to design a behaviour (in materials)” (Addington
and Schodek 2005, p. viii). The Discussion Section (chapter D) will
address issues of implementation, and the focus in this chapter is the
role materials play within the building, and most importantly, the level
of investigation needed for their development. For this purpose, the next
subchapter looks at how far the research field of architecture has
engaged the design of material programming.

In architecture, the role of material changes across different design
paradigms. For example, one such paradigm views the selection of
material as subservient to pre-defined formal or functional
requirements. Another one considers material to be the subject of design
itself – where matter is to be “programmed”. Lastly, a bio-inspired
design paradigm investigates natural material processes as drivers and

generators of models for structural and spatial systems. There are
important distinctions between these perspectives. The concept of
designing a material itself at the micro- or mesoscopic scale (see
expanded definition in chapter B1.6) could be dismissed as outside the
domain of architecture, and better suited to the domains of material
science and engineering. However, the discussion itself can turn into a
metaphysical analysis on what design is and what it is not. A discussion
that can be particularly challenging in an interdisciplinary research
context.
One of the primary challenges of an integrative design approach is the
convergence of different design methodologies. A form-oriented design
methodology for a building operates under a very different set of
parameters than those needed for the design methodology of a material
itself. As opposed to physical and chemical processes, the architectural
design environment is facilitated by the description of geometric
objects through surfaces, lines, points and volumes. In other words, the
design of form can easily take place in a context that is distinct from the
material properties or processes that make the form possible.
Manufacturing, fabrication, assembly, and construction are, more often
than not, external to the design process. To engage with the design
potential inherent in materials, it is necessary to reconsider the scope of
the discipline. That is, to engage geometry, material structure, function,
and shape as one and the same.
This shift in perspective might simply be a call to re-evaluate the role
of design before the modern subdivision of building construction into
disciplines. That is, before the “Albertian and authorial way of building
by design” (Carpo 2011, p. x). It might require revisiting the integrative
model where the titles of builder, architect, and engineer are one and

the same. Similarly, Richard Sennet addresses the role of “craftsman”
as one that conceives conception, design, material and fabrication as
intrinsically interdependent (Sennett 2008, p. 128). In other words, this
appeal to integration may not be novel, but it has never been more
relevant.
A precursor to the technology-oriented research practices in Germany,
Austria and Switzerland (including the Institute for Computational
Design and Construction (ICD), Stuttgart, where the research for this
dissertation was conducted), Frei Otto brought the understanding of
material as an active participant in the formation of design to the
forefront of this discipline (uncube 2015). Otto was inspired by the
close integration of form, material and function that he observed in
nature. Recreating this level of integration required careful study,
innovation, and a growing set of interdisciplinary technical tools. Since
Otto’s ground-breaking work, an increased interest in the integration of
design, fabrication and production has emerged along with advances in
computer assisted design (CAD), additive manufacturing (AM), and
industrial automation via robotics. This integration promises to
empower designers by leveraging the role of computational design tools
as the vital interface between design intent, materialization and
production (Kolarevic 2005, p. 88; Menges 2015). Similarly, Oxman
argues for design approaches where “material precedes shape”, and it
is therefore the “structuring of material properties”, which exists “as a
function of performance that anticipates their form” (Oxman 2010,
p. 34). This mode of mediated digital interface provides designers with
unprecedented access to multiple levels of design complexity. A
fundamental shift in the conception of material as a source of

inspiration, but also, as a driver of emergence within the domain of
form,
“Far beyond the aptitude of representational digital models,
which mainly focus on geometry, such computational models
describe behaviour rather than shape. This enables the designer
to conceive of material and construction systems as the
synergetic

result

of

computationally

mediating

and

instrumentalizing the system’s intrinsic logics and constraints
of making, the system’s behaviour and interaction with external
forces and environmental influences as well as the performative
effects resulting from these interactions.” (Menges 2007, p. 3)
Menges identifies the potential of computation as the primary method
for synthesis between material capacities, design intent and spatial
potential. Framed as “computational morphogenesis” (Menges 2007),
Menges presents the mediation of computation as a method for
designers to “employ material behaviours and materialization processes
as a truly explorative agency in design, in which novel material,
structural, and spatial effects may originate” (Menges 2016, p. 78).

The term Material Behaviour refers to the way in which material
interacts, and whether this interaction is a response to external inputs
and/or how it responds internally. An external interaction generally
involves exchanges of energy with its environment while internal
responses are dictated by the way an input is processed through the
internal logic of the structure. Programming material behaviour
therefore engages the design of material structures and their
corresponding properties. However, this design does not occur in

isolation. Programming material behaviour requires a careful
consideration of the interaction between materials at different length
scales, and the interaction between materials and external inputs
(forces, loads, moisture, etc.). The resulting materials, and their
corresponding behaviours, are then assessed in relation to existing
functional models. In instances where the material behaviour exhibits
distinctly significant properties, or functional potential, it invites the
development of new material categorizations. Depending on the design
of the mesoscale structure that was fabricated using a single FFF 3D
printed material, the same print part can be programmed to exhibit
behaviours that are similar to a laminate structure (Parandoush and Lin
2017, p. 50) (Rodriguez Jose F. et al. 2000, p. 2) (Sood et al. 2012,
p. 82), have very different mechanical characteristics based on raster
pattern orientation (Ahn et al. 2002; Sood et al. 2010; Ziemian et al.
2012) or show complex metamaterial behaviour – such as a negative
Poisson ratio using an auxetic lattice structure (Bodaghi et al. 2020).
The capacity to choreograph material organization and integrate a
structure-function relationship is one of the fundamental strengths of
the 3D printing process. It is a strength that is only possible through an
integrated conceptual approach to design that leverages architectural
thinking, computational design, and computer assisted manufacturing.

According to Eder et al. (2020), the term “matter” originates from the
Greek concept of ʽÚλη (hylé), referring to “construction wood,
firewood”, which was later translated to Latin as “materia” – a term
referring to both concepts of wood and matter (Eder et al. 2020, pp. 2–
3). Wood is a complex hierarchical material (chapter B2.1) with a
highly integrated structure-function relationship that links the material

organization of a structure to that structure’s functional behaviours
within the system (Fratzl 2007, p. 638; Jeronimidis 2000b). As
described by Eder et al. (2020) “The microarchitecture of cellulose
fibrils determines the mechanical properties of woody materials, as well
as their actuation properties, based on absorption and desorption of
water.” (Eder et al. 2020, p. 1). With a focus on materials and wood, it
is therefore not surprising that wood is one of the key materials that has
been extensively studied at ICD. For instance, there are projects that
instrumentalize the elastic bending behaviour of wood (Menges 2009;
Fleischmann et al. 2012; Correa et al. 2013), as well as its workability
and stability as a laminate structure (Krieg et al. 2012; Schwinn et al.
2014). And, of most relevance to this dissertation, its hygroscopic
behaviour (Menges 2009; Krieg et al. 2014; Reichert et al. 2015; Correa
Zuluaga and Menges 2015; Wood et al. 2016; Wood et al. 2020). A
summary list of relevant shape-change methods using wood and
bamboo laminates is found in figure B4.2.2. Wood movement –
shrinking and swelling of cellulose tissue in response to moisture – is a
functional material behaviour that nature has instrumentalized into a
wide range of plant motile structures (B2.3). The term “hygromorph” is
commonly used to refer to structures and mechanisms that respond to
moisture.

Figure B4.2.2: List of relevant shape-change methods using wood and bamboo laminates.
Source: David Correa | ICD, University of Stuttgart | 2021.

The literature traces the term hygromorph to Reyssat and Mahadevan’s
(2009) publication titled “Hygromorphs: from pinecones to biomimetic
bilayers”. It is unclear if the term has been used colloquially before this
publication. Since then, the term has been selectively adopted by a
number of research groups (Arends et al. 2017; Duigou et al. 2019;
Holstov et al. 2015a; Juaristi et al. 2018; Pelliccia et al. 2020). Reyssat
and Mahadevan uses it to define “objects that respond to environmental
humidity by changing their shape” (Reyssat and Mahadevan 2009,
p. 951). Reyssat and Mahadevan indicate that the term encompasses
both natural (e.g., pine scale) and shape-change artificial bilayers. The
term is useful to categorize a type of shape-change mechanism based

on humidity, but it is not particularly useful when the aim is to describe
the material organization strategies that make the shape-change
transformation possible.
“Wood presents in an exemplary fashion an integrated unity
where the material generates an energetic potential, contains in
its geometry its inherent code, and is the machine that performs
its very function.” (Eder et al. 2020, p. 3)
The concept of instrumentalizing the natural responses of organic
matter, specifically in response to moisture, can be traced to the early
hygrometers that were made of wood. An example of this
instrumentalization is the hygrometer made by Coniers in 1676
(Middleton 1942, p. 251), or the one made by Arderon in 1746 (Arderon
1746). Both inventors cited biological precedents as their inspiration.
Their design notes included detailed descriptions of their observations
and analytical studies of material properties. Pursuing this field of
research, the hygroscopic behaviour of wood was later instrumentalized
into a “climate responsive surface structure” by Steffen Reichert during
his master’s thesis supervised by Professor Menges (Menges 2009;
Menges and Reichert 2012; Reichert et al. 2015). Reichert’s mechanism
was not designed to be a hygrometer, but rather, it was designed as a
climate responsive facade mechanism. The hygroscopic movement of
wood was used to generate internal stress within a thin bilayer
composite structure. This bilayer principle made small moisture
changes in the wood layer to be translated into significant bending
deformations. The bilayer composite developed by Reichert was
created by laminating fibreglass into a thin layer of quarter sawn wood
veneer. Atmospheric changes in relative humidity (RH) result in the
expansion or contraction of the wood tissue, which in turn, resulted in

a stress-induced bending of the veneer composite. The mechanical
behaviour resulted in bending, similar to the bimetal thermostats made
by Timoshenko in 1925 (Timoshenko 1925). Several variations of this
bending bilayer mechanism can be found in related literature addressing
bilayers including examples using metal-paper, metal-wood and metalmetal coils (Korotchenkov 2019, p. 26). Moisture in the air is the
stimulus that affects the material behaviour of the wood, while the
bilayer design of the composite’s architecture transfers that response
into a shape-change transformation. As presented in chapter B1.3,
stimulus-responsive mechanisms and materials can arguably be
categorized as metamaterials, where their “artificial” properties emerge
from the rational design of their composite structure.
Precedents of hygromorph bilayers composed of wood can be presented
through a chronology of progressive steps in research development.
Steffen Reichert’s thesis work started with the lamination of wood
veneer (0.6 mm) to fibreglass, and its implementation into a “responsive
surface” (Menges 2009; Menges and Reichert 2012). The system’s
complexity was further developed into complex aperture articulations,
through an integrated computational design system that enabled the
design, simulation and CAM via robotic milling. Projects like
Hygroscope (Reichert et al. 2015; Menges and Reichert 2015) or
HygroSkin (Correa et al. 2013; Krieg et al. 2014; Reichert et al. 2015)
showcased the integration of the veneer systems into a full-scale
architectural prototype. Long-term weather exposure tests of the veneer
system provided valuable insights into the composite’s long-term
stability.(Reichert et al. 2015). Subsequent research into veneer systems
by other institutions has provided valuable insight into the material
characterization, validated methods, and offered alternative strategies

for lamination (Holstov et al. 2015a; Holstov et al. 2015b; Holstov et
al. 2017; Abdelmohsen et al. 2019b). Other related research projects
include metal-metal (Sung 2016b), metal-wood (Abdelmohsen and ElDabaa 2019), laminated flax and polypropylene (Le Duigou and Castro
2015), bamboo composite (Anis 2019), wax-coated paper (Mesa 2020;
Ryu et al. 2020), and hygroscopic granular systems (Dierichs et al.
2017). Self-shaping hybrid fabrication processes using wood bilayers
and 3DP lattices have also been tested (Cheng et al. 2020b; Cheng et al.
2021b; Özdemir et al. 2022). A common focus of this research became
the upscaling of the bilayer structure, in order to extend the impact of
the research into a wider range of building applications. This initiative
began with the work by Dylan Wood, who made shell structures using
puzzle-like pieces laminated onto fibreglass and subsequently wood as
part of his thesis, which was also conducted at the ICD (Wood et al.
2016). Larger bilayer structures using wood on wood were also studied
independently by Rüggeberg and Burgert (2015), including PV panel
applications (Rüggeberg and Burgert 2015) and several other
parameters regarding lamination adhesives (Vailati et al. 2018b), as
well as moisture management strategies (Vailati et al. 2017). Joint work
between several of these researchers has expanded the range and scale
of applications of these systems, including a patented application at the
building component scale (Wood et al. 2018; Grönquist et al. 2020;
Grönquist et al. 2019; Wood et al. 2020; Bechert et al. 2021). This thesis
was initiated and informed by several projects and research initiatives
that took place at the ICD, as well as a number of various research
collaborations that supported the projects. The vital shift in focus has
been the change of scale (from the macroscale to the micro- and
mesoscale), and speculation as to whether or not some of the same

principles that were used to program wood composites could be further
instrumentalized via the 3D printing FFF process. Moving from
creating assemblies with “found” structures (wood sections) to the
development of the functional architecture of the material itself. The
common denominators between the two scales of material
programming remains the manipulation of direction-dependent
properties, instrumentalizing stress gradients between differentiated
materials, and the reliance in the wood’s cell as the fundamental unit
and driver of hygroscopic swelling. A summary list of relevant shapechange methods that are not 3D printed is found in figure B4.2.3.

Figure B4.2.3: List of relevant shape-change methods that are not 3D printed. Source: David
Correa | ICD, University of Stuttgart | 2021.

Before addressing the role of wood fibres within 3DP, it is valuable to
understand the microstructural composition of an FFF 3D printed part.
Unlike parts created via injection moulding, where the chemical
composition of the polymer dictates the majority of the mechanical
properties, 3D printed structures produced via FFF have mechanical
properties that are dependent on both the properties of the filament and
the directionally-dependent printing process (Ziemian et al. 2012). The
resulting material can be viewed as a laminate composite (B1.5)
comprised of vertically stacked layers of “contiguous material fibres
(rasters) with interstitial voids (air gaps)” (Sood et al. 2012, p. 82)
(Rodriguez Jose F. et al. 2000, p. 2). As a result, structures that are
fabricated in this way are porous, particularly susceptible to moisture
(Kim et al. 2016), and present multiple anisotropic behaviours (Ahn et
al. 2002). In other words, within a 3D printed part, the raster paths can
be considered “fibres,” and their orientation dictates the anisotropic
properties of the layer. In both natural and synthetic structures,
differences in orientation across layers is one of the key factors of
material organization. For instance, changes in orientation within
natural structures has been extensively studied as a key parameter in
structural reinforcement (Ashby et al. 1995; Weinkamer and Fratzl
2011). Similarly, fibre orientation across layers is also a key parameter
for determining mechanical behaviour in FFF fabrication (Bell 1969;
Compton and Lewis 2014; Ahn et al. 2002).
At the microscopic scale, natural fibres have been introduced into
synthetic polymers to form composites. Depending on the type of fibre
introduced, they can provide the resulting composite additional tensile

properties. Fibres have a high aspect ratio; so, they tend to align in the
direction of flow when subjected to extrusion (Bell 1969; Langhans and
Roeder 1992; Murty and Modlen 1977). If the fibres are oriented in the
direction of the applied stress they can have a significant impact on the
mechanical strength of the part (Shofner et al. 2003; Tekinalp et al.
2014). Most applications in 3D printing have made use of this principle
by coupling two hierarchical scales of material organization in relation
to the anticipated direction of stress. At the microscale, the shearinduced aligned fibres increase the tensile strength of the polymer
composite, and at the mesoscale, the orientation of the raster paths can
be designed for an optimized load path within the part. A demonstration
of this principle can be found in the use of high aspect ratio fibres in an
epoxy-based ink to create a 3DP cellular composite with “exceptional
mechanical properties” (Compton and Lewis 2014, p. 5930) – figure
B4.2.4.1.

Figure B4.2.4.1: “3D-Printing of Lightweight Cellular Composites” by Compton and Lewis
(2014). (a) Photo of 3D printer with fibre-filled epoxy inks, (b) illustration of fibre alignment
during extrusion, (c, d and e) optical images of aligned carbon fibres following extrusion
orientation in a honeycomb structure. – reprinted with permission from Compton and Lewis
(2014).

“Because alignment of high aspect ratio fillers occurs along the
print direction, the build path itself can be used to spatially
control their orientation within the part. This capability adds an
entirely new dimension to engineering design and optimization,
where composition, stiffness, and toughness within a bulk 3D
object can be digitally integrated with component design to

achieve a highly optimized structure.” (Compton and Lewis
2014, p. 5934)
In this case, three hierarchical levels of optimization are taken into
consideration. At the smaller scale, the mechanical performance of the
individual print path is optimized by the extrusion driven orientation of
the fibres. At the mesoscale, the spatial orientation of the print paths is
designed in consideration of the load path within the cellular composite
lattice. Lastly, the design of the global geometry of the “bulk 3D
[printed] object” is optimized in relation to the cellular composite’s
mechanical properties. At each level of resolution, the material is
aligned in relation to stress concentration, via the multiscale
architecture of the material. The potential for fibre reinforcement
optimization has been outlined in literature review publications on both
synthetic fibres (Ngo et al. 2018; Blok et al. 2018; Wang et al. 2017b;
Parandoush and Lin 2017), and natural fibres (Le Duigou et al. 2020).
Likewise, several research trajectories of particular interest to
architecture can be identified. These include: potential applications of
fibre reinforced concrete for 3DP construction (Wu et al. 2016),
potential upscaling of continuous fibre extrusion (Pyl et al. 2018;
Swolfs and Pinho 2016; Kabir et al. 2020), and their potential
integration into smart materials (Khoo et al. 2015; Lee et al. 2017; Miao
et al. 2017; Momeni et al. 2017; Mitchell et al. 2018; Zhang et al. 2019).

Figure B4.2.4.2: List of relevant shape-change methods using some form of 3D printing –
excluding the work of the author. Source: David Correa | ICD, University of Stuttgart | 2021

The important principle to draw from the previous section on 3DP
fibres, is that in all 3D printed applications, the fibres (natural or
synthetic) are functionally integrated to align with the direction of
applied stress. The fibres are aligned to act in tension within the print
path, and ideally, within the part as well. Therefore, the fibres’
orientation further reinforces the anisotropic properties of the FFF 3DP
composite. It is the researcher’s understanding that the hygroscopic
swelling of natural fibres, or cellulose nanofibres has never been used
as a functional characteristic in 3D printing, prior to the commencement
of this dissertation research (see figure B4.2.4.2).
The history of stimulus-responsive shape-change mechanisms follows
a research trajectory from isotropic materials, which rely on variations
of chemical composition, to more complex anisotropic materials and
structures. The exception is SRM systems using wood laminates, as
wood is inherently anisotropic. Examples of shape-changing
mechanisms using isotropic constituent materials include thin polymer
films that bend in response to light (Yu et al. 2003; van Oosten et al.
2009), thin “growing” bilayers that bend due to “residual swelling,” or
isotropic expansion (Pezzulla et al. 2015b), and thermally induced
shape-change of metallic alloys at the nanoscale (Cho et al. 2010) or the
macroscale (Sung 2011). Previously developed 4DP methods follow
the same approach. This approach includes the use of isotropic
constituent materials in the 3DP of photo-curable, shape-memory
polymers (Ge et al. 2016; Ding et al. 2017), of temperature responsive
hydrogels via SLA (Han et al. 2018), liquid crystal elastomeric
actuators (Kotikian et al. 2018), and PolyJet 4DP applications for both
hydrogels and flexible polymer combinations (Tibbits 2014; Raviv et

al. 2014). There are also 4DP methods using reversible systems
combining shape memory and with hydrogel polymers (Mao et al.
2016; Ge et al. 2013).
In nature, the distinction between “materials” and “structures” is
difficult to establish (Jeronimidis 2000b). Shape-changing material
architectures in plants are common, but they do not have isotropic
materials. As presented in chapter B2 on Bio-inspired Design, motile
plant structures use hierarchical organization to create functionally
integrated structures. In these structures, the orientation of fibres plays
a key role in functional organization.
Erb et al. (2013) did some of the earliest work in shape-changing
architecture using direction-dependent structures using oriented fibres.
Based on a bio-inspired model of the chiral seed pods, magnetically
charged fibres were locally oriented in parallel and cast into hydrogel.
Without the fibres, the hydrogel would expand homogeneously in all
directions. However, with the embedded fibres this expansion was
constrained along the primary axis of fibre alignment. Erb et al. refers
to the controlled orientation of stiff fibres as “reinforcement
architectures” (Erb et al. 2013, p. 2). To create an oriented bilayer
structure, the fabrication process required the sequential casting of two
layers. With one layer aligned perpendicularly to the other, two
different directions of swelling were achieved upon hydration. The
resulting shape-change was a stress induced bending of the composite
hydrogel structure (figure 4.3.1).

Figure B4.3.1: (a) Bio-inspired self-shaping materials using oriented reinforcement particles
via external magnetic field by Erb et al. (2013). (b) Hygroscopic bilayer actuators using
hydrogel and oriented glass fibres that are manually inserted through a layering process by
Zhang et al. (2016). (c) Flax reinforced polypropylene actuator produced via hot press using
“film-stacking” by Le Duigou and Castro (2015). Reproduced with permission from
corresponding publications.

The key finding here was that by simply changing the local orientation
of reinforcement elements (stiff fibres acting as directional constraints)
embedded in a swellable/shrinkable matrix, many different shape
deformations could be achieved. On the other hand, this approach was
limited by the need to magnetically orient the fibres per layer in the
multistep casting process. Another limitation was the weak mechanical
strength of the hydrogel polymer. A subsequent approach for multi-

material 3DP was used to create discrete “building blocks” with
different concentrations of magnetically oriented particles (Kokkinis et
al. 2015). Similar to the casting approach, each layer needed to be
individually cured in order to lock in the fibre orientation. In
comparison to the casting method, the 3DP fabrication gave the process
more control of the fibre alignments over multiple “building blocks”,
allowing for the design of more complex shape-change transformations.
Following closely on the casting approach of reinforcement
architectures by Erb et al., Zhang et al. (2016) demonstrated the
manipulation of reinforcement to achieve controlled bending using
glass fibre nets cast in hydrogels. The result of this approach is
described as “a mechanism that involves anisotropic restriction of the
hygroinduced expansion by the fibres and results in an asymmetric
swelling of the bilayer” (Zhang et al. 2016, p. 1051). Wang et al.
(2017a) propose a hybrid approach to create edible, shape-changing,
thin laminates where gelatin is 3D printed followed by the manual
deposition of oriented cellulose fibres via screen printing in order to
form a bilayer (Wang et al. 2017a). Up to this point, all of these
technologies have used fibres as constraints but none have used the
extrusion process as the mechanism to align the fibres.

Figure B4.3.2: (a) Diagram of 3DP setup for magnetically assisted fabrication of multi-material
composite material (left), printed object (centre), and microscopic photography of locally
oriented platelet concentration (right) ) (Kokkinis et al. 2015). (b) “Biomimetic 4D printing”
by Gladman et al. (2016) – (left) diagram of the printer’s nozzle and the “one-step” shearinduced alignment of cellulose fibrils (blue), acting as constraints, in a hydrogel ink (pink).
Shape-change transformation of flower-like geometry with oriented bilayers (centre) and
imaging of cellulose fibrils (stained blue) comparing cast versus printed (Gladman et al. 2016).
(c) 4D printing shape-change structures based on anisotropic expansion of wood fibres
embedded within a polymer matrix by author. (Top left) Diagram of shear induced alignment
of fibres during extrusion; (bottom left) bilayer weave architecture using ABS and WPC
filament; (bottom right, top and bottom centre) bilayer strip; (top right) biomimetic shapechange mechanism based on the lily flower (Case Study 5), (Poppinga et al. 2020). Reproduced
with permission from corresponding publications.

Building on their 3DP expertise, using fibrous fillers to create high
performance cellular composites, researchers at the Lewis Lab
formulated a hydrogel ink with embedded cellulose fibres (Gladman et
al. 2016). Similar to the work by Erb et al. (2013) and Zhang et al.
(2016), the mono-material approach relies on the orientation of the
fibres, which was used as a constraint that gave the hydrogel anisotropic
swelling behaviour. The difference here is that the orientation of the
fibres is determined by the toolpath, and is the result of the shearinduced alignment, a well-known behaviour in extrusion, as identified
in chapter B3.2. In their publication, Gladman et al. (2016) illustrate the
high level of local control that this 3DP process enables through several
macroscale

structures

that

can

articulate

complex

shape-

transformations in response to moisture. In a more recent publication,
Mulakkal et al. (2018), also make use of short cellulose fibres to control
the otherwise isotropic expansion of cellulose hydrogels, in order to
manipulate shape-change deformations. The swelling of the cellulose
fibres is considered to have no significant impact in the shape-change
transformation when compared to the hydrogel’s expansion (Mulakkal
et al. 2018).
Other 4DP approaches, have used geometric features to create fibre-like
functional regions. These high aspect ratio regions were mechanically
constrained (or encapsulated) on two or more sides by more rigid
polymers, which act as fibres. For example, this can be seen in the work
done by Ge et al. (2013) in the 4D printing of “glassy shape memory
polymer fibre in an elastomeric matrix”. Tibbits uses a similar
approach; however instead of fibres, he describes discrete regions that
are embedded in the rigid material, where “the rigid material gives the
structure and angle limiters for folding” (Tibbits 2014, p. 120). In both

cases, there are no embedded fibres, but constraints based on the
geometry of the two differentiated materials – see figure B4.3.3. Similar
geometric constraints have been used to create two-layered composite
structures by Li et al. (2019), Mao et al. (2016), Mao et al. (2015) and
(Baker et al. 2019). Bio-inspired actuators have been designed using a
honeycomb structure to direct and control isotropic swelling (Guiducci
et al. 2016) or complex voxel based architectures (Turcaud et al. 2011;
Turcaud 2015).

Figure B4.3.3: PolyJet multi-material 4D printing by Tibbits (2014). (a) Shape-change
transformation of single strand into cube-like geometry, and (b) Shape-transformation of
surface into “closed cube” (Tibbits 2014) (c) Diagram of hinge-like mechanism used for 4DP
transformation, modified diagram based on Raviv et al. (2014). Used with permission from
Tibbits (2014).

One research territory that is more difficult to position in relation to
reinforcement architectures,

pertains

to

the

extrusion-induced

alignment of polymer chains. While these chains are not fibres, their

molecular alignment has a significant effect on the anisotropic
behaviour of polymers. The instrumentalization of this behaviour can
be seen in the 4D application of liquid crystal elastomers, which can
result in large, reversible, shape-change structures that respond to
temperature changes (Kotikian et al. 2018). Likewise, a non-reversible
shape-change transformation was demonstrated by using changes in
temperature (after the print) as the stimulus to release preprogrammed
residual stress. In this case, there is no hygroscopic swelling/shrinkage
but a phase transition that enables a stress release. This is a stress that
was programmed through the 3DP extrusion alignment of polymer
chains of conventional PLA filament (An et al. 2018; van Manen et al.
2017) or ABS filament (Goo et al. 2020).
Despite extensive research, and as far as the author is aware, there has
been no prior literature indicating the existence of 4D printed methods
that have used the fibres (or fibrous fillers) as the drivers of anisotropic
swelling behaviour, except for the method that was developed and
published by the author in 2015 (Correa Zuluaga and Menges 2015). In
other words, all prior research using natural or synthetic fibres for 4DP
have focused on their functionalization as constraints that direct the
swelling of an isotropic gel, as opposed to the use of the wood fibres
themselves. The key contribution of this research is the material
programming via 3DP of shape-change structures that use the shearinduced alignment of hygroscopic wood fibres as the drivers of the
swelling actuation. That is, the use of the fibres as the drivers of the
stimulus response (swelling/shrinking) rather than the constraints of the
isotropic hydrogel polymer matrix. Of significant note here is the
alignment of the fibres, which is used in both approaches. The extrusion
induced alignment of the fibres, remains the key parameter to control

the direction of swelling. Furthermore, in both cases, the direction of
swelling/shrinkage is perpendicular to the raster print path.

External Validity, which is the application of a scientific study outside
the context of that study, was demonstrated by subsequent applications
of the presented methods by other independent research institutions. As
fields of research, smart materials and 4DP are growing rapidly. Several
external publications have tested and replicated the key findings of this
dissertation – indicating earlier publications by the author. That is, they
have made use of wood fibres as drivers for hygroscopic expansion and
directional swelling via 4DP. These publications have referenced the
actuation principle, methods and replicated the experiments as
published by the author in Correa Zuluaga and Menges (2015) “3D
Printed Programmable Material Systems” and a subsequent paper
Correa et al. (2015) “3D-Printed Wood: Programming Hygroscopic
Material Transformations”. In particular, this external validation
includes the evaluation of some of the key findings regarding fibre
content, moisture absorption, and desorption behaviour (Le Duigou et
al. 2016, p. 113; Kariz et al. 2018a; Ayrilmis et al. 2018), shear-induced
alignment of wood particles during extrusion (Le Duigou et al. 2016,
p. 110; Wang et al. 2018; Gardan et al. 2016), and new methods, at ICD
and other external institutions, that build and expand on these findings
(Vazquez et al. 2019a; Kliem et al. 2020; Cheng et al. 2020a; Tahouni
et al. 2020; Cheng et al. 2021a; Cheng et al. 2021b; Tahouni et al. 2021;
El-Dabaa and Salem 2021; Krapež Tomec et al. 2021a; Krapež Tomec
et al. 2021b) (see figure B4.3.4). Various contributions from the
presented research have also been cited by external review publications.
For instance, in an article for “Nature Reviews Materials”, Quan et al.

(2020) review 4DP research, including the author’s work on 4DP pine
scale, as examples “of how these technologies can bridge the gap
between materials and their bioinspired analogues.” (Quan et al. 2020).
Other publications position the author’s 4DP contribution in terms of
polymer composition (Ligon et al. 2017; Das et al. 2021), mechanical
properties (Mazzanti et al. 2019), 3DP cellulose materials (Wang et al.
2018; Gauss 2021; Langhansl et al. 2021), 3DP natural fibre-reinforced
composites (Ji et al. 2020; Le Duigou et al. 2020; Li et al. 2020; Ilyas
et al. 2021), 4DP developments in “tissue and organ regeneration”
(Miao et al. 2017), “Biomimetic Additive Manufacturing” (Yang et al.
2018; Ren et al. 2021), “Material science and architecture” (Bechthold
and Weaver 2017), bioinspired design and “motile material systems”
(Müller and Poppinga 2020; Speck et al. 2021), bioinspired robotics
(Mazzolai et al. 2020) and shape-changing food (Wang et al. 2017a).

Figure B4.3.4: List of relevant shape-change methods using 3D printing and WPC or other
fibres as the drivers of swelling – including the work of the author. List is in chronological
order. Source: David Correa | ICD, University of Stuttgart | 2021.

There is one clarification that is worth noting with regard to state-ofthe-art research for shape-changing actuation using fibres. The casting
of flax fibres (non-3D printed) was used to create a “moisture-induced
self-shaping flax-reinforced polypropylene biocomposite actuator” in a
paper that was published by Le Duigou and Castro (2015), around the
same time as the first publication by Correa Zuluaga and Menges
(2015). Le Duigou and Castro’s publication was received 19 November
2014, accepted on 26 March 2015, and available online on 8 April 2015.
The first publication of the presented 4D printing method was on 7
December 2014 on the ICD website followed by the publication of
Correa Zuluaga and Menges, which was submitted as an abstract on 23
October 2014, accepted on 7 January 2014, presented on 9 April 2015,
and made available online on 22 June 2015. The abstract submitted by
Correa Zuluaga and Menges (2015) predates the publication submission
of Le Duigou and Castro. Even though Correa had no awareness of the
existence of this research, it is important to note that the publication by
Le Duigou and Castro (2015) does not discuss any 3D printing method.
Since their method relies on manual lamination, there is also no mention
of the shear-induced alignment of fibres resulting from extrusion. It is
also not known if Le Duigou and Castro were aware of the 4D printing
research conducted by Correa at that time. For clarity, some specific
distinctions are identified here. In Le Duigou and Castro (2015) “the
biocomposite is produced by hot -press using the film-stacking
technique, combining different number of active and passive layers”
(Le Duigou and Castro 2015, p. 2) – and not 3D printing. In terms of
material composition, they use flax fibres instead of wood fibres. They
state that “flax fibers play a dual role of reinforcing and swelling,” and
they use a manual process to orient the fibres and a manual lamination

process to bind the two materials to form the bilayer (Le Duigou and
Castro 2015, p. 3). The method demonstrated by Correa Zuluaga and
Menges (2015) is a 4D printed, “one-step fabrication process”, that
integrates the microstructural orientation of fibres during extrusion with
the mesoscale orientation of multi-material raster patterns to create a
moisture

responsive

shape-changing

bilayer

architecture.

No

lamination, hot press, or manual fibre orientation is needed or used. The
precise control of material organization, in both wood fibre composite
and non-responsive polymer, was demonstrated through the functional
differentiation of responsive and non-responsive regions, in an
“autonomous weather responsive 3D printed aperture mechanism”
(Correa Zuluaga and Menges 2015, p. 2). Based on this initial
publication a comprehensive set of mechanisms and findings are
presented in the next chapter (Case Studies), which highlight the unique
strengths of the presented approach.
A more comprehensive discussion in relation to existing literature and
relevant state-of-the-art methods is presented in relation to each
experiment and prototype with each Case Study. A larger conceptual
and technical analysis, in relation to the literature is established in the
discussion section (chapter D).

This chapter is structured around five (5) case studies. Each case study
with corresponding subsections provides research context, discusses
individual results, and highlights key findings. The detailed exploration
of the work in this chapter also presents an itemized overview of design
methods, functional morphology considerations, bio-inspired role
models, as well as technical fabrication methodologies. The subsequent
Chapter D will address the larger analytical discussion on material
tailoring by addressing the findings from these case studies in
aggregate.
Each case study has the following corresponding subsections, outlined
here in order of sequence: (1) “Project Specifications” provides
background information and context while positioning the individual
case study in relation to the research objectives (A3). (2) The “Bio-

inspired Abstraction” identifies relationships to biological role models
or associated research literature. (3) “Description of Movement”
describes, in geometric terms, the type of shape-change transformation
that each mechanism is designed to achieve. (4) “Materials and
Methods” describes the computational design tools, 3DP fabrication
methods and equipment used to create the mechanism. (5) “Functional
Morphology” describes the material organization strategies and
functional features of each mechanism. (6) “Results” states the findings
of the case study investigation. (7) “Shape-Changing Material
Behaviour” presents an analysis and interpretation of the results. (8)
“Gained Insights” summarizes the aims and findings for each individual
case study. This last subsection also positions the presented work in
relation to the larger research contributions, as outlined in the
Conclusion, chapter D2.1. The “Gained Insights” section addresses the
roles of “Design and Fabrication”, “Material Structure” and “ShapeChange Behaviour”. Each of these subsections discusses lessons
learned from the process, and positions these findings in relation to the
key thesis contributions. While the observations presented in the
subsection might have significant overlap, generally speaking, they
correlate to each thesis contribution as follows: (a) “Material Structure”
addresses the role of the spatial and functional organization of material
in relation to the manipulation of anisotropic properties of the material
via the novel 4DP method (D2.1 – Research Contribution i). (b)
“Design and Fabrication” addresses the implications of the 3DP
fabrication in translating bilayer principles including discussions on the
corresponding challenges and differences between these approaches
(D2.1 – Research Contribution ii). (c) “Shape-Change Behaviour”
describes the geometry and sequence of movement of the shape-change

transformation. It also identifies and contrasts the characteristics of the
4DP mechanism with previous approaches (D2.1 – Research
Contribution ii & iii).
Each project was supported or developed in collaboration with other
architects, material scientists and biologists. The authors’ direct
involvement

and

contribution

are

clarified

in

the

(9)

“Acknowledgements” section. The conception, design, and fabrication
of the 3D printed architectures presented are the personal contribution
of the author, unless otherwise noted.

For the ArchiLab 2013 exhibition opening on 14 September 2013,
Achim Menges in collaboration with Oliver David Krieg and Steffen
Reichert from the Institute for Computational Design and Construction
(ICD)

developed

an

installation

pavilion

titled

HygroSkin:

Meteorosensitive Pavilion. The focus of the pavilion was the use of
wood as a complex composite material capable of self-forming and an
autonomous climate-responsive shape-change (figure C1.1). Different
findings of the project were published and peer reviewed in several
conference papers and journals (Correa et al. 2013; Krieg et al. 2014).
The project was composed of a robotically fabricated structural
composite of plywood and foam conical panels supporting veneer
composite and humidity responsive aperture systems. The author was
involved in the development and fabrication of both panels and aperture
systems, including the design and fabrication of the integrated 3D
printed understructure of the aperture systems as well as the fabrication
of the veneer composite shape-changing components. The climate
responsive aperture system was composed of seven (7) adjacent and

asymmetrical apertures. Five (5) of the apertures were based on a sixsided hexagon layout and two (2) were based on a five-sided pentagon
layout. From this design, one of the five-sided aperture components was
isolated and selected as the base geometry for future material
investigations into the potential to use 3DP methods to develop a
synthetic climate-responsive composite.

Figure C1.1: HygroSkin: Meteorosensitive Pavilion. The project uses veneer fibreglass
composite flap structures that change shape in response to climatic conditions (a) & (b);
elastically bent plywood is used to create the structural panels (c); and 3DP structure for the
responsive apertures (d) (Krieg et al. 2014; Correa et al. 2013). Source: ICD, University of
Stuttgart |2013.

In an online publication, December 2014, and in 2015, subsequent peerreviewed publications by the author and others (Correa Zuluaga and
Menges 2015; Correa et al. 2015), a shape changing, Hygroscopic
responsive 3D printed aperture was presented side by side with the
isolated veneer composite (figure C1.2 ). Case Study C1 focuses on the
material structure and abstraction from the wood veneer composite

system and their implementation into the fully 3D printed SRM system.
This project and corresponding case study are presented as the proof of
concept for the viability of using FFF 3DP methods for SRM research.
The descriptions presented in this case study are based on the
aforementioned publications by the author. Figures from these
publications are therefore used in C1, with permission.

Case Study One (C1) pursues Objectives (i) and (ii), as outlined in A3.
C1 seeks to demonstrate that the wood fibres in the WPC filament can
be used as the drivers of direction-dependent hygroscopic expansion via
the proposed 3DP methodology (Objective i). It aims to show this
functional principle by abstracting and translating a veneer and
fibreglass composite into a one-step 4DP mechanism (Objective ii).
This case study is critical in establishing that the precise material
deposition, via the CNC 4DP fabrication method, enables a material
organization strategy capable of both functional and formal
differentiation. This includes the development of a multi-material
bilayer architecture, and the characterization of key material
organization parameters, geometry, and additive fabrication strategies.
Layer by layer, the additive process can seamlessly integrate the
different material behaviour of both WPC and ABS polymers to form a
stimulus-responsive flap mechanism or, on a larger scale, to integrate
different regions in the aperture like the SRM flap mechanism and its
supporting structure. As a result, the 3D printed aperture is capable of
matching the hygroscopic shape-change actuation of the wood veneer
composite aperture in a single fabrication process (see figure C1.2).
Both the 3DP aperture, and the original veneer composite apertures,

also demonstrate the transfer and abstraction of bio-inspired principles
of hygroscopic actuation of pine cones (Reichert et al. 2015) through
the presented bilayer composite methodology. This development was
first presented during the peer-reviewed conference and publication of
the Material Research Society Spring Meeting & Exhibit in San
Francisco on April 9, 2015 (Correa Zuluaga and Menges 2015).

Figure C1.2: 3D printed aperture (left) compared to veneer composite aperture (right). The
comparison shows the shape-change response in relation to high relative humidity (a) and low
relative humidity (b). The image on the right shows similar shape-change transformation of a
seed cone following changes in relative humidity, high RH % (c) and low RH % (d). Source:
David Correa, modified from Correa Zuluaga and Menges (2015)| ICD, University of Stuttgart
| 2014.

Conifer (Pinophyta) pine cones have intricate material architectures to
form fibrous hydration motors capable of climate response adaptation
through shape change. These water-responsive hygromorphs rely on the
multifunctional capabilities of cellulose fibres to structure and
functionally differentiate tissue (Stahlberg and Taya 2006). By

organizing the parallel arrangement of the microfibril bundles and by
differentially mediating the water absorption capacity of the tissue
through lignin, the pine scale can achieve complex kinematic
deformations. As a result, hydration by either direct contact with water
or through air-borne moisture results in preprogrammed directional
swelling of the tissue. A highly reliable mechanism that the conifer pine
cones have instrumentalized for the controlled release of seeds. The
shape deformation of the conifer pine scale has been comprehensively
studied and its biological model referenced as the model for bioinspired bilayer shape change composites (Reichert et al. 2015; van
Opdenbosch et al. 2016; Rüggeberg and Burgert 2015). This case study
references the simple bilayer model, as per Dawson et al. (1997) as the
bio-inspired abstraction. Case study 3 and 4 further expand on this
model to account for the multiphase shape-change actuation observed
in some conifer species like the Pinus Wallichiana (Simon Poppinga
2015).

The shape-change movement for this case study can be geometrically
described as single-axis unidirectional bending. As per Timoshenko
(1925), the bending occurs consistently across the entire surface of the
material following a consistent curvature radius. While wooden
composites rely on found material samples, through manual veneer
sample selection for grain quality and curvature change consistency, the
3DP structure must be designed layer by layer. Therefore, the
uniformity of the grain is ensured through the design of the 3DP
structure and the precision of the 3DP fabrication process. In this case,
the design of the 3DP structure is longitudinally uniform for single axis

bending deformation with a continuous bending radius – see figure
C1.3. Each polygonal aperture is composed of five shape-changing
flaps concentrically connected to a supporting understructure. Each flap
can be geometrically described as an acute triangle with two straight
edges and one curved edge that slightly overlaps its neighbour – to
facilitate closing of the overall aperture (Reichert et al. 2015).

Figure C1.3: Three 3DP bilayer samples (using ABS and WPC) designed to achieve different
shape-change curvature based on changes in relative humidity. Source: Correa et al. (2015)|
ICD, University of Stuttgart | 2015.

The samples were fabricated using a dual extruder, three (3) axis gantry
3D Printer (MakerBot 2018) with discrete raster patterns for both ABS
and WPC filaments. Design of the print paths and the multilayer
architectures were executed within Houdini, a CAD platform with the
capacity for associative modelling, visual scripting, and kinematic
simulation. Since the MakerBot printer does not support direct G-Code

input, raster patterns were developed using a discrete geometry method,
in combination with the proprietary MakerBot Desktop slicer
(MakerBot 2017; Lievendag 2014). The proprietary slicer was needed
to output the required machine control data using the native binary X3G
file format. Nozzle temperature was set to 220°C for ABS, 200°C for
WPC and 230°C for Thermoplastic Polyurethane (TPU) filament while
displacement speeds and extrusion rates were variable and
automatically controlled by the proprietary MakerBot slicer. All
specimens were printed on a flat heated print bed (60°C), on air, using
a 0.4 mm brass nozzle. Printed samples are laminar and do not have any
surface curvature.
All the 3D printed test samples, also referred to as test “strips”, included
in this section are 20 x 100 mm in length and are printed using a 0.2 –
0.4 mm vertical layer height (as noted for each sample) on a flat heated
print bed. After the 3DP fabrication process, all samples are flat,
presenting no curvature in either longitudinal or axial directions (see
figure C1.4).

Figure C1.4: (a) TPU and WPC bilayer strips; (b) model of the bilayer architecture; (c) closeup of the samples. Source: David Correa | ICD, University of Stuttgart | 2014 – 2015.

Commercially available Laywood WPC, generic TPU and MakerBot
ABS filament were used in the structure and the bilayer regions of the
aperture. Moisture in the filament was controlled prior to printing
through dehumidification in a commercial food drier using 70°C for 24
hours. The filament was stored in a sealed container prior to use. A
heated bed was used to facilitate adhesion and reduce warping of the
ABS regions.
For the quantitative analysis of the kinematic motion and repeatability
of aperture mechanism, the opening and closing mechanism was
recorded using time-lapse photography with a Nikon D7100 camera.
For the hydration cycles, the aperture was fastened with clamps and
submerged in water for 8 to 12 hours. For the desorption cycles, the

aperture was air dried under both incandescent and fluorescent light
sources. Both cycles were repeated and recorded several times.

Unidirectional shrinkage of one layer in a bilayer laminar structure
induces bending, along the same axis of the dominant dimensional
change, in order to accommodate the difference in length between the
two layers. This behaviour is the basis for Timoshenko’s analysis of
bimetals and also the foundational principle behind the wood bilayer
and veneer composite systems. Within the 4D printed methods, this is
also the primary principle for the flap mechanism in Case Study 1.
Each flap functions as a simple bilayer with anisotropic material
properties that produce a curling angle perpendicular to the polygon’s
edge in response to RH changes. This curling direction allows for the
radial opening of the complete aperture without interference. While
both the veneer and the 3D printed apertures have identical dimensions
and shape, they have very different material composition and therefore
require very different fabrication processes. The veneer composite
aperture is assembled from individually cut flaps, from fibreglass
laminated wood, that are fastened to a single polygon understructure
made of non-hygroscopic plastic. This process is also different
requiring several steps for each, hygroscopic and non-hygroscopic
components. However, the 3D printed aperture integrates both
functional regions for each flap (hygroscopic and non-hygroscopic),
including the overall supporting structure of aperture itself, in a singlestep fabrication process (as defined by ISO/ASTM 52900 (ASTM 2015,
p. 2) ). In this case, the 3DP method matches the functional
differentiation of the veneer model, the 3DP print path for the flaps is

designed to be as homogeneous and as anisotropic as the wood grain in
the veneer while the supporting structure is made solely from the nonhygroscopic plastic. Two distinct functional regions are presented in
both models, a responsive hygroscopic surface and a non-responsive
support structure. It is important to note that the flap is fastened to the
support structure along a single edge, perpendicular to the axis of
bending; therefore, the support structure does not play any significant
role in the shape-change beyond the positioning of the unit in space.

Figure C1.5: 3DP fabrication process using ABS and WPC filaments. Two distinct functional
regions are identified, a mono-material ABS support structure area (a) and the shape-change
flap region (b). The latter uses both WPC and ABS filaments to form the bilayer architecture.
Source: Correa et al. (2015), Correa Zuluaga and Menges (2015)| ICD, University of Stuttgart
| 2015.

The first step to produce an oriented bilayer structure is to create a thin
sheet with a designed raster pattern of SRM, followed by a second layer

of constraint, non-responsive material. To fabricate a rectangular thin
sheet through FFF 3DP, a geometry model of the surface with a
determined layer needs to be brought into a program that can generate
the toolpath and print parameters for the 3D printer. This computational
program is generally referred to as a slicer (see chapter B3 on 3D
printing). In the case of the thin sheet, the slicer will start by generating
a toolpath that defines the perimeter edges of the surface followed by a
series of continuous parallel lines that cover, as infill, the entire surface
area. As identified in chapter B3.2, this parallel arrangement of printpath lines gives the resulting layer anisotropic, material performance
characteristics that are directional to the dominant extrusion axis of the
print-path pattern. As multiple layers with parallel print paths overlap,
microscopic triangular voids formed by the print paths accumulate to
give the material a distinctive porosity (Tekinalp et al. 2014, p. 146).
Fibre alignment and lower bending stiffness perpendicular to the
dominant print path axis, both material anisotropic characteristics
resulting from the extrusion process, were used to cumulatively
facilitate the transfer of material stress into a directed shape-change
deformation.
In the veneer bilayer composite, the lamination process is the key step
in programming the shape-changing material behaviour. During the
lamination, the resin fully penetrates the fibreglass while it also partially
penetrates the porous structure of the wood and therefore provides a
strong bond between the two layers. While there have been attempts to
fasten wood bilayers with mechanical fasteners (Holstov et al. 2017)
the epoxy resin method is more effective as it provides a larger contact
surface between the layers and does not weaken the structure of the
wood grain. This epoxy lamination methodology has been

demonstrated by the author to provide a sufficiently durable fastening
of the bilayer (Reichert et al. 2015). To develop the FFF 3DP bilayer,
the lamination process must follow a similar approach, whether a
material compatibility is found, similar to that of the resin in the
fibreglass composite, or a suitable mechanical fastening method. ABS
and PLA or co-polyester based filaments, like the Laywood brand
(referred to throughout the document as WPC) used here, do not bond
easily to each other. TPU is a thermoplastic elastomer that bonds well
during printing to WPC. However, while TPU has a lower Young’s
modulus (more flexible), it is also more susceptible to elongation than
ABS (Gelhausen et al. 2018). The difference in performance
characteristics between the ABS and the TPU filaments results in a
noticeable difference in the responsive behaviour of the bilayer. Shape
deformation on ABS and WPC bilayer samples are fully reversible as
each sample returns fully to the original shape after a cycle of moisture
absorption and desorption (figure C1.3). In some instances, the TPU
and WPC samples appear to be affected by creep as the material does
not always returns to its original shape after the cycle. The latter is the
author’s speculation based on the phenomenological observation of the
behaviour, and more research into the material model of this interaction
using FEM could be an effective research question for further analysis.
Since the TPU model presented predictability challenges, a mechanical
fastening approach needed to be developed in order to create a suitable
ABS and WPC bilayer. The TPU approach required three (3) layers,
two (2) hygroscopic layers and one (1) TPU layer. The two (2)
hygroscopic layers consisted of a pattern formed by multiple print paths
(plastic beads) adjacent to each other in a parallel arrangement with the
TPU print path following a similar approach but at a perpendicular

angle from the hygroscopic layer (figure C1.4). For the ABS approach
a more complex multilayered approach was needed. The two
hygroscopic layers remained intact while the third layer was replaced.
To replace TPU with ABS, three key material performance
considerations and two 3DP technical assumptions were made: (1) The
Young’s modulus of ABS is higher than TPU (2600 vs 120-130 (N mm2

)) therefore, a similar layer thickness of ABS will exhibit a greater

bending resistance than an equivalent TPU layer (Gelhausen et al.
2018). (2) Material compatibility between ABS and WPC required a
material strategy that would provide mechanical fastening of the two
materials without increasing bending stiffness. (3) Increased surface to
volume ratio in the hygroscopic layer would increase water diffusion
rates in order to accelerate shape-change transformation. This increase
in the surface to volume ratio for the hygroscopic layer has been
documented to be effective in wood bilayers (Vailati et al. 2017, p. 7)
as it shortened the diffusion path of moisture. The hypothesis here was
that the resistive layer needed to extend continuously across the length
of the sample, but that perhaps, it did not need to continuously cover
the entire surface area transversally.
The two key 3DP technical assumptions were made based on the
author’s FFF 3DP experience and the general reference literature on the
subject (ASTM 2015; Dizon et al. 2018). (1) Materials used in FFF 3DP
are thermoplastics designed to facilitate layer to layer bonding through
fusion during the extrusion process. This is a general assumption
applied to all of the filaments used during the completion of this
dissertation research, independent of whether or not the materials used
were commercially available or custom developed. (2) A multi-material

printer can deposit two different materials within the same co-planar
layer by changing the extruder before moving to the next layer height.

Figure C1.6: “Weave” print path architecture using both ABS (white) and WPC (brown)
layers. The image shows a close-up of one of the flap structures from the 3DP aperture (a) and
a diagram of the layered structure (b). A detail diagram of the print sequence and the
interconnection between the WPC and the ABS filaments (c). Source: David Correa, modified
from Correa et al. (2015)| ICD, University of Stuttgart | 2015.

The “weave” material architecture is based on the previous
assumptions, where a multi-material print path pattern encompasses
two staggered grids. The grid patterns consisted of coplanar and

staggered longitudinal print path lines of both materials in one layer
followed by a similar, transversally staggered pattern in the subsequent
layer. The staggered grids created an interconnected weave pattern
ensuring that both materials had points of contact with themselves
across multiple layers, ABS to ABS and WPC to WPC layers (figure
C1.6). The weave pattern prevented delamination problems as it
addressed the material adhesion incompatibilities between polymers by
mechanically locking the ABS print paths in place. The two multimaterial layers, encompassing the weave functionally, formed the
resistive layer within the bilayer composite. The lengthwise ABS lines
provided the longitudinal constraint within the resistive layer while the
transversal ABS lines assisted in the mechanical fastening without
increasing the bending stiffness. The weave print path architecture was
effective at preventing delamination but it also appeared to increase
response time by increasing moisture diffusion on the WPC layer.
While the TPU formed a watertight coat on one side of the WPC layer,
the weave system substantially increased the exposed surface area of
the WPC material.

Differences in the material properties of the two materials forming the
bilayer (ABS and WPC) as well as a differentiated directional material
structure within each of the layers themselves define the material
instabilities that facilitate directed shape deformations. Dimensional
expansion within the responsive bilayer, oriented WPC raster pattern,
is used to generate stress within the material structure.
Having the same wood grain and similar cell structure (same tree)
ensures that the rates of moisture diffusion and hygroscopic expansion

among multiple samples is as consistent as possible. Similarly, a
consistent grain pattern ensures a uniform axis and radius of curvature
across multiple samples. For the FFF method, quality control
parameters do not rely on the organic variability of a “found” specimen
and therefore the FFF method ensures greater uniformity across
samples. The hygroscopic material consistency is therefore controlled
by the wood fibre to polymer ratio during filament production while the
“grain” pattern through the print path is controlled digitally during
design and fabrication. Additionally, to further ensure a consistent
hygroscopic expansion, each aperture or set of test samples is produced
from the same filament batch. Moisture content in the filament is
controlled and monitored during manufacturing, storage, and
fabrication.

This case study sought to test whether or not it was possible to
instrumentalize the hygroscopic expansion of wood fibres in the WPC
to create direction-dependent swelling suitable for 4DP applications
(Objective i). The goal was to test this potential by translating the
bilayer principle of a veneer and fibreglass composite into a 3DP
structure with multi-material architecture capable of single curvature
bending in response to moisture (Objective ii). Case Study 1 has
demonstrated that the aggregate impact of the FFF process
characteristics, like anisotropic orientation, fibre alignment, and
porosity can be instrumentalized to generate innovative performance
characteristics, such as stimulus- responsive shape-change in thin
bilayer sheets. Shear-induced alignment of wood fibres in the WPC
filament and lower bending stiffness perpendicular to the dominant

print path axis, resulting from the 3DP extrusion process, were used to
cumulatively facilitate the transfer of material stress into a directed
shape-change deformation. Bilayer strips were initially printed with a
combination of WPC and both TPU and ABS. The samples were
successful in achieving shape-change along a pre-determined direction.
Although previous 4DP applications have used fibres, they have only
been used to constrain swelling – not to drive it (B4.3). Achieving
controlled and programmable deformation in these bilayer strips
indicated that the hygroscopic swelling of wood fibres within a 3DP
filament was used, for the first time, to drive and direct the direction of
swelling for a shape-change mechanism – a novel 4DP method (see
D2.1 – Research Contribution i). Following the successful results of the
strip test, a more complex aperture mechanism, with multiple climateresponsive flap structures, was developed. The goal was to match the
kinematic model of the previously developed veneer composite
mechanism. Parameters corresponding to wood grain orientation,
differentiated hygroscopic expansion coefficient and interfacial
bonding between layers were translated into a designed material
structure fabricated via a single step 3DP process (see D2.1 – Research
Contribution (ii)). This contribution includes the development of a
multi-material weave-like bilayer architecture, and the characterization
of key material organization parameters, geometry, and additive
fabrication strategies.
This case study was critical in establishing that the precise material
deposition, via the CNC 4DP fabrication method, enables a functional,
integrated material architecture capable of augmenting microscopic
anisotropies (wood particle swelling and 3DP structural anisotropic
properties) into macroscopic material properties (climate-responsive

directional bending). The developed methods enable the manipulation
of wood’s hygroscopic behaviour through the 3D printing process to
form an oriented material structure capable of anisotropic swelling
behaviour within a bilayer material architecture.

The objective for this case study is to demonstrate that it is possible to
abstract and translate the veneer and fibreglass composite into a onestep 4DP mechanism (A3, Objective (ii)). Using the centre aperture
design from the original “HygroSkin Pavilion” project has meant that it
is possible to demonstrate a 3DP proof of concept capable of matching
the shape-change kinematics and functional, opening and closing
capacity of the veneer aperture system. However, this approach has
brought with it the design constraints inherent to the veneer system, in
which the veneer and the supporting structure needed to be developed
using two isolated fabrication processes. For the HygroSkin project, the
supporting structure for the veneer was initially 3D printed, painted, and
polished to generate a silicone mould. Subsequently, a total of 35 pieces
were vacuum cast using polyurethane resin (Correa et al. 2013). The
veneer, on the other end, was fabricated through lamination in a
climate-controlled chamber to be cut after curing using a plot cutter.
Fastening the veneer to the polyurethane structure was done with epoxy
glue. Beyond the positioning of the veneer, no further material
integration took place between the support structure and the responsive
flap mechanism. In other words, the original design had not been
optimized for 3D printing. One of the first challenges for the synthetic
aperture was to try to bridge that gap between the two elements. While
limited in scope by the geometry of the existing design, this approach
provided valuable insights about negotiating different material

structures with distinct functional regions, and the particular fabrication
constraints of the 3-axis FFF printer.

The spatial and functional organization of the material via 3D printing
lies at the core of the novel 4DP method (D2.1 – Research Contribution
i). The design, fabrication, and iterative testing of the 3DP samples were
critical milestones that allowed for a better understanding of the
interdependencies of the two polymers, their individual material
properties, and their behaviour during the 3DP fabrication process.
Subsequently, the “weave” architecture was developed as a key design
strategy to manage the interaction between ABS and WPC raster
patterns. This weave architecture was essential in transferring
hygroscopic expansion induced stress across the layers while limiting
delamination (figure C1.5).
One of the key characteristics of the FFF 3D printer is the need for
calibration of the gantry axis in relation to the 3DP bed. While some
printers automate this process through sensors, this initial step remains
essential for the fabrication. Any variation in the levelling, or in the
distance between the bed and the extruder during the first layer, results
in substantial thickness variations. While the extrusion rate, the speed
at which the filament is pushed through the extruder, is calibrated to the
displacement velocity of the extruder across the print bed, the extrusion
rate is also linked to the thickness of the layer. A layer with a height of
0.5 mm needs a higher extrusion rate than the same movement with a
layer height of only 0.2 mm. Based on the literature, thinner layers of
WPC were speculated to have more shear-induced alignment of the
wood fibres (Compton and Lewis 2014, p. 5932) (Gladman et al. 2016;

Murty and Modlen 1977; Pitt et al. 2017; Shofner et al. 2003; Tekinalp
et al. 2014). Based on this assumption, each flap mechanism was
designed to take full advantage of the fabrication characteristics of the
3-axis FFF system as well as the particular behaviour of the polymers
during the extrusion process itself. In this regard, the orientation of the
pieces in the print bed, with the responsive flap area directly on the print
bed, ensured a higher level of anisotropic behaviour on the responsive
layer and was an essential finding for the ongoing development of the
samples. Other particular characteristics of the fabrication process were
also integrated within the design. The larger support structure areas, for
instance, take advantage of the slicer “infill” and “edge” settings within
the slicer to reduce the amount of material on the inert regions, and to
reduce warping and overall fabrication time. The responsive flap region
requires a more complex G-code print path with slower print speeds and
a reduced layer height. However, this characteristic gave the responsive
region greater adhesion to the print bed, and therefore, doubled as a
“raft”. This particular function provided good grip for the support
structure edge and reduced the risk of warping, which ABS is highly
susceptible to (see figure C1.6).

Central to this case study is the translation from veneer composite to a
single-step 3D printing process (D2.1 – Research Contribution ii).
Therefore, it was critical to match the same single-curve, shape-change
behaviour. The 3DP aperture kinematic actuation in response to
moisture is both reversible and repeatable, but its response time is
significantly slower than that of the veneer composite. During a
hydration cycle, going from low to high humidity, the 3DP aperture
requires over 10 times more than the veneer composite aperture. This

big discrepancy is most evident when we compare the two: the 3DP part
requires over 240 minutes while fully submerged in water, while the
wood veneer only requires about 40 minutes to achieve the same
transformation in a high, relative humidity environment (90% RH) and
is not submerged. During a desorption cycle, the actuation of the 3DP
aperture is faster than during hydration but it is still significantly slower
than the veneer composite. The shape-transformation shown in figure
C1.2, from high humidity (top) to low humidity (bottom) required 40
minutes for the veneer composite and 340 minutes for the 3DP system.
It is speculated that the 3DP model lacks the vascular structure for
moisture dissipation that wood naturally has. Most importantly, for the
WPC model, the wood fibres responsible for the swelling of the
material are partially encapsulated in a non-hygroscopic polymer
matrix. The development of the weave print path architecture was
developed as a technical solution to prevent delamination. However, the
resulting porosity in the resistive layer provided additional benefits to
the stimulus-responsive mechanism (SRM) as it increased the amount
of exposed surface area of the hygroscopic layer. This increased surface
area results in increased access to moisture and the stimulus, and
correlates to a faster stimulus-driven shape-change response time. Case
Study 2 presents some material design strategies aimed at optimizing
moisture diffusion across the sample in order to reduce stimulus
response times during both hydration and desiccation cycles.

Background research into veneer composites and hygroscopic actuation
was conducted as part of the HygroSkin: Metorosensitive Pavilion
research project. The author would like to acknowledge both the student

team that made the project possible as well as the scientific research
team at ICD. The student team included Yordan Domuzov, Tobias
Finkh, Gergana Hadzhimladenova, Michael Herrick, Vanessa Mayer,
Henning Otte, Ivaylo Perianov, Sara Petrova, Philipp Siedler, Xenia
Tiefensee, Sascha Vallon, and Leyla Yunis. Responsible for the
scientific development, detail development, robotic fabrication and
assembly, were Professor Achim Menges (supervision), Oliver David
Krieg, Steffen Reichert, Nicola Burggraf, Zachary Christian, David
Correa, Katja Rinderspacher, Tobias Schwinn. Additional fabrication
support was given by Andreas Kulla and Edeltraud Walla (Faculty
Wood Workshop). Responsible for Project Development and Design
Development, Achim Menges, Steffen Reichert, and Boyan Mihaylov.
Funding for this project was provided by the Fonds régionaux d’art
contemporain (FRAC), Centre-Val de Loire, as well as the Robert
Bosch Stiftung, Cirp GmbH, Alfred Kiess GmbH, and Holzhandlung
Wider GmbH.
The author’s personal involvement in the “HygroSkin Pavilion” project
included detail design, planning and supervision of the fabrication,
assembly, and installation of the prototype.
For the 3DP aperture research, and as indicated in the introduction to
Case Study 3, a portion of this work and corresponding research
collaboration, were published under ”Bio-inspired 3D Printed
Programmable Material Systems”(Correa Zuluaga and Menges 2015)
and “3D printed wood: Programming Hygroscopic Material
Transformations” (Correa et al. 2015). The author would like to thank
Steffen Reichert research associate at the ICD, and Skylar Tibbits
director of the Self-Assembly Lab at MIT for discussions and research

support in the field of programmable materials. Student research
assistant support was provided by Belen Torres (scientific research
support, time-lapse documentation, and sample photography).
The author’s personal involvement in this case study includes concept
development, design, analysis, simulation, documentation, material
architecture design, custom G-Code development, and CNC 3DP
fabrication of all the samples presented in this document. Test samples
and insights presented in this case study are the author’s independent
research work unless indicated otherwise.

The 3DP aperture developed for Case Study 1 was proof of concept that
the material organization strategies from the weather responsive
fibreglass and wood veneer composite mechanism can be implemented
through a digital 3DP method using synthetic materials. The method
developed by the author was able to reproduce the same stimulus
responsive kinematic actuation as the veneer mechanism, but it was also
able to integrate additional functional properties, such as supporting
structure or assembly components. The 3DP aperture however, is only
one mechanism from a larger set of methods and experiments
previously carried out using stimulus responsive veneer composites by
the author and others (Reichert et al. 2015; Menges and Reichert 2015;
Holstov et al. 2017; Rüggeberg and Burgert 2015). Case study 2 covers
a set of experiments that validate known SRM methods. Most
importantly, it was the first set of mechanisms that also demonstrate
unique possibilities that have been made possible solely through this
new 3DP FFF approach – particularly in differentiated shape-change
response time, improved control of moisture diffusion, and precise
functional gradation within a single sample.

Case Study Two (C2) pursues Objectives i, ii and iii, as outlined in A3.
The Case Study seeks to further demonstrate the role that the novel
method, using wood fibres in the WPC, can play as the driver of
direction-dependent hygroscopic expansion (Objective i). In this case
study, this will be tested by addressing more complex shape-change
mechanisms similar to those previously developed with the wood
veneer system (Objective ii) – such as twist angles (test named here as

“twist bend”). However, this case study also aims to investigate new
material architectures that are only possible through the novel 4DP
method (Objective iii). This expanded capacity is demonstrated through
4D printed samples capable of locally bending within differentiated
functional regions (test named here as “orange peel”), and a functional
gradation across a sample or improved moisture dissipation (test named
here as “long strip and pores”). All of these samples and deformations
to be created within a single fabrication process.
This case study presents a snapshot of a phase of research development
and experimentation aimed at understanding the design space for this
4DP methodology. In particular, it investigates the rules, principles, and
structure of the material architecture and of the bilayer architecture to
articulate precise deformation changes or to optimize behaviours that
were initially developed in Case Study 1. As a result, this case study
does not present the findings of a single test or a specific project but
rather, it compiles a set of experiments, discusses the individual
methods applied and their corresponding findings, and lays a roadmap
for the subsequent case studies.

Presented as a set of investigations to gain understanding into the design
space of the 4DP methods, this case study does not have a specific oneto-one relation to any one given biological role model. The experiments
draw inspiration more broadly from a wider range of organisms and
previously developed bio-inspired abstractions found in the literature.
This includes single-axis, shape-changing bilayer structures based on
the pine scale (as stated in Case Study 1), twist bend models from chiral
seed pods (Aeschlimann et al. 2011; Erb et al. 2013), and the capillary

mechanism for water distribution found in plant structures (Bohr et al.
2011, p. 353).

The shape-change movement, for all the samples covered in this case
study, can be described as single-axis unidirectional bending. However,
Case Study 2 focuses on the development of the functional gradation
within a sample and the design of material architectures that enables it.
The precise tuning of a programmable material architecture is then
demonstrated through more complex geometric changes, unlike the
aperture’s homogeneous curvature changes in Case Study 1. The
increase in complexity included a rotation of the bending axis in relation
to the sample’s main longitudinal axis (twist bend), the change in
rotational axis on local regions along the vertical axis of the global
geometry (orange peel) and in local longitudinal segments of a sample
to modulate the radius of curvature (long strips and pores). The latter
(long strips and pores) expands on the capacity for functional gradation
through the local optimization of material porosity and the reduction of
bending stiffness along the longitudinal axis.

Similar to Case Study 1, 3DP bilayers were fabricated on the dual
extruder, three (3) axis gantry 3D Printer (MakerBot 2018) using
discreet raster patterns for both ABS and WPC filaments. Design of the
print paths and the multilayer architectures were executed with
Houdini. The translation of the parametric geometry to fabrication code
was done with the “MakerBot Desktop” slicer. (MakerBot 2017;
Lievendag 2014) The fabrication code was then exported using the

slicer’s binary X3G file format. The nozzle temperature was set to
220°C for ABS, 200°C for WPC and 230 for TPU. Displacement speeds
and extrusion rates were variable and automatically defined by the
slicer. All samples were printed on a flat heated print bed (60°C) using
a 0.4 mm brass nozzle and 0.2 mm layer height.
Laywood WPC, generic TPU and MakerBot ABS filaments were used
for most of the samples. Samples with green colouring were done using
an experimental bio-based PLA filament provided by the Institut für
Kunststofftechnik (IKT) at the University of Stuttgart. The IKT
provided no other information in regard to mechanical properties, or
chemical compositions or additives.
Moisture in the filament was removed prior to printing with the use of
a commercial food drier, which was set to 70°C for 24 hours. The
filament was then stored in a sealed container. A heated bed was used
to facilitate adhesion and reduce warping for the mono-material regions
that used ABS filament.
For the analysis of the kinematic motion, the opening and closing
mechanism was recorded using time-lapse photography with a Nikon
D7100 DSLR and a Sony A7S full format mirrorless camera. For the
hydration cycles, the aperture was fastened with clamps and submerged
in water. For the desorption cycles, the aperture was air dried under both
incandescent and fluorescent light sources. Both cycles were repeated
and recorded several times. Submersion, desorption and overall
mechanism shape change response time are indicated for each in the
following sections when available.

The samples in this case study can be categorized as either rectangles
or as petals. Both geometries have high aspect ratios so the rectangular
geometries will also be referred to here as “strips”. All of the samples
were fabricated with a single-step 3DP process. The result of which was
a bilayer material architecture that produced a single axis curvature
shape-change. The material architecture and global shape of each
sample were directly tailored to induce a specific stimulus-induced
shape deformation.
Twist bend: Four (4) samples (20 mm x 100 mm) were designed with
different WPC raster patterns, oriented at a 90, 75, 60 or 45-degree
angle, to validate the direction-dependent properties of WPC and TPU
raster patterns and the corresponding orientation variables (figure
C2.5.1). The aim of this test was to demonstrate the impact of the WPC
raster pattern orientation on the primary axis of curvature.

Figure C2.5.1: This test is referred to as “twist bend” and it includes four 3DP bilayer samples
(using TPU and WPC). Each sample is designed to achieve a different shape-change curling
angle, in relation to the main axis, through the variation of the raster pattern angle. Source:
David Correa, modified from Correa et al. (2015)|ICD, University of Stuttgart | 2015.

Orange peel: The aim of this test was to demonstrate the 3DP
methodology’s capacity to manipulate the axis of curvature for different
regions (petals) of a component within a single fabrication process. A
single flower with five (5) flattened petals was printed with each petal
having its primary axis of curvature-change oriented perpendicularly to
the centre of the star. All five (5) petals have the same shape but the
WPC raster pattern of each petal is individually defined in relation to
the petal’s primary longitudinal axis. The intention, as illustrated in
figure C2.5.2, is for each petal to bend along its primary longitudinal
axis at the same time as the other petals.

Figure C2.5.2: This test is referred to as “orange peel” and it is based on a modified geometric
outline of the “simple flower” by Gladman et al. (2016). The sample is 160 mm in diameter and
each petal-like geometry changes shape in line with the dominant longitudinal axis of the petal.
Source: David Correa | ICD, University of Stuttgart | 2014.

Long strip and pores: This investigation tested the 3DP methodology’s
ability to modulate the material’s porosity and structural stiffness.
These modulations were achieved through the manipulation of the
material’s architecture at the mesoscale. One morphological and one
functional feature were developed for this purpose. The macroscale
morphological feature was a change in material thickness; the second
functional feature was the integration of a multilayer design in the raster
pattern that could form channel-like gaps across multiple layers to form
microchannels.
The design implications of the first feature were explored through a
sample (20 mm x 200 mm) with six (6) longitudinal segments of
different thicknesses – Sample A. The sample structure was formed by
a WPC and ABS bilayer “weave” architecture with continuous ABS
constraints along the longitudinal and transversal axis (layer 1 and 2)
followed by the WPC raster layers, which produced the changes in
thickness. The sample thickness varied from 0.8 mm, corresponding to
two (2) WPC layers plus two (2) layers forming the weave architecture,
and up to 1.8 mm (seven (7) WPC layers) in the thickest segment (see
figure C2.5.3). All WPC raster patterns were identical in terms of
pattern, orientation, and spacing.

Figure C2.5.3: This test is referred to as “long strips and pores”. Three samples are presented:
sample A changes in thickness from 0.8 mm (4 layers) to 1.8 mm (9 layers), sample B and C
changes in thickness from 1.4 mm (7 layers) to 5.4 mm (27 layers). Sample A and B use the
same raster pattern architecture while sample C uses a lattice structure that creates small
oriented channels. Source: David Correa | ICD, University of Stuttgart | 2015.

The design implications of the second feature were explored by printing
the same sample (20 mm x 200 mm) with the same bilayer weave
architecture, but with a different WPC pattern that could be functionally
optimized – Sample C. These samples ranged in thickness from 1.4 mm
to 5.4 mm, with the number of layers ranging from 7 and up to 27. This
functional optimization aims to increase the surface to volume ratio and
shorten the length of the diffusion path. This is a geometric strategy that
has been successfully applied in wood bilayer through subtractive
methods (Vailati et al. 2017, p. 7). In the 3DP architecture, this strategy
was aimed at reducing the bending stiffness of the WPC sample while
increasing the ability for the sample to exchange moisture. To achieve
this, the WPC layers formed a lattice structure (2D lattice in section)

over multiple layers by a selective discontinuous raster pattern as
presented in figure C2.5.4. The resulting material had pore-like cavities
with different aperture sizes. These aperture sizes were dependent on
the design of the raster pattern itself and the corresponding number of
stacked layers forming each thickness segment. Sample B was printed
with the same number of layers as Sample C but without the pore-like
lattice architecture.

Figure C2.5.4: (a) Photography of printed samples; (b) lattice structure pattern diagrams. Layer
height was 0.2 mm, nozzle 0.4 mm and layer to layer spacing 0.35 mm. All lattices used ABS
and WPC weave architecture in the two base layers except for (i) which used a single layer of
TPU. Source: David Correa| ICD, University of Stuttgart | 2015.

Twist bend: Four (4) samples (20mm x 100 mm) were printed with an
oriented raster layer of WPC material at a 90, 75, 60 or 45-degree angle
from the main longitudinal axis, and a constraint layer of non-

hygroscopic TPU. The constraint TPU raster pattern is oriented in
parallel (0 degrees) from the longitudinal axis of the sample. This
configuration was used to test the relationship between the WPC raster
pattern angle, as an isolated parameter, and the global shape
deformation of the strips – the twist bending. Consistent with results
found in the literature, each sample had a significant difference in the
twist angle that correlated to the WPC raster angle (figure C2.5.1)
Orange peel: A flower-like geometry was chosen for this test as it
allowed for a radial distribution of petal appendages, while having a
minimal contact point between them. There are precedents in the
literature that use a similar geometry, such as, the “simple flower”
sample in “Biomimetic 4D printing” by Jennifer Lewis in Gladman et
al. (2016). Gladman et al. demonstrate 4D printed methods for shapemorphing systems using hydrogel architectures. This project was used
to test and demonstrate the capacity of the presented WPC method to
match their findings. The sample was printed at the largest scale
possible (160 mm diameter), as allowed by the MakerBot print bed
dimensions, to give each petal as much longitudinal length as possible.
Correspondingly, each bilayer weave and WPC pattern was oriented
perpendicular to the main axis of the petal. The samples were printed
using transparent ABS and WPC filament. These samples demonstrated
the ability to manipulate the material architecture locally in
differentiated segments, as well as the consistency in stimulus response
across each petal. Each petal achieved an identical curvature change in
the desired axis simultaneously. Similar to the other samples, while the
flower-like geometry was flat after printing, it underwent positive
curvature change after moisture intake (submersion). The positive

curvature change was followed by negative curvature change after
desiccation (figure C2.5.2).
Long strip and pores: Two sets of samples were printed to compare the
impact of macroscale porosity on the synthetic material’s response time
and curvature change. As presented in chapter B3.2, 3DP materials
produced via FFF have anisotropic porosity that results from air gaps.
However, this test investigates intentionally designed cavities at the
meso- and macroscale of the 3DP structure.
Sample A increases the thickness of the hygroscopic WPC material by
subsequently adding additional layers to each segment. In total,
segment one (1) (top) has a total of 4 layers, while segment six (6)
(bottom) has a total of 9 layers. Similar to the wood composite model,
the difference in thickness results in a decrease in response time that is
inversely proportional to the thickness of the material. The increased
material thickness and resulting bending stiffness also results in a
differentiated bending radius for each segment. The thinner segments,
at the top, present a high curvature change while the thicker segment,
at the bottom, presents no observable curvature change in either
submersion or desiccation cycles.
Sample B is also divided into 6 sections, but each section has many
more horizontal layers than Sample A (4–9 layers in Sample A against
7–27 layers in Sample B), which results in a much thicker cross-section.
The material architecture of Sample B keeps the same print path and
orientation across the section longitudinally but the print path is not
uniform as it is in Sample A.
Sample C is also divided into 6 sections and it has the same number of
layers as Sample B (7–27 layers). However, Sample C was printed with

a lattice structure forming small oriented channels (approx. 1 mm in
width by 1 mm in height) aimed at mimicking the natural porosity of
wood. Figure C2.5.3 and C2.5.4 (diagram of 3D printing print path in
section) illustrates the staggering of each layer’s path to form a lattice
pattern of transversal microchannels.

Figure C2.6: Two samples from the “long strips and pores” showing difference in shapechange transformation between optimized lattice structure (right) and the thinner but denser
raster structure (left). The two samples are the same for figure C2.3, sample A (left) and sample
C (right). Source: David Correa | ICD, University of Stuttgart | 2015.

The hypothesis for this test is that the changes in porosity will result in
a shortened response time to stimulus. This shorter response time is due
to an optimized moisture exchange and a reduced bending stiffness of
the sample. The effect of porosity in the mechanical behaviour of the
samples was first noticed in Sample B. The thickness of the sample,
limited porosity, and reduced moisture absorption resulted in a lack of
curvature change after 8 hours of submersion in water. Comparatively,
Sample A and Sample C showed a significant shape-change
transformation (figure C2.5.3). A side-by-side comparison of timelapse images of both samples under the desiccation cycle further

validates this hypothesis, as shown in figure C2.6. Despite the
considerable difference in thickness, Sample C has a faster response
time and a larger bending deformation along its longitudinal axis than
Sample A. The 3DP microchannel method appears to be effective at
both increasing moisture distribution transversally across the sample,
and reducing the overall bending stiffness of the piece. Beyond this test,
several other lattice architectures were printed with varied pore sizes
(channel openings) (figure C2.5.4). All the samples demonstrated a
faster stimulus-response time when compared to a solid raster pattern,
but further research and testing would be needed to understand the
mechanical behaviour of each lattice.

Unidirectional shrinkage of one layer in a bilayer laminar structure
induces bending along the same axis of the dominant dimensional
change. This axial bending accommodates the difference in length
between the two layers. This bending is also the basis for Timoshenko’s
analysis of bimetals and the foundational principle behind wood bilayer
and veneer composite systems. Within the 4D printed methods, this is
also the primary principle behind the flap mechanism in Case Study 1
and both the “orange peel” and the “long strips and pores” tests in Case
Study 2.
The twist bend samples engage an additional dimension of mechanical
complexity. If the bilayer structure is composed of two layers that have
unidirectional shrinkage, that is, perpendicular to each other, a different
behaviour occurs. Simplified here as “twisting”, the mechanical
behaviour of this system has been described as “incompatible
elasticity” (Wang 1967). Aeschlimann et al. 2011 investigated the role

that his mechanical behaviour had in the helical shape-change of the
Bauhinia variegate seed pods. The result of incompatible expansion in
the two layers is a “residually stressed body” (Aeschlimann et al. 2011,
p. 1727), which is morphologically expressed in the twist bend
geometry presented by the samples.

This case study’s goals were to test direction-dependent strategies of
material organization that are unique to the novel 4DP method
(Objective i), to apply said strategies by addressing more complex
shape-change mechanisms that have been previously developed with
the wood veneer system (Objective ii), and to investigate new material
architectures that are only possible through the novel 4DP method
(Objective iii).
This case study was able to achieve these objectives by demonstrating
a 4DP design methodology that can create functional regions of
oriented hygroscopic structures at multiple hierarchical levels with a
single fabrication process. It also introduces the possibility of
conceptualizing the structural fabrication process as a true material
design process. This conceptual contribution is uniquely demonstrated
here through tailored shape deformations (twisting, axis of rotation) at
the macroscale, the optimization of moisture absorption and desorption,
and a reduced bending resistance at the mesoscale.

For Case Study 1, it was possible to consider the design of the material
as a complex lamination that forms a bilayer. If the potential for
customization isn’t considered, it is easy to question the value that the

3DP process could add to the mechanism; it would have been equally
possible to laminate the two polymers through other, more
standardized, methods in order to form a similarly responsive bilayer.
An example of this lamination approach is found in the research of Sung
(2011) who worked with industrially fabricated bimetals or Le Duigou
and Castro (2015) with “hot press”, flax-reinforced polypropylene
bilayer actuators. Pezzulla et al. (2015b) also generated shape-changing
deformation in thin “growing” bilayers with residual swelling. It is
conceivable that the shape-changing bilayers created by Pezzulla, Le
Duigo or Sung could be applied to the HygroSkin aperture design, and
achieve a similar result. In the case of the bimetal system, the shape
change will also be reversible and highly repeatable. With that in mind,
it is critical to highlight that the mechanisms presented in Case Study 2
could not be implemented in a single fabrication process, or even
implemented at all with either a metal bilayer or a thin growing bilayer.
That is, without substantially changing the methods presented in the
corresponding publications. In the case of the bimetal, mechanical
fastening would be needed in order to attach any type of additional
structural support or component. Compared to Case Study 2, the
rotation of the bending axis within a single piece (“orange peel”) is only
possible in the bilayer model through the mechanical attachment of
multiple components. The development of local microchannels will
require the development of an entirely new bimetal fabrication process
at the industrial level. Similarly, the spin-coating method for fabrication
used by Pezzulla et al. does not allow for the development of
microchannels and would require a similar multi-component assembly
approach to replicate the “orange-peel” mechanism. This comparative
analysis positions the contribution of the presented 3DP method in

relation to other SRM systems, but it also highlights the unique
contributions of the 3DP approach. Parameters corresponding to
anisotropic mechanical properties, differentiated expansion and
interfacial bonding between layers were translated into a designed
material structure fabricated via a single-step 3DP process (D2.1 –
Research Contribution ii). The precise deposition of two different
polymers enables the design of material with a functional grading at
different hierarchical levels.

Case Study 2 provides further examples that demonstrate that the
control of the direction of swelling, via the 3DP process, can be used to
change the direction of bending – on axis bending “twist bend”, or
across multiple regions of a single component “orange peel”. Case
Study 2 also demonstrates that the speed of actuation can be
manipulated by increasing the surface to volume ratio, and by
shortening the length of the diffusion path. This change was
implemented by creating pore-like cavities on the axis with the primary
direction of extrusion – a unique capability made possible by the novel
3DP method (D2.1 – Research Contribution i). In summary, while Case
Study 1 is concerned with the development of a bilayer architecture,
Case Study 2 is concerned with expanding the potential design space of
the bilayer architecture by fine-tuning the parameters that enable
different shape-changing behaviours. In both cases, the 4DP methods
were tested against other established veneer composite methods, as
presented in the literature. Both studies looked at the pine scale
biomimetic model as a functional principle and to wood as a found
material (not an engineered material) with suitable anisotropic swelling
characteristics. However, the porous structure of the functionally

graded strips indicated a unique approach to material design that
significantly differentiates the veneer composite (or wood bilayer)
methods, as well as the 4DP wood composite polymer methods
presented in Case Study 1 (D2.1 – Research Contribution iii). In the
case of the macroscale pores, wood is closely examined as a biological
role model at the mesoscale, for its material architecture as both
structural and vascular tissue.
Wood is a highly specialized tissue that provides structural support,
stores nutrients, and transports water and minerals throughout the plant
(Dinwoodie 2000b). Sometimes described as a honeycomb (Dunlop
and Fratzl 2013, p. 8), the porous structure of the material facilitates
water absorption through capillary action (Dinwoodie 2000a). The cell
cavities, cell shape and overall anisotropic structure of the wood enable
this capillary action. In the case of the polymer composite, no such
capillary system exists. The wood fibres have been shredded and
misaligned in isolation within a polymer matrix, which results in
limited hygroscopic capacity. Although the 3DP material is generally
porous, due to air gaps between beads (see Chapter B3.2), this
absorption behaviour is completely unintended. For most commercial
plastics, moisture intake is considered a problem (Anton Månsson
2017; Siti Nur Amalina Mohd Halidi 2012; Kim et al. 2016). The porelike cavities designed here are inspired by the longitudinal cell cavities
found in wood, which are useful to overcome the inherent moisture
diffusion limitations of the polymer. The 4DP method to create the
pores expands the inherent directional porosity of the 3DP material (the
microscale air gaps) by parametrically increasing the spacing between
print paths. These gaps are designed in the raster pattern across multiple
layers. The raster pattern is designed as a mesoscale lattice structure

that forms pore like cavities that are perpendicular to the primary axis
of swelling.

Small changes made to the structure of a material can lead to big
changes in the overall material behaviour. This principle has been well
studied in the structures of many organic tissues (Jeronimidis 2000a). It
has also become a source of scientific interest in the case of 3D printing
(Dizon et al. 2018; Cole et al. 2016). These kinds of small changes can
be used to achieve functional properties at different hierarchies to
augment the anisotropic properties of a material. As demonstrated by
the orange peel mechanism, the differentiated change of orientation in
the raster pattern, within the X and Y plane, is the key variable to
achieve the blooming-like movement of the mechanism. Moving from
the XY plane to the YZ or XZ planes, the ‘pore’ mechanism
demonstrates a multilevel material arrangement that is successful at
improving the moisture diffusion in the mechanism. At the smaller
length scale, air gaps between each print path give the 3DP material a
porous characteristic. At the second level, each layer has defined
channels, which can be seen in section. These channels facilitate
moisture diffusion and reduce bending stiffness. At the top of the
hierarchy, the stepped layering of the structure was used to program the
curvature radius of the shape-change transformation. This hierarchical
manipulation of the material is key in demonstrating the unique
characteristics of this novel 3DP method, harnesses directional
hygroscopic expansion of wood fibres, embedded in a polymer, to drive
shape-change actuations (D2.1 - Research Contribution i).

Portions of this work relate to the twisting strip prototypes found in
“3D-Printed

Wood:

Programming

Hygroscopic

Material

Transformations” (Correa et al. 2015). These prototypes were partially
made as a research collaboration between the Institute of
Computational Design (ICD) at the University of Stuttgart and the SelfAssembly Lab at the Massachusetts Institute of Technology (MIT).
Funding for this project was provided in part by the MIT Department
of Architecture, the MIT International Design Center, and the MIT
Faculty HASS Award. At the ICD, funding for the development of
“Bio-inspired 3D Printed Programmable Material Systems” (3D printed
Hygroscopic Programmable Material Systems

| Institute for

Computational Design and Construction) was provided by the Getty
Foundation. For the research work at ICD, the author would like to
thank Thomas Speck, Simon Poppinga, and Lauren Vasey for their
research support, insights and help. The author also thanks Erik
Demain, Christopher Landrum Martin, and Filipe Campos for their
contribution to the research conducted at MIT.
Material samples of custom Bio-based PLA filament (green filament)
was provided for 3DP workability testing by the Institut für
Kunststofftechnik at the University of Stuttgart. The author’s personal
involvement

includes

concept

development,

design,

analysis,

simulation, documentation, material architecture design, custom GCode development and CNC 3DP fabrication of all the samples
presented in this document. Test samples and findings presented in this
case study are the results of the author’s independent research unless
indicated otherwise.

This Case Study investigates the implementation of a bio-inspired
hygroscopic scale based on the abstracted model of the Bhutan pine
(Pinus wallichiana) cone scale. The pine cone scale is a widelyreferenced model for bilayer actuation, as well as a widely studied
biological mechanism (see Case Study 3.2). While the complexity of
the pine cone scale has inspired extensive research, the ability to
reproduce an autonomous shape-changing actuator that can match its
biaxial two-phase hygroscopic deformation had not been developed.
Case study 3 demonstrates the ability of the 3DP design-to-fabrication
methodology to address a specific functional model with a high level of
complexity, such as the one found on the Bhutan pinecone scale. This
case study presented both the findings, methods and challenges that led
to the successful reproduction of the model, as well as the failures that
informed the research process.

Case Study Three (C3) pursues Objectives i, and iii, as outlined in A3.
The case study seeks to further demonstrate the role that the novel
method, using wood fibres in the WPC, can have as the drivers of
direction-dependent hygroscopic expansion (Objective i). In this case
study, this will be tested by addressing multi-phase and biaxial shapechange deformation that are only possible through the novel 4DP
method. This represents the further development of a known kinematic
model, now implemented via the 4DP method (Objective iii). This
investigation builds on the technical expertise developed in C1 and C2.
Case Study 3 seeks to investigate the capacity of the presented methods
and conceptual approach to use FFF to analyse the two-phase kinematic

model of the pine cone scale, through material models. Case Study 3
also investigates the capacity of the design-to-fabrication methodology
to mimic the stimulus-responsive shape-change actuation of a
biological role model.
Kinematic actuation is enabled through the integration of FFF 4D
printing techniques, previously developed in Case Study 1 and Case
Study 2. This integration allows for the precise deposition of
hygroscopic and non-hygroscopic material and the subsequent
development of additional material manipulation strategies. These
additional strategies are based on the detail analysis of the pine scale
material structure, morphology and kinematic actuation. Of particular
interest here, is the introduction of variable functional regions, as well
as specialized anatomical features that achieve specific performance
requirements.

Plants have evolved an extensive range of mechanisms to achieve
movement (Chapter B2.3). Actuation and their corresponding stimulus
response systems have been widely studied in biomimetic research
(Chapter B2). Of particular interest for this case study are their
compliant mechanisms, which offer promising models for architectural
applications (Poppinga et al. 2016; Schleicher 2015). The bio-inspired
models must be adapted to suitable fabrication technologies.
Implementing stimulus- responsive plant motile models through 3DP
into 4D mechanisms is of growing interest (Gladman et al. 2016; Ding
et al. 2017; Poppinga et al. 2018) but, thus far, their implementation has
been limited. Analysing biological mechanisms, through 3DP material
models not only provides a source of inspiration for the designer but it

also forces a much closer investigation of the principles themselves.
Since each abstraction acts as a material and functional model of the
biological mechanism itself, Case Study 3 aimed at gaining a deeper
understanding of the Bhutan pine cone through the transfer of its
physiological

structure

and

nastic

actuation

principles.

This

investigation focuses solely on the abstraction and implementation of
the bio-inspired model to create an artificial 4D pine scale, to match the
kinematic model as a functional principle, and was therefore not
concerned with the optimization of the actuation response time, or
kinematic model thereafter.
The first case study (Case Study 1) outlined the process of abstracting
the actuation mechanism of the pine scale, and then using this
abstraction to produce a shape-changing bilayer. The functional
principle of this bilayer shape-change has been previously explained by
Timoshenko’s (1925) bimetal beams (Pezzulla et al. 2015a; Turcaud
2015; Burgert et al. 2016; Rüggeberg and Burgert 2015). It has been
used as a model for several shape-changing publications addressing
bilayer structures, including bio-inspired actuator models (Martone et
al. 2010; Reyssat and Mahadevan 2009), ceramic bilayer actuators (van
Opdenbosch et al. 2016), biomimetic 4DP hydrogels (Gladman et al.
2016; Erb et al. 2013), residual swelling in elastomers (Pezzulla et al.
2015a), as well as wood and veneer hygromorphs (Rüggeberg and
Burgert 2015; Reichert et al. 2015; Le Duigou et al. 2016; Wood et al.
2016; Holstov et al. 2015a; Correa et al. 2015). The simplicity and
mechanical predictability of the bilayer model makes the pine scale a
great example of bio-inspired kinematics in the field of shape-changing
materials. However, the bilayer model oversimplifies the complexity of
the pine scale’s biomechanics. A closer analysis of the kinematics that

occur in several pine scale species indicates that there is much more
structural and geometric complexity than the bilayer model’s
unidirectional bending can account for (Simon Poppinga 2015). The
pine scale’s actuation mechanism must protect the seed until the
optimal environmental conditions for deployment are met. These
conditions can vary greatly among pine species (Richardson 1998).
Mechanisms with a single curvature may not provide the necessary
protection needed to secure the seed. Case Study 3 looked to the Bhutan
pine scale and its sequential two-phase actuation as a model for
complex geometric articulation. This pine scale relies on the complex
interaction between morphology and internal structural anatomy to
develop a reliable seed release mechanism (Habrouk et al. 1999).
Therefore, the abstracted model considers morphology, shapedeformation, internal material composition and overall anatomy.

Figure C3.2: Bhutan pin (Pinus wallichiana) seed cone scale undergoing a two-step, shapechange transformation from wet (t=0) to dry (t=60). The transformation is marked by an initial
transversal curvature change (between t=0 min and t=15 min) followed by a longitudinal
curvature change (between t=15 min and t=60 min). Source: modified from Correa et al. (2020)
| ICD, University of Stuttgart in collaboration with the Plant Biomechanics Group, University
of Freiburg.

Deriving a single bilayer system from the abstraction of pine scale, as
per Dawson et al. (1997), is useful as a visual reference to the stressinduced deformation that can occur when two layers expand at different
rates. However, the single bilayer model does not accurately reflect the
complexity of the shape-change that occurs in the pine scale, nor does
it reflect the highly specialized material architecture that enables it.
Research by Dawson et al. 1997, Reyssat and Mahadevan 2009, and
more recently, by Simon Poppinga 2015 indicates that the pine cone
actuation of some species, like the cone scale of the Bhutan pine (Pinus
wallichiana), takes place through a complex two-phase, biaxial,
actuation involving both the longitudinal and tangential axis of the scale
(figure C3.2). The pine scale material structure presents localized
regions of highly swellable sclereid cells, regions with high
hygroscopic expansion, as well as sclerenchymatous strands, regions
with high lignin content and therefore low hygroscopic expansion
(figure C3.3). These two types of tissues form different functional
regions and localized anatomical features along the scale. This
functional variation ranges from areas of high hygroscopic expansion,
in the basal region, low hygroscopic expansion, on the apical region,
and complex bilayer structures along the mid-section of the scale (Quan
et al. 2021). Together, these variable layers of tissue dictate an upward
scale bending movement upon hydration, and a downward scale
bending movement upon desiccation (Shaw 1914; Harlow et al. 1964;
Dawson et al. 1997).

Figure C3.3: Opening and closing of a pine cone in response to wet (a) and dry (b)
environmental humidity conditions. Sectional cut of cone in dry condition (c). Tissue
differentiation in the cone scale including sclereid layers, sclerenchymatous strands and “brown
tissue” (d) – (l). Source: modified from Correa et al. (2020) | ICD, University of Stuttgart in
collaboration with Plant Biomechanics Group, University of Freiburg.

The two phases encompassing the shape-change of the Bhutan pine
scale can be described as follows. Under high RH conditions, the
longitudinal axis of the scale is seemingly straight. It shows almost no
curvature, while the transversal axis presents significant upwards
curvature. With a shift to a low RH environment, there is an initial
decrease in the upwards curvature along the transversal axis leading to
a flattening of the scale. This is referred to here as the “first phase” of
the actuation. Only after this initial phase, a second bending

deformation occurs along the longitudinal axis. This “second phase” of
the actuation presents a downwards curvature change along the
longitudinal axis, with no meaningful curvature change along the
tangential axis. While the shape-change deformation is highly complex,
the reliance on a bilayer material structure strategy enables the pine
scale to have an extremely functional resiliency over a span of millions
of years (Poppinga et al. 2017). Figure C3.7.2 provides a visual
comparison, through a time-lapse image registration, of both the
artificial 4D printed scale (a) and the Bhutan pine scale (b) as they
undergo the two-phase shape-change.

Similar to Case Study 1 and Case Study 2, the 3DP bilayers in Case
Study 3 were fabricated using a dual extruder, three (3) axis gantry 3D
Printer (MakerBot 2018), which produced discrete raster patterns using
both ABS and WPC filaments. The design of the print paths and the
multilayer mesoscale structures were executed within the Houdini CAD
platform. The translation of digital geometry to fabrication code was
done with the proprietary MakerBot Desktop slicer (MakerBot 2017;
Lievendag 2014). Nozzle temperature was set to 220°C for ABS, 200°C
for WPC and 230°C for TPU filament. The axis displacement speeds
and extrusion rates were variable and automatically controlled by the
proprietary MakerBot slicer. All samples were printed on a flat heated
print bed (60° C) using a 0.4 mm brass nozzle. A heated print bed and
a heated chamber enclosure were used to facilitate adhesion and reduce
warping for the ABS regions. All specimens were printed flat. They are
laminar structures, and did not have any surface curvature after printing.
Prior to testing, all specimens were stored at room temperature under

average

indoor

humidity

conditions

(at

~20°C,

RH~20%).

Commercially available Laywood WPC, generic TPU, and MakerBot
ABS filament were used in all of the 3DP pine scale samples. Moisture
in

the

filament

was

controlled

prior

to

printing

through

dehumidification in a commercial food drier at ~70° C for 24 hours.
Filament was stored in a sealed container prior to use.
Time-lapse image registration and detail photographs were recorded
with a multi-camera setup using both a Nikon D7100 DSLR and a Sony
A7S full format mirrorless camera. Time-lapse images were taken using
28 mm, 35 mm and 50 mm lenses. Time intervals were set with a range
between 45 and 60 seconds. The models were continuously illuminated
using metal halide and LED lamps.
Simon Poppinga and colleagues at the University of Freiburg Plants
Bio-mechanics group documented the desiccation-induced motion (at
~20° C, RH ~50%) of the Bhutan pine cone scale (P. wallichiana)
(figure C3.2). This documentation was conducted using two USB
microscopes simultaneously (lateral and frontal view) (Conrad;
Hirschau, Germany). Both Bhutan pine scales and the 3DP samples
were subjected to several hydration and desiccation cycles. The
hydration cycles were achieved by submerging the samples in a tank.
The desiccation cycles were achieved by air drying the samples at an
ambient temperature. Both cycles were documented. Submersion,
desorption, and the overall shape-change response times are indicated
for each in the following sections when available. At times the samples
were maintained for extended periods of time, overnight or weekend,
in either the air-drying chamber or the submersion tank.

Dissection of the Bhutan pine scale provided a better understanding of
the heterogeneous composition of the scale’s structure. Specifically,
dissection of the scale showed specialized anatomical components in
both the scale tissue itself, and the scale bilayers as well. These
anatomical components included longitudinal sclerenchymatous string
“cables”, which were composed of highly lignified cells, as well as rigid
regions at the apical area. The apical region is thicker and appears to
have more rigid and lignified tissue than the basal and mid-section of
the scale, while the boundary edge of the scale is thinner (figure C3.3).
Its tissue composition is unclear. Further observations through timelapse photography also brought attention to the peripheral edge of the
scale as a tension-inducing boundary condition. The peripheral edge
appears to have a role in the shape deformation by transferring stress
across different functional regions, but it was difficult to develop a
suitable test, with the Pinus wallichiana samples, to verify this
behaviour. Visual inspection of these features, via dissection, in the
scale was also difficult given the limited material thickness.
To further understand the role of these anatomical and material
structures, several 3DP samples were developed to isolate individual
parameters while some key features were identified. These features
included the orientation and functional gradation of the raster pattern,
the bilayer weave architecture, and the relation between the longitudinal
axis and the angle in which the constraints are oriented. The boundary
edge constraint condition was also tested.
The raster pattern formed the structure of the WPC material as a layered
oriented structure composed of print paths. The angle in which this
pattern is aligned dictates the primary axis of hygroscopic swelling

within that layer. It was speculated that the biaxial movement of the
scale would require a more complex pattern with multiple raster
orientations, variable layers or dedicated functional regions. This is in
contrast to the single axis orientation of the raster patterns needed when
the curvature change has a single axis of deformation (Case Study 1 to
Case Study 2). Three key categories of raster patterns were tested.
Localized discrete areas with longitudinal and transversal raster pattern
orientation (figure C3.6.1), uniform raster patterns across the entire
sample (sample sets 2–4 – figure C3.6.2) and samples with reflected
symmetry across the midplane (samples 5–8 – Figure C3.6.3). In the
Bhutan cone scale, the sclerenchymatous ‘cables’ extend from the
apical region of the scale to the apical periphery (Simon Poppinga
2015). This pseudo-radial distribution was implemented through a
rotational translation of the bilayer lattice. The lattice was then
symmetrically reflected across the midplane. As indicated in the
figures, samples were developed to test various rotational angles. This
approach relied on both a differentiated material bilayer structure, and
a global functional strategy. The integrated print path structure,
reflected symmetry, and boundary features ensured appropriate transfer
of stress across the entire sample.
Anatomic feature variables, such as a continuous or a partial boundary
constraint of non-hygroscopic material were also tested. Samples with
a continuous boundary had an unremitting double print path of the
constraint material deposited along the contour of the sample. Samples
with a partial boundary constraint had a discontinuous edge at the apical
and basal area. To isolate the role of each pattern, control samples were
printed for each feature individually, as illustrated in the results section.

The general shape and size of the scale were the first parameters to be
defined. A top view photo of the Bhutan pine cone scale was traced
(2D) and used to create an outline of the artificial scale. This outline
was selected as an abstracted representation of the cone scale’s
geometry and geometric aspect ratio. The size of the outline was then
scaled up to account for the 3D printer’s fabrication constraints (print
resolution and print bed boundaries). This resulted in a set of standard
protocol parameters for all test prints, including the nominal dimensions
of 45mm in width x 100 mm in length and approx. 1mm in height of
the test print sample. The total height was achieved using 4 layers at
0.25 mm vertical layer height.
To validate the feasibility of the 3DP method to achieve biaxial
curvature, an initial functional model was printed with discreet bilayer
regions (independent from each other). This separation was important
to validate the application of findings from Case Study 1 and Case
Study 2, and more importantly, to also validate the two-phase change
in curvature from flat to double curvature. In other words, it was
important to test whether or not having multiple independent bending
areas working in isolation was sufficient to match the two-phase, shapechange of the pine scale. This is a control test, as it was hypothesized
that there was a more complex interaction at play. An interaction
between the macroscale geometry, the boundary and the internal
anatomical structure. This initial functional model was prepared using
a single layer (0.25 mm thick) of thermoplastic polyurethane (TPU)
with a longitudinally-oriented raster pattern, following the primary axis
of curvature, followed by a single layer of WPC applied on specific
regions along the longitudinal and transverse regions of the scale (figure

C3.6.1). Each WPC raster pattern was deposited perpendicular to the
desired axis of bending (transversal or longitudinal).
TPU was used in this initial test as it bonds very well to WPC during
printing. The TPU layer is flexible. In this test, it is non-responsive to
hygroscopic expansion, and while the layer physically connects the two
WPC regions, it is speculated that a negligible amount of stress is
transferred from one region to the other.

Figure C3.6.1: (a) 3DP functional models with differentiated regions under wet conditions. (b)
& (c) Diagram of direction-dependent TPU raster pattern acting as constraint and directiondependent localized regions of WPC. Source: David Correa, modified from Correa et al. (2020)
| ICD, University of Stuttgart in collaboration with the Plant Biomechanics Group, University
of Freiburg.

As was anticipated, the samples were able to achieve the programmed
curvature deformations in both axes (figure C3.6.1, sample A and
sample D), and the overall transformation occurred as a continuous
single-phase movement.
The next step was to create a material model that could better address
the highly interdependent structure of the Bhutan cone scale through an
abstract model suitable for 3D printing. To achieve this, an interlayer
overlap strategy was developed that built upon the findings from the
bilayer weave architecture of Case Study 1. The weave architecture
presented a closer approximation to the natural scale, where the
sclerenchymatous-like ‘cables’ (ABS) are layered in-between swellable
sclereid layers (WPC). This weave was expected to integrate different
regions, while also reducing delamination by mechanically bonding the
different layers.
Boundary conditions observed in the biological model, which affect the
sclerenchymatous strings at both the apical and basal region, can be
incorporated with a 3D printed ABS boundary (with either a continuous
edge or distinct segments).
Samples with WPC raster patterns oriented at 0, 10 and 80 degrees from
the longitudinal axis were printed to test the interrelation between the
non-hygroscopic constraint cables and the swellable WPC regions.
Four (4) sets of four (4) samples were printed (24 total). For each set,
one sample was printed with cables along the longitudinal axis, a
second sample was printed with cables only along the transversal axis
and a third sample included both longitudinal and transversal cables
(each in a separate layer). The fourth sample was printed as a control.
Therefore, it did not contain any longitudinal or transversal cables.

Following the bio-inspired role model, some samples were printed with
a continuous or a partial non-hygroscopic ABS boundary.
Hygroscopic shape-change actuation was achieved in all the samples.
However, each sample presented a different type of deformation:
(Set 2-4) (figure C3.6.2) Samples with oriented raster patterns at 0
degrees from the scale’s longitudinal axis had moderate (low bending,
high

radius

of

curvature)

curvature

deformation

primarily

perpendicular to the constraint cables (longitudinal or transversal).
Samples with cable constraints in both directions tended to twist, while
samples with no cables had virtually no change in shape. Continuous,
single-phase, curvature change was observed in all samples from sets
2–4.

Figure C3.6.2: (top) 3DP process showing multiple design variations in the sample’s structure
and different levels of fabrication completion (top). (a), (b) & (c) 3DP scales with oriented WPC
raster patterns at 0 degrees in relation to the longitudinal axis of the scale. Source: David Correa,
modified from Correa et al. (2020) | ICD, University of Stuttgart in collaboration with Plant
Biomechanics Group, University of Freiburg.

(Set 5 & 6) (figure C3.6.3) Samples with oriented raster patterns at 80
degrees, using mirrored symmetry from the scale’s longitudinal axis,
had significant curvature deformation, primarily perpendicular to the

longitudinal constraint cables. Samples with constraint cables in both
directions (A) showed very similar curvature change to those with only
longitudinal constraints (B). Continuous, single-phase, curvature
change was observed in all samples from sets 5 and 6.

Figure C3.6.3: 3DP scales with WPC raster patterns at 80 degrees (sets 5 & 6) and 10 degrees
(set 7 & 8) that are symmetrically mirrored along the midpoint on the transversal axis. Source:
David Correa, modified from Correa et al. (2020) | ICD, University of Stuttgart in collaboration
with Plant Biomechanics Group, University of Freiburg.

(Set 7 & 8) (figure C3.6.3) Samples with oriented raster patterns at 10
degrees, using mirrored symmetry from the scale’s longitudinal axis,
appeared to have moderate curvature deformation. However, their
deformation was slightly different. Samples with either longitudinal or

transversal constraint cables presented an almost continuous biaxial
curvature change, while sample “A” with constraint cables along both
directions had a distinct two-phase shape transformation (figure
C3.6.3). This two-phase motion followed very closely the kinematic
actuation of the biological model.

The aspect ratio of the cone scale’s samples had an impact on how
observable the curvature deformation was. Raster patterns oriented
perpendicular to the longitudinal axis (longer axis) resulted in more
notable curvature changes (sample sets 5-6 – figure C3.6.3) than those
with a transversal orientation (sample sets 2–4 – figure C3.6.2). A
comparison between individual samples of set 6 (sample A), set 8
(sample B) and set 4 (sample C) illustrates these differences in shapechange, in relation to the raster pattern and its orientation within the
scale’s high aspect ratio shape (figure C3.7.1). This observation is of
particular importance for this test, as the shape and aspect ratio of both
the biological model and the artificial scale play a key role in the
material behaviour.
Bilayer composites (veneer, wood or WPC) are created by
instrumentalizing the primary axis of swelling. It is important to note
that there is some residual expansion, and corresponding stress that
takes place perpendicular to that axis. For instance, the hygroscopic
swelling of wood is highly directional, and radial swelling is about 60–
70% of the tangential figure, while longitudinal expansion is
approximately an order of magnitude less than transverse expansion
(Dinwoodie 2000a) – and generally considered insignificant. In the case
of the pine scale 3DP model, this additional swelling plays a key role.

Figure C3.7.1: Single step and continuous shape-change transformation of three samples with
different bilayer architecture. The 6 frames show the shape change in the scale from fully wet
(t=0) to dry (t=400 min). Source: David Correa, Correa et al. (2020) | ICD, University of
Stuttgart in collaboration with Plant Biomechanics Group, University of Freiburg.

Considering that the scale has mirrored symmetry along the transversal
axis, it is useful to understand what happens on each side of the scale.
On one side, the orientation of the WPC raster pattern (at 10 degrees) is
very close to the longitudinal axis but not directly in line. This indicates
that the primary axis of curvature will take place perpendicular to the
axis of the pattern and 80 degrees from the main axis. Although this is
the primary axis of curvature change, this axis has a much shorter length
than the longitudinal axis of the scale. It is speculated that the 10
degrees deviation from the longitudinal axis results in a significant
amount of curvature change. These two different directions of swelling
result in a distinct doubly curved shape-change.
The complex interdependence between the differentiated hygroscopic
architecture of the material in combination with the aspect ratio of the

cone scale’s geometry presents itself as a shape-change actuation with
two levels of hierarchy. The first level of hierarchy corresponds to the
primary axis of curvature where transversal curvature change in the
scale occurs. Once this primary swelling takes place, any residual
expansion is transferred to the longitudinal axis – this is the second level
of hierarchy. Upon desiccation of the sample, this two-phase
transformation is even more noticeable. The curvature from the
transversal axis, increases the stiffness of the overall geometry, limiting
the curvature change along the longitudinal axis in the first phase. Once
the lateral curvature decreases to nearly 0 degrees, the scale is virtually
flat, the geometry’s flexural strength decreases, and the secondary
shape-change along the longitudinal axis is facilitated (figure C3.7.2).

Figure C3.7.2: Comparison of two-step shape change between Bhutan pine scale (b) and the
successful 3D printed scale sample (a). Diagram of two-phase shape-change deformation (left).
Source: David Correa, Correa et al. (2020) | ICD, University of Stuttgart in collaboration with
Plant Biomechanics Group, University of Freiburg.

It is important to note that although all the 3D printed samples are flat
after printing, they do not remain so. The samples undergo positive
curvature change after moisture intake (submersion), and subsequent
negative curvature change after desiccation. This is particularly
noticeable in the time-lapse sequences seen in this section. It is
speculated that some material changes occur in the WPC material
during the process of hydration and dehydration.

For the Bhutan pine cone scale, 27 hydration cycles and 27 desiccation
cycles were recorded. Swelling cycles took place via submersion in
water while desiccation was conducted in a drying oven. Under
swelling, angular changes of 23.4±5.5° (n=27) were recorded after 55
min. Desiccation-driven cycles were slower, and angular changes of
22.7±4.8° (n=27) were recorded after 115 min. After completing all 54
cycles (successively on the same sample), the cone scale did not present
any observable damage and no visual delamination or material decay.
For the 4D printed scale, 6 swelling movements and 7 desiccation
cycles were recorded. Swelling and desiccation cycles were conducted
under the same environment and equipment as the Bhutan pine cone
scale. In this case, swelling cycles were slower with angular changes of
15.5±0.5° (n=6) recorded after 390 min. Desiccation-driven cycles
resulted in angular changes of 17.1±1.4° (n=7), recorded after 190 min.
After completing all 13 cycles (successively on the same sample), the
3D printed scale had observable damage and some visible delamination
of the cable constraint structure.

Figure C3.7.3: Comparison of displacement and strain measurements between the 3DP scale
sample and the Bhutan pine cone scale initially studied. Both sequences and analysis were
recorded during desiccation. Source: Correa et al. (2020) | ICD, University of Stuttgart in
collaboration with the Plant Biomechanics Group, University of Freiburg.

As indicated in a joint publication for these findings (Correa et al.
2020), both the synthetic 4D pine scale and the natural scale undergo a

very similar shape change over two phases (figure C3.7.2). In the first
phase, both scales show displacement of the apical area along the
transversal axis (a flattening of the scale) followed by a longitudinal
curvature change of the entire scale. Given that the 3DP scale is an
abstraction of the natural scale, this is where the similarities end. As per
Correa et al. (2020), the interpretation of the strain fields indicates:
“Moderate negative strain in x-direction (along the longitudinal
scale axis – figure C3.7.3 (e)), occurs distributed all over the
scale, and over all the measured time points, with several
irregularly dispersed, strongly affected “islands”. In contrast,
the strong negative strain in y-direction (along the transverse
axis of the scale – figure C3.7.3 (f)) was detected mainly on the
middle and outer parts of the scale, where only a small amount
of ABS plastic was printed.” (Correa et al. 2020, p. 10)
(Note: this paragraph was edited by author to reflect the change
of location of the figures, to correspond to this document, and
to correct small grammatical errors.)
The material research team at the Freiburg Materials Research Centre
(FMF) speculated that these observations indicate that the negative
strain in the x-axis, along the majority of the scale, determines the
longitudinal curvature change. Meanwhile, the negative strain in the yaxis on the middle and lateral regions of the scale determines the
curvature change along the transversal axis.
“As the ABS strands on the scale surface are aligned in ydirection, only in the regions where no ABS strands have been
printed (in the middle and very lateral parts) negative y-strain
can occur.” (Correa et al. 2020, p. 12)

In isolation, this hypothesis, which is based on a single material sample,
only provides a partial picture of the material behaviour of the sample’s
structure. However, these analyses can greatly support a joint process
of development for these types of structures. Moreover, this research is
essential in demonstrating the importance of full-field 3D displacement
in order to better understand and validate movement principles in both
plant mechanisms and bio-inspired mechanisms.

This case study tested the capabilities of the novel method, using wood
fibres in the WPC, to manipulate direction-dependent hygroscopic
expansion, within the material architecture, in order to achieve precise
control over shape-change deformation (Objective i). This capacity was
tested by addressing multi-phase and biaxial shape-change deformation
that are only possible through the novel 4DP method. This represents
the further development of a known kinematic model, the pine cone
scale, now implemented via the 4DP method (Objective iii). The
resulting mechanism demonstrated that the presented 4DP design
methodology can define and integrate functional regions of oriented
hygroscopic structures with anatomic features (non-hygroscopic) in a
single fabrication process (D2.1 - Research Contribution i). This
contribution was made possible by integrating material organization
strategies borrowed from the Bhutan pine cone scale, via 3DP, to create
an artificial scale that matches the kinematics of the biological model’s
two-phase actuation. Therefore, correlated to Objective iii, C3
demonstrated the ability of the 4DP material programming approach to
provide a unique contribution towards achieving novel shape-change

deformations that closely approximate the deformations of biological
organisms (D2.1 - Research Contribution iii).

It is easy to underestimate the complexity of an organic system. The
development of the C3 synthetic pine cone scale requires a detailed
analysis of the biological samples. Even though the initial observations
from the dissected pine scale indicated a complex functional gradation
of the tissue, it was easy to oversimplify the observations and miss key
functional interdependencies at play. Additionally, it can be easy to
forget that the highly swellable sclereid cells have a much more
complex anisotropic behaviour, which operates at multiple micro- and
mesoscales. This is multiple orders of magnitude more than the 3DP
filament can achieve. While the 3D printer can generate a similar 2D
representation of a shape – that is, it can 3D print the geometric shape
of the pine scale – the printer’s extrusion can only provide a limited set
of material organization characteristics, which are very different in
scale and complexity than the characteristics that emerge from growth
based cellular alignment in organic tissue. Although C3 addresses the
boundary features, localized areas of swelling, and the reflected
symmetry of the pine cone scale – arguably with significant success –
they remain a distant abstraction from the biological model. The
topology of the cellulose fibres cannot be matched by additive layering,
independent of the scale or resolution of the aforementioned layers.
Perhaps a humbling lesson and a fabrication research challenge to be
addressed in the future.

The pine scale is formed through a process of growth that dictates the
material orientation, while the FFF methods available through the
desktop 3D printer can only structure material along a limited number
of directions based on the vertical, layer by layer, additive process. For
instance, developing a doubly curved surface (like the concave pine
scale) with a print path that follows the surface in three dimensions is
not possible with a 3-axis printer. In the case of the pine scale, the
material fibril structure within the cellulose tissue follows both the
primary curvature along the longitudinal axis as well as the transversal
axis. This provides a unique structural complexity and a highly
integrated shape to material relation. In contrast, the C3 samples were
printed following a 3-axis methodology with horizontal layers,
therefore, the 3DP process can only provide anisotropic material
orientation (at the microscopic level) in relation to each horizontal
layer. While some further geometric complexity can be incorporated
with additional axes and a support structure for overhangs, the
geometric topology of the material structure remains extensively
different from the biological model.

Several successful insights were obtained from the various test samples
developed in Case Study 3. This included valuable observations in
regard to raster pattern orientation, using reflected symmetry, and their
corresponding shape deformations. The development and testing of the
samples in C3 required meticulous control for each variable. Working
with predictable abstract models, like a disk or a bilayer strip, is very
different from working with an amorphous geometry, like the presented
pine cone geometry. This challenge only increases when specialized

functional features are introduced. In the pine scale, the basal region is
thicker and swells more than the rest of the scale. The apical region, on
the other hand, is stiff and not very active during shape transformations.
Integrating these key observations in terms of form, material structure,
and functional differentiation is very important, but not very easy to
implement. As a result, it can be very easy to assume that the results
from an isolated sample can yield multiple generalized principles.
Generally, the opposite is true. Several test samples are needed in order
to understand some of the most fundamental principles within a single
sample.

Portions of this research, in regard to the bio-inspired abstraction of the
Bhutan pine scale movement, were partially conducted as a funded
research collaboration between the Institute for Computational Design
(ICD) at the University of Stuttgart (David Correa and Achim Menges),
the Plant Biomechanics Group, the Botanic Garden and the Freiburg
Materials Research Centre (FMF) at the University of Freiburg (Simon
Poppinga, Max Mylo, Anna Westermeier and Thomas Speck), and
BASF SE Advanced Materials and Systems Research (Bernd
Bruchmann & Nicolaus Nestle). As indicated in the introduction to
Case Study 3, a portion of this work, and the corresponding research
collaboration, including the demonstration of 3D displacement and
strain over time, were previously published under “4D pine scale:
biomimetic 4D printed autonomous scale and flap structures capable of
multi-phase movement” (Correa et al. 2020).
The author’s personal involvement includes concept development,
design, analysis, simulation, documentation, material architecture

design, custom G-Code development and CNC 3DP fabrication of all
the samples presented in this document. Test samples and insights
presented in this case study is the author’s independent research work
unless indicated otherwise.
Funding for the author’s doctoral research during this project was
provided by the Natural Sciences and Engineering Research Council of
Canada (NSERC), PGS D Award and the Joint Research Network on
Advanced Materials and Systems (JONAS).
As part of the joint publication by Correa et al. (2020): Simon Poppinga,
Max Mylo and David Correa obtained detailed photographs and timelapses of 4D printed samples and Bhutan pine scales. Simon Poppinga,
Max Mylo, Anna Westermeier and Thomas Speck planned and
performed the displacement and strain analyses. Student Research
Assistant support was provided by Kristin Schreiner and Belen Torres
(time-lapse documentation and sample photography).

The Kinematic Aperture 3.0 was developed for the ‘+ Ultra. Gestaltung
creates knowledge’ exhibition at the Martin Gropius Bau in Berlin. The
aperture is presented as Case Study 4. It is titled Aperture 3.0, as it is
the third version of a climate-responsive aperture developed at the ICD.
Aperture 1 is the original wood veneer composite centrepiece from the
HygroSkin project, as outlined in Case Study 1. Aperture 2 is the first
3DP synthetic composite that matches the shape and actuation of the
wood veneer composite. Aperture 3 is a different design that departs
from the single curvature deformation of the veneer composites. It is
intended to demonstrate the unique functional gradation and doubly
curved formal complexity that is enabled by the presented 4DP
methodology. The Aperture 3.0 also closely integrates several of the
key insights from the pine scale’s two-phase shape actuation, as
outlined in Case Study 3. It also validates the application of the 3DP
methods in a different filament formulation. Case Study 3 uses a
bespoke Cellulose Polymer Composite filament (CPC). The Aperture
3.0 piece was tested inside a climate-controlled chamber, allowing for
the RH conditions to cycle from a low RH of 10% to a high RH of 85%.
This oscillation allowed for the apertures to open and close accordingly
providing a real time demonstration of the stimulus responsive capacity
of the climate responsive apertures. The project was developed with the
research support of the JONAS research network, the Plant
Biomechanics group at the University of Freiburg and the polymer
expertise and industry support from Kai Parthy from CC-Products.
Initial findings from this case study were developed and presented
under the title “Fused Filament Fabrication for Multi-Kinematic-State
Climate Responsive Apertures” at the peer reviewed Fabricate

Conference (Correa and Menges 2017). The descriptions presented in
this case study, as well as some of the figures, are based on the
aforementioned publication by the author.

Figure C4.1: Completed kinematic aperture 3.0 in climate-controlled chamber as displayed
between October 30, 2016 and January 8, 2017 at the ‘+ ultra gestaltung creates knowledge’
exhibition at the Martin Gropius Bau in Berlin – under high humidity (a) and low humidity (b).
Source: David Correa, modified from Correa and Menges (2017) | ICD, University of Stuttgart
| 2016.

Case Study Four (C4) pursues Objectives i, and iii, as outlined in A3.
The case study seeks to further demonstrate the role that the novel
method, using wood fibres in the WPC, can have as the drivers of
direction-dependent hygroscopic expansion (Objective i). In this case
study, this was tested by addressing multi-phase and biaxial shapechange deformation in an architectural flap mechanism and aperture.
The complexity of the shape-change transformation, integrated within
a single fabrication process is only possible through the novel 4DP
method (Objective iii). This investigation builds on the technical
expertise developed in the previous case studies but it is most directly
related to a development on the kinematic model investigated in C3.
This case study (C4) demonstrates doubly curved shape change
apertures that are responsive to humidity. Based on the pine cone’s
scale two-phase shape change actuation, as presented in C3, the
aperture integrates a multi-hierarchical system from the biological
model into a climate responsive flap mechanism for architectural
applications. Building on the material research findings from the
previous case studies, C4 tested the functional principles of the
developed methods using both wood composite polymer (WPC)
filament (same as Case Study 1 to Case Study 3) and a custom Cellulose
Polymer Composite filament (CPC) developed in collaboration with
industry partner Kai Parthy from CC-products (Lay-filaments; CCProducts - contact 2011). The 3DP responsive aperture (Aperture 3.0)
demonstrates that the presented FFF methods and material design
strategies, for both custom filament development and print path design,
allow for sufficient control over the material’s shape-change behaviour.
The aperture also demonstrates the ability of the presented methods to

enable complex double curvature kinematics within a targeted
architectural application.

Case Study 4 relies on the Bhutan pine cone’s scale as its biological role
model. It builds on the anatomical feature and functionally graded
material architectures developed in Case Study 3 by transferring the key
kinematic principles into an architectural application. While the
abstraction in Case Study 3 reproduced the shape and kinematic
actuation of the biological model, Case Study 4 focuses on its
implementation within a climate-responsive architectural aperture. The
Case Study 4 aperture maintains the two-phase shape transformation of
Case Study 3 by incorporating similar raster pattern architectures,
anatomical features, and mirrored symmetry features. However, it also
incorporates a dedicated functional region in the basal area with a
distinct functional role from the remainder of the flap. Similar to the
biological model, this basal area is also the point of contact, or the
fastening mechanism, to the larger system. For the pine scale, this is the
connection to the stem or peduncle. For the aperture, it is the supporting
structure for the multi-aperture assembly.

Figure C4.2: The flap design incorporates specialized functional regions (c) that work together
with the raster pattern architecture. The apertures were designed and tested at 3 different sizes
and with two different hygroscopic filaments WPC (c & d) and CPC (a & b). Source: David
Correa| ICD, University of Stuttgart | 2016.

Each flap demonstrates a curvature inversion in two axes: a downward
bending action upon hydration and an upward bending upon
desiccation. The two-phase actuated flap presents curvature change in
two directions; correspondingly, a dominant longitudinal axis and a
secondary tangential axis. Similar to the pine scale model, the primary
axis is responsible for the main curvature change (opening and closing
of the aperture), while the secondary axis enables the double curvature
of the flap. The aperture is formed by a regular hexagon composed of
six identical concentric flaps; the double curvature deformation of the
flaps allows the aperture to form a segmented dome. In the opening
state, the transversal axis curvature change of the flaps enables a wider

aperture diameter than it would have been possible with single
curvature deformation (figure C4.7).

The 3DP bilayers were fabricated using two different types of dual
extruder 3D Printers. In order to provide consistency in the prints and
to accommodate the availability of different filament sizes, all of the
WPC aperture tests and components were fabricated using the
MakerBot Replicator 2X (MakerBot 2018). The white CPC samples
were produced using an experimental ReprapUniverse XXL 3D printer.
The second printer (XXL) was needed for the larger 2.85 mm custom
CPC filament, since the MakerBot machine could only use a 1.75 mm
filament. Due to production constraints with the custom filament, only
the larger diameter of CPC filament was available.
The design of the print paths and the multilayer, mesoscale structures
were executed within the Houdini CAD platform. The translation of
digital geometry to fabrication code was done differently for each
printer. For the MakerBot unit, geometry was brought into the
proprietary MakerBot Desktop slicer (MakerBot 2017; Lievendag
2014). For the “XXL” printer, different prints were generated through
direct G-code generation from Houdini. Simplify 3D, an intermediary
slicer (Lievendag 2014) was also used. All specimens were printed on
a flat heated print bed (60°C) using a 0.4 mm brass nozzle. A heated
bed and print chamber were used to facilitate adhesion and reduce
warping; specifically, warping of the ABS regions. All specimens were
printed flat. They are laminar structures, and did not have any surface
curvature after printing. All specimens were stored at room temperature
under average indoor humidity (at ~20°C, RH~20%) prior to testing.

Nozzle temperature was set to 220°C for ABS and 200°C for WPC or
CPC filaments. Axis displacement speeds and extrusion rates were
variable and automatically controlled by the proprietary MakerBot
slicer. For the Simplify 3D slicer, the axis displacement speed was set
to 4800 mm/min, and the default extrusion multiplier (1) was used for
both extruders.
Commercially available Laywood WPC filament was used for some of
the early tests, while custom CPC filament was used for the final
aperture prototype. Generic ABS filaments were used for all of the
samples. This filament was used for the bilayer composite, as well as
the supporting structure. The CPC samples were developed in
collaboration with CC Products. Due to proprietary agreements, only
the cellulose to polymer ratio of the CPC is known, as it is described in
the document. Moisture in all of the filaments was controlled prior to
printing through dehumidification in a commercial food drier at ~70°C
for 24 hours. Filament was stored in a sealed container prior to use. A
heated bed and print chamber were used to facilitate adhesion and
reduce warping of the ABS regions.
Time-lapse image registration and detail photographs were recorded
with a multi-camera setup using both a Nikon D7100 DSLR and a Sony
A7S full format mirrorless camera. Time-lapse images were taken using
28 mm, 35 mm and 50 mm lenses. Time intervals for the frame
sequences ranged from 45 to 60 seconds. During image registration, the
samples were continuously illuminated using metal halide and LED
lamps, suitable for photography.
Two different types of climate-controlled environments were used to
generate the hydration and desiccation cycles. (1) The aperture

assembly was submerged in a tank for 8-10 hours (at RT ~20°C). This
was followed by photographic registration during desiccation (at
~20°C, RH~20%). (2) The aperture assembly was subjected to high
humidity (at ~20°C, RH~85%) for up to 24 hours, followed by
desiccation at (at ~20°C, RH~20%) for up to 48 hours.

The aperture incorporates the 3DP methodologies developed for all of
the previous case studies. The flaps have 3 defined functional regions:
the left and right hemispheres, the basal region and the edge
reinforcement (figure C4.2). Similar to Case Study 3, the two-phase
actuation of the flap mechanism is only possible through the
interdependence of all of these features. The material architecture of the
piece integrates microchannel methods (Case Study 2) to facilitate
moisture transfer and to reduce bending stiffness. The architecture of
the material is tailored for each of the dimensional scales in order to
address the characteristics, and limitations, of the printing process.
More specifically, while the geometry changes, the thickness and
spacing of the print path that forms the layering structure remains the
same. For instance, larger flaps require two parallel print paths of
material along the periphery, while smaller flaps only require one. At
this smaller scale, having two print paths along the periphery will
disproportionally increase the bending stiffness. Figure C4.5 illustrates
the raster pattern design differences across the 3 sizes of scales.

Figure C4.5: Diagram of differentiated directional expansion within the flap (a) and constraint
(b) in the print architecture. Detailed 3D model of the flap design architecture with different
raster patterns according to scale (c, d & e). Source: David Correa| ICD, University of Stuttgart
| 2016

WPC and CPC raster patterns that are oriented at 10 degrees with
mirrored symmetry were used for the flap mechanisms; theses
differentiated patterns on the hygroscopic layers were selected based on
the findings from Case Study 3. While the geometry and aspect ratio of
Case Study 3 were dictated by the geometry of the Bhutan pine cone
scale, in Case Study 4 these proportions were adjusted to a smaller
aspect ratio in order to increase the lateral width and corresponding
curvature in the transversal axis. An additional macroscale feature with
a raster pattern oriented at 90 degrees from the longitudinal axis was
added to form and extend the basal region of the flap mechanism. This

extension was needed to increase longitudinal curvature change, a key
requirement for increasing the amplitude of the aperture’s movement.
For the main body of the flap, it was speculated that the hygroscopic
raster pattern could be optimized by forming a mid-section that would
facilitate bending along the longitudinal axis without hindering bending
along the transversal axis. This was tested by having a raster pattern
that had continuity, for each print path, between the two mirrored sides
via a mid-section curve – a fillet (figures C4.5 & C4.6). The resulting
raster pattern was composed of paraboloid curves, allowing the material
to be deposited at 90 degrees from the longitudinal axis at the
midsection while reaching out to meet the 10-degree angles at both ends
of the transversal axis – near the lateral edges of the flap. It was
speculated that this print-path design, with continuous curvature, was
more effective at reducing internal stresses compared to the narrow
angle condition found between raster patterns that meet along the
central axis.
The resulting architectural flaps had increased curvature change in the
longitudinal axis without affecting the curvature in the transversal axis.

Figure C4.6: Two-phase actuated flap under different humidity conditions with corresponding
shape-change deformation along the longitudinal and tangential axes (a). The flap shows
significant changes in curvature on both axes, transforming from convex to concave (b,c,d).
Source: David Correa, modified from Correa and Menges (2017) | ICD, University of Stuttgart
| 2016.

Each flap has two axes of curvature that work together, but also allow
different functional capacities. The curvature change along the
longitudinal axis is primarily responsible for the aperture opening and

closing, while the secondary transversal axis is responsible for the
interrelation between the flaps. These flaps are the main feature that
enables the dome-like geometry of the aperture when closed. The
interdependence between these two mechanisms generates the novel
dome-like geometry of the closed aperture. This interdependence also
enables the aperture to have a wider diameter when fully open. Creating
a doubly curved architectural aperture required careful consideration of
both the individual flaps and the geometric interaction between them.
This reciprocal interaction included considerations regarding the
minimum number of flaps required to form an aperture, the angle of
overlap between each flap and the potential risk of collision or
interference between them. These considerations needed to be analysed
through time, at multiple kinematic states, from fully open to fully
closed (see figure C4.7).

Figure C4.7: Kinematic aperture prototype undergoing shape-change transformation from
fully closed in a dome-like shape at high humidity (t=0 min) to fully open at low humidity
(t=100 min). Source: David Correa, modified from Correa and Menges (2017) | ICD, University
of Stuttgart | 2016.

Similar to Case Study 3, while all 3D printed samples are flat after
printing, they undergo positive curvature change after moisture intake
(submersion). They then undergo negative curvature change after
desiccation. It is speculated that some material changes occur in the
CPC and WPC materials during this process of hydration and
dehydration.

Case Study 4 tested the ability of the 4DP method to integrate multiple
functional constraints to create a very precise type of shape-change
actuation in an architectural mechanism – the aperture. This aim for a
novel shape-change mechanism that can be precisely designed via the
4DP method, is in line with the aspirations of Objective iii. The precise
material differentiation accomplished in C4 supports Research
Contribution i (D2.1), by highlighting the novel possibilities of the
presented fabrication method. The novel dome-like, doubly curved
opening of the aperture supports Research Contribution iii (D2.1), by
presenting a novel mechanism made possible by the design of the
material architecture of the flap structures. This case study also
demonstrates that the 4DP method is also applicable to other anisotropic
materials with direction-dependent swelling behaviour, beyond the
WPC. This contribution is demonstrated through the development of a
climate-responsive aperture with three different aperture sizes (and
corresponding flap mechanisms) using a bespoke cellulose polymer
composite filament (CPC). The demonstrator employs and expands on
the 4DP methodologies previously developed for WPC, while enabling
new architectural functionality. This new functionality includes both
mechanisms for actuation, as well as architectural features required for

the aperture’s assembly. Furthermore, the design methodology was able
to address small changes in dimensional scale by means of the three
different aperture sizes that make the final prototype.

The Case Study 4 aperture was designed to take advantage of the
particular fabrication characteristics of the FFF 3DP process. These
characteristics include the responsive flap mechanism, the supporting
structure, and the filament itself. At the larger scale, the geometry of the
apertures’ structures was designed to fit three (3) different aperture
sizes nested inside each other during the printing process, which
reduced fabrication time (figure C4.8). The precise material deposition
of the printer allowed for minimal dimensional tolerances, which
coupled with material strategies to control bending stiffness of the ABS
parts, allowed for tighter connections with the use of snap lock
fastening for 95% of the components. At the component scale, the
stimulus-responsive flap mechanisms expand on the continuum of
technical development achieved through the preceding 3DP shapechange mechanisms. The Case Study 4 prototype demonstrates the
adaptability of the 3DP method and the material architecture by
implementing three (3) different size apertures with their corresponding
flap mechanism scales.

Figure C4.8: Assembly components: 3 sizes of humidity-responsive flap structures (a), ABS
supporting structure components (b), supporting structure partially assembled (c) and fully
completed with kinematic apertures (d). Source: David Correa, modified from Correa and
Menges (2017) | ICD, University of Stuttgart | 2016.

C4’s three aperture sizes demonstrate the ability to adapt the material
organization strategy of the mechanism, while also providing new
insights into the limitations and behaviour characteristics of the
developed methods. While layer height thickness could be easily
manipulated, within the range of 0.1–0.5 mm, the print path width was
limited by the extruder’s nozzle diameter. The width of the print path
line is considered to be 0.4mm. This estimation is based on the 0.4 mm
nozzle of the MakerBot Replicator 2X, which was used for this case
study. Small variations of the extrusion rate had an impact on the width
of the print paths, but these changes were difficult to correlate
empirically. Both the width and height of each print path have an impact
on the material behaviour or the SRM components, while also having a

significant impact on the surface quality and mechanical performance
of the supporting structure.

The difference in colour between the white cellulose and the WPC
filament samples had a significant impact in the actuation time during
moisture desorption cycles. Under incandescent lights, apertures using
the WPC filament showed approximately 50% faster actuation cycles.
The brown pigmentation from the wood fibres and possibly other
additives of the WPC filament may allow the material to absorb a wider
wavelength spectrum when exposed to an incandescent light. This may
have resulted in a surface temperature increase and a faster desorption
rate through evaporation. It was observed that the hygroscopic actuation
time was faster for the cellulose composite samples during moisture
intake. While the exact reasons for this behaviour were not tested, it
was speculated that this change was due to the reduced amount of lignin
in the fibres.

The author would like to thank: Dr Simon Poppinga and Professor
Thomas Speck from the Plant Biomechanics Group Uni-Freiburg for
their plant bio-mechanics research support; Kai Parthy for his
assistance and expertise on FFF hardware and custom filament
development; Abel Groenewolt and Derik Gokstorp for their technical
support and expertise with the Python development of a custom G-code
script; Student Research Assistant support provided by Kristin
Schreiner and Belen Torres (time-lapse documentation and sample
photography).

Funding for the authors’ doctoral research during this project was
provided by the Natural Sciences and Engineering Research Council of
Canada (NSERC), PGS D Award and the Joint Research Network on
Advanced Materials and Systems (JONAS).
For the display, installation and documentation support during the
exhibition of the piece at the ‘+ ultra. Gestaltung creates knowledge’
exhibition, the author would like to thank Nikola Doll and Lisa Quade
The author’s personal involvement in this case study includes concept
development, design, analysis, simulation, documentation, material
architecture design, custom G-Code development and CNC 3DP
fabrication of all the samples presented in this document. Test samples
and insights presented in this case study is the author’s independent
research work unless indicated otherwise.

Case study 5 builds on the methods and capacities of the previous case
studies, but it breaks the continuum of research by moving away from
the architecture of the material to an investigation of the underlying
material topology and structural instability. It is here, in the intersection
between the two, that shape-change actuation occurs – particularly in
the case of the lily’s flower-opening mechanism. Case Study 5 expands
on the research conducted by colleagues Simon Schleicher and Julian
Lienhard, from the Institute of Building Structures and Structural
Design (ITKE) at the University of Stuttgart. Their work with the
transfer of principles from plant movements to elastic systems in
architecture (Schleicher et al. 2015) has provided a unique perspective
into the structural and topological conditions that allow shape change
to occur in specific plant movements. Following a very different path
from the doubly curved fibreglass reinforced plastic approach presented
in their publication, the FFF model presented here offers an approach
that adapts some of the key findings in edge growth and elastic
instabilities to a simplified mechanism suitable for fabrication with a
conventional 3-axis gantry 3D printer. This case study also expands the
functional complexity of the material architecture by incorporating a
multi-material approach, with a total of three (3) different thermoplastic
polymers. Each polymer brings unique material characteristics that are
indispensable to the successful overall shape deformation of the
mechanism.

Case Study 5 (C5) pursues Objectives i, and iii, as outlined in A3. This
case study presents the technical application of edge-growth inspired

actuation, based on the flowering mechanism of the Lily flower. This
actuation model will be implemented through an FFF 3DP method
using three (3) different polymers with differentiated functional roles
(TPU, ABS & WPC filaments). C5 seeks to further demonstrate the role
that wood fibres, in the novel WPC method, can play as the drivers of
direction-dependent hygroscopic expansion (Objective i). This will be
tested by developing a material model based on the differentiated edge
growth of the lily flower. The functional differentiation of material,
which create localized zones of directional expansion and zones of
lower flexural strength, are made possible via the multi-material
capabilities of the presented 4DP method. C5 achieves further
development of a known kinematic model, the lily, now implemented
via the 4DP method (Objective iii). Unlike previous case studies, where
the 3DP process defines the geometry, shape and material structure of
the sample, this case study introduces a two-step process of shape
definition. The additive 3DP FFF process defines the topology and
material structure of the sample while the second step mechanically
locks the sample into an elastically bent shape, prior to the introduction
to the stimulus. The presented analysis for C5 illustrates the key
functional dependence between the two steps in relation to the
kinematic actuation, as well as its differentiation from the biological
model.

The opening and closing mechanism of flowers is essential for plant
reproduction as it allows for the exchange of pollen. As reviewed by
van Doorn (2003), some species can take less than 20 minutes to open,
like Oenothera biennis (evening primrose). In others, like the Hedera
helix (common ivy), it can take as little as five minutes. Flower opening
occurs during specific conditions, and it can involve a number of
stimuli. For many species, flowering is a response to light and
temperature. This response occurs both at day and at night, since the
stimuli (light) may correlate to the presence of the desired pollinators
(van Doorn 2003, p. 1809). For other species, flowering is triggered by
a complex set of seasonal conditions including moisture and
temperature, as is the case with Gentiana rhaetica (Kerner von
Marilaun 1896) and the Portulaca plants (Ichimura and Suto 1998)
among many others. Depending on the pollination cycle, the flowering
mechanism is designed to have a single-shape transformation. It can
also be highly reversible, allowing for the opening and closing of the
flower for several cycles (van Doorn 2003; van Doorn and Kamdee
2014). The intricate stimulus-responsive behaviour, mechanical
reliability, and direct correlation to both internal and external factors
has made the opening and closing mechanism of flowers, like the lily
Lilium ‘Casa Blanca’, of particular interest to both plant mechanics and
bio-inspired, shape- change actuation research and architecture
(Bieleski et al. 2000; van Doorn 2003; Liang and Mahadevan 2011;
Schleicher 2015; Schleicher et al. 2015; van Doorn and Kamdee 2014).
Case Study 5 is based on an abstraction from the compliant shapechange flower opening mechanism of the lily Lilium ‘Casa Blanca’
(figure C5.2 & C5.3). This model was chosen because of the extensive

amount of supporting literature available on this mechanism and its
potential for architectural implementation. It was also speculated that
the presented 3DP methods could be compatible with the topological
condition of the lily’s tepal differential planar growth.

Figure C5.2: lily cultivar Lilium “Casa Blanca” opening its flower through an edge growthdependent mechanism (a), compared to the 3DP kinematic mechanism that uses localized
hygroscopic edge expansion (b). Source: modified from Poppinga et al. (2020)

Case Studies C1 to C4 have laminar topologies that rely on bilayer
regions, which are formed by layers of different materials stacked on
top of each other. In contrast, the shape-change mechanism of the lily

relies on the different expansion rates of the two adjacent regions within
the same plane. These regions include the tepal’s inner lamina, the
tepal’s outer edges. Research by Liang and Mahadevan 2011; van
Doorn 2003; as well as Schleicher et al. 2015 indicate that during the
lily’s flowering, the inner section of the tepal’s lamina retains its length
(along the longitudinal axis) while the tepal’s edges present a rapid
unidirectional expansion (figure C5.3). A combination of the tepal’s
shape, a convex surface with more curvature in the transversal axis than
the longitudinal axis, and the edges’ growth-driven expansion result in
a stress induced shape change - the rapid opening of the flower. Case
Study 5 presents a strategy, based on the lily’s kinematic model, to use
differentiated swelling regions, anatomical features and surface
geometry to generate a stress distribution gradient that can facilitate
rapid shape change.

Figure C5.3: Model of the shape-change kinematic transformation of the lily bud by Schleicher
(2015), in the abstracted model, the local expansion of the tepal edges is induced by a localized
increase in temperature. Source: Schleicher (2015).

The tepal blades were fabricated using the same 3DP FFF method that
was used in the previous case studies. For that reason, the design of the
print paths and the multilayer architectures were executed within the
Houdini CAD platform and translated using the proprietary MakerBot
Desktop slicer. All specimens were printed on a flat, heated print bed
(60°C) using a 0.4 mm brass nozzle and 0.3 mm layer height. A heated
bed and print chamber were used to facilitate adhesion and reduce
warping of the ABS regions. All specimens were printed flat, as they
are laminar structures and do not have any surface curvature after
printing. All specimens were stored at room temperature under average
indoor humidity (at ~20°C, RH~20%) prior to testing. Nozzle
temperature was set to 220°C for ABS, 200°C for WPC and 230°C for
TPU filaments. Unlike the previous case studies (Case Study 1 to Case
Study 4) axis displacement speeds and extrusion rates were
programmed using the Simplify 3D slicer (for MakerBot settings), the
axis displacement speed was set to 4800 mm/min and the default
extrusion multiplier (1) was used for both extruders. However, the
MakerBot firmware does not allow for on-the-fly adjustments of any
setting from the slicer once the print is exported to the printer.
To achieve the necessary material differentiation needed at the scale
presented, each sample had to be printed using a multistep 3D printing
process. The first 3DP layers were composed of only TPU and WPC,
where the last layers used ABS. TPU was used in the first layer, as this
layer was designed to comprise the inner lamina of the sample. TPU
was chosen for these regions, as it is less brittle, more flexible and more
elastic than either ABS, PLA or the fibre composite polymers
previously used. Since the 3axis gantry of the MakerBot 3DP system

used for this case study only had two FFF extruders, the G-Code script
could only account for two different filaments at a time. To achieve a
multi-material process with three (3) different materials, a manual swap
of the filament needed to be completed during the print. In this case, the
filament used in the second extruder was changed from TPU to ABS
after the first two layers. While changing the filament mid-print
manually proved to be an effective method to complete the desired
samples for this specific experiment, this process should be automated.
Sourcing an FFF 3D printer with the capacity to handle more than two
filaments, with different material properties, could greatly enable the
capacity to functionally differentiate elements within a 3DP component
while allowing a much greater design space for material architectures.
Commercially available Laywood WPC and generic TPU and ABS
filaments were used for all of the samples. All filaments were controlled
for moisture prior to printing through dehumidification, which was
accomplished with a commercial food drier, set at ~70°C for 24 hours.
Filament was stored in a sealed container prior to use. A heated bed and
print chamber enclosure were used to facilitate adhesion and reduce
warping of the ABS regions.
For the quantitative analysis of the kinematic motion and repeatability
of aperture mechanism, the opening and closing mechanism was
recorded using time-lapse photography with the Sony A7S full format
mirrorless camera. Time-lapse images were taken using 28 mm, 35 mm
and 50 mm lenses, with time intervals set between 45 and 60 seconds.
These images were continuously illuminated using metal halide and
LED lamps suitable for photography. Image registration during
hydration cycles were executed and documented using a submersion
tank and LED photography lights (at RT ~20°C). Photographic image

registration during desiccation was conducted under ambient conditions
(at ~20°C, RH~20%) using both incandescent and fluorescent light
sources. This method is similar to that used in the previous case studies.

The lily’s tepals, in its closed state prior to flowering, form a convex
doubly curved thin elastic shell (Liang and Mahadevan 2011). An
excessive dimensional growth of the periphery relative to the tepal’s
inner lamina causes a strain gradient that forces the tepal’s surface to
deform (Schleicher et al. 2015).
The shape-change actuation is dependent in the interaction between the
initial convex geometry of the tepal and the growth induced expansion
of the tepal’s edge. To fabricate this mechanism, two proposed
strategies were considered. The first strategy was to print a geometry
that would closely resemble the resting state of the tepal prior to
blooming. This is a convex doubly curved geometry. The additive
layering of this surface presents some critical technical challenges,
since the material can only be deposited in planar layers. For instance,
to achieve a component with double curvature using this this FFF
method, the tepal’s geometry would have needed to be abstracted into
multiple planar profiles that collectively form the tepal. Moreover,
removable support material would have also been needed to support
areas where the geometry overhangs. While the appearance of the 3DP
tepal geometry might resemble the tepal, the resulting material topology
and structural geometry are completely different. To address these
fundamental differences, a second approach was taken where the lily’s
functional geometric principle was abstracted into a laminar structure
that could subsequently be bent along the centre of the longitudinal axis.

This laminar structure was also physically constrained in place, to form
a single continuous curve along the transversal axis (figure C5.2). This
method matched the tepal’s topology more closely than the first
approach, which matched the form but not the topology or the logic of
the material organization structure. This second approach allowed the
two distinct functional regions (hygroscopic and non-hygroscopic) to
be printed side-by-side in the same plane. This two-step method, print
flat then bend into resting shape, allowed for the print paths to follow
the surface orientation – more closely matching the thin shell structure
of the tepal. This in-plane material differentiation between the nonhygroscopic inner lamina and the hygroscopic outer lamina played a
key role in the kinematic transformation of the tepal. This
transformation is fundamentally different from the simple bilayer
model used in bimetals or veneer composites. The presented 3DP FFF
method proved to be a successful implementation, as it allowed precise
control of the location and the orientation of the print paths along the
entire length of the synthetic tepal’s edge.

The lily’s flower-opening mechanism was abstracted into three key
principles: (i) an edge with oriented expansion capabilities, (ii) an inplane mechanical connection between the edge and the lamina and (iii)
a flexible inner lamina that would allow for elastic bending.
(i) The edge expansion was defined as a region of WPC with a raster
pattern that was oriented perpendicular to the longitudinal axis of the
tepal. This region was identical on both longitudinal edges of the petal.
(ii) The edge region was connected to the lamina through an ABS cablelike set of connectors placed every 3 mm. The connectors formed a stiff,

non- hygroscopic boundary for the lamina adjacent to the swellable
WPC edge. (iii) To facilitate bending along the midsection of the
lamina, a thermoplastic polyurethane (TPU) with limited hygroscopic
properties was used to print this section. The abstracted model forming
the lamina of the tepal was then composed of a longitudinally oriented
raster pattern (print paths at 0 degrees from longitudinal axis) followed
by a second layer of cable-like connectors that connected both edges,
and which matched the spacing and thickness of the ABS connectors
(figure C5.6). This configuration provided a good compromise between
flexibility and structural connectivity.

Figure C5.6: 3D model of laminar structure of the abstracted tepal mechanism (a) and
positioning of the mechanism into place (b). Close-up detail of printed structure (c & d). Source:
David Correa | ICD, University of Stuttgart.

Unlike the previous case studies (Case Study 1 to Case Study 5), which
rely on only two materials, a hygroscopic wood fibre composite (WPC)

and a non-hygroscopic filament (ABS or PLA), TPU is used in this case
study in order to enable more flexibility in a localized area. TPU is
considered more elastic and less brittle than ABS (Gelhausen et al.
2018). The elastic characteristics of the TPU facilitates the bending in
place of the piece along the midsection, while also reducing the overall
bending stiffness of the global geometry.
In addition to using a more flexible material, a grid-like raster pattern
was initially tested for the lamina. The intention was to lower the
bending stiffness along the lamina. However, this abstraction did not
present the same mechanical behaviour as a continuous surface. It is
speculated that it formed a grid with fixed connections, where each
individual element had a propensity to buckle under stress. This gridlike structure was successful in providing lower resistance to bending
than a continuous raster pattern but the research speculated that it was
one abstraction too far and the laminar section failed to generate the
required strain gradient.
The samples were printed at the largest scale possible (185 mm length),
as large as the MakerBot print bed dimensions for dual extrusion
allowed. The overall dimensions were critical in order to give each petal
as much longitudinal length as possible.

The samples were clamped and positioned in sets of 3 to form an
aperture prior to submersion in water (at RT ~20°C). Each tepal
presented a single axis curvature, along the transversal axis. This
curvature was due to clamp positioning, with no noticeable curvature
along the longitudinal axis. The angle between each tepal position was
120 degrees (figure C5.6). Each tepal presented substantial structural

stiffness due to the geometric shape under this initial bent-in-place
position.
Under submersion, the local expansion of the edges generated the
desired strain gradient resulting in a curvature inversion, from single
axis curvature to biaxial curvature, which formed a saddle-shaped
surface. The overall shape transformation occurs in relatively short time
(figure C5.7).

Figure C5.7: 3DP lily mechanism undergoing shape change under water submersion. Source:
David Correa | ICD, University of Stuttgart | 2016.

After submersion, the samples were relocated to a dryer environment
(at RT, RH ~ 20%) for photographic registration. In this cycle, the tepal
movement also occurred, reducing its sabre-shape curvature through a
curvature change along the longitudinal axis, but the tepals did not
return to the original state – as it was set prior to submersion. Visual

inspection and photographic documentation of the samples did not
provide any conclusive evidence as to why this behaviour took place.
The best hypothesis was that the initial condition of the tepals required
substantial force to be bent-to-shape into its initial kinematic state. This
amount of force could not be matched by the forces generated through
the swelling material expansion alone. In other words, the mechanism
was good at triggering a curvature inversion, but it was not good at
reversing that transition. It is also speculated that the difference in
geometry, from double curvature in the biological model, to the single
curvature of the 3DP sample, may have impacted the reversibility of the
shape transformation.

Case Study 5 tested the ability of the 4DP method to create a mechanism
that was able to match the edge-growth induced flower-opening
mechanism of the lily flower. This actuation model was implemented
through an FFF 3DP method that locally controlled material
organization using three (3) different polymers with differentiated
functional roles (TPU, ABS & WPC filaments). While there has been
extensive literature on the flower-opening mechanism of the lily, the
unique contribution of this case study lies in the implementation of said
mechanism through the novel 4DP method. To the best of the author’s
knowledge, this is the first time that the said mechanism has been
implemented via FFF using a multi-material architecture as described
here. This novel development is aligned with the Research Contribution
iii, as outlined in D2.1. The precise multi-material differentiation and
precise control over the direction of hygroscopic swelling accomplished

in C5 further supports Research Contribution i (D2.1), by highlighting
the novel possibilities of the presented fabrication method.
In summary, C5 demonstrates that the 4DP design methodology can
define interdependent functional regions of (a) hygroscopic swelling,
(b) constraint and (c) targeted flexural strength into a single fabrication
process. This contribution is uniquely demonstrated in this case study
by the implementation of the flower-blooming mechanism of the Lilium
‘Casa Blanca’ into an artificial (4D printed) aperture mechanism that
matches the kinematic actuation of the bio-inspired model.

The presented FFF 3D printing method relies on an inherent laminar
(2D) topology, as every object is created as a set of 2D raster geometries
stacked on one another. This inherent 2D laminar topology is very
useful to create “weave” bilayers when the desired object is also laminar
and flat, but becomes problematic when developing single or double
curved surfaces. Any curvature on the vertical direction (Z) will be
interpreted by the slicer and the printer as a series of horizontal sections
stacked vertically on one another. This process results in low curvature
regions to be interpreted as either flat or as a subset of stepped
segments. In other words, no surface or curvature continuity on the
vertical axis is possible using this 3-axis printing technology. The tepal
of the lily required a multistep process of abstraction. The first step was
to abstract the doubly curved geometry of the biological model into a
single-curve surface. The speculation here was that the single curvature
of the tepal and the aspect ratio of the mechanism will still generate the
curvature change caused by edge expansion. However, this step was

necessary to generate a developable surface that could be translated
(“unrolled”) into a 2D surface.
As presented in Case Study 1 to Case Study 4, using multiple filaments
in a single 3DP process presents technical challenges. Each material
requires a careful calibration of parameters for successful printing.
When a print requires two materials to be printed together over
successive layers, or side by side, a wide range of compatibility issues
emerge. A common issue is bonding. While two types of ABS materials
(different brands or colours) can generally bond well to one another
after proper quality control (moisture control via equalization), other
materials require complex material structures, like the “weave” (Case
Study 1 to Case Study 4), to provide adequate mechanical fastening to
one another in order to avoid delamination.
TPU has its own unique set of calibration and mechanical performance
challenges that are evident in water or airtight applications (Gelhausen
et al. 2018). However, these printing constraints are not critical when
the material is used in thin sheet structures, as is the case for the bilayers
presented in this case study. Furthermore, TPU provides good bonding
compatibility with ABS, WPC, and CPC.
The presented 3-axis FFF method allowed us to match the topology of
the tepal and to achieve curvature in the transversal axis – resulting in
a successful abstraction of the kinematic model. This 3DP method,
however, does eliminate the possibility of fabricating a sample with any
significant curvature along the longitudinal axis. That is, with print
paths that follow the surface orientation along the longitudinal
curvature.

The material structure of each 3DP tepal mechanism has been
optimized at multiple hierarchical levels. At the microscopic level, the
shear induced alignment of the WPC’s wood fibres is oriented
perpendicular to the longitudinal axis. This orientation maximizes the
hygroscopic expansion of the edges. Similarly, the inner lamina is
printed with TPU using a print-path pattern that is axially oriented with
the blade. Having the dominant axis of the print path in line with the
longitudinal axis of the blade generates undulations along the surface.
These undulations are a consequence of uneven cooling in the polymer
after extrusion (Tekinalp et al. 2014, p. 146) that result in a reduced
bending stiffness across the transverse axis. This directional structural
property facilitates bending the blade into position prior to actuation. It
is also speculated that this directional irregularity may contribute to
buckling instability. At the macrostructural level, the mechanism has
highly differentiated functional regions. These regions include a
flexible inner lamina (TPU) that reduces bending stiffness, a rigid inner
lamina perimeter (ABS) that increases stress concentration along the
edges, and the WPC swelling region along the edge. Together, the
shape, anatomical features, and the functional differentiation of the
material optimized the 3DP tepal for both stability in a static state and
buckling under stress conditions. In the flower-opening mechanism this
localized expansion is generated by cell growth but in the case of the
3DP model, that stress is generated by the hydration-induced swelling
of the edges.

In Case Study 5, each tepal forming the aperture is bent transversally
prior to actuation. The applied force significantly affects the

performance of the blade, as it generates the necessary stress and elastic
instability needed for the shape deformation to occur when the edges of
the petals expand. This combinatory approach between mechanical
instability and the localized hygroscopic expansion of tissue is often
used in responsive plant mechanisms (Forterre 2013), but seldom used
in architecture. C5 demonstrates that it is possible to use this
combinatory approach through the presented 3DP methods. The larger
and faster stimulus-responsive mechanism expands the potential of
“elastic systems” (Schleicher et al. 2015) at an architectural scale in the
context of passive actuation.
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This thesis contributes to the understanding of the architectural design
space of stimulus-responsive, shape-change material architectures, as
well as mechanisms that are enabled through hierarchal design-tofabrication workflows. The thesis provides a set of methods and design
strategies that support the investigation and development of these types
of SRM mechanisms.
This chapter synthesizes the key findings and contributions from the
case studies and related publications. D1, titled “Material Tailoring in
Hygroscopic Responsive Mechanisms”, discusses methodology in
relation to the overall findings and conceptual approaches of material
programming. Analytical observations are presented that address the
impact of the conducted research and the potential transfer of the
developed methods and shape-change mechanisms to other systems and

materials. The Conclusion (D2), provides a summary of each chapter,
and restates the contributions of the dissertation. The Outlook section
(D3), outlines future research trajectories for the development and
implementation of 4DP programmable material architectures. This last
section builds on the known limitations of the presented research, and
provides potential lines of inquiry to address them.

The research presented in this thesis can be ascribed to previous
research conducted on hygroscopic structures in wood (Menges 2009;
Reichert et al. 2015; Correa et al. 2013; Wood et al. 2016; Rüggeberg
and Burgert 2015). It can also be ascribed to a personal fascination with
the much wider spectrum of plant motile structures and mechanisms
(Elices 2000a; Dawson et al. 1997; van Doorn 2003; Stahlberg and
Taya 2006; Elbaum et al. 2007; Fratzl and Weinkamer 2007; Burgert
and Fratzl 2009; Reyssat and Mahadevan 2009; Knippers and Speck
2012). The bio-inspired abstraction of the pine cone scale’s moistureinduced shape transformation into a wooden bilayer structure initiated
a research trajectory for complex shape-changing mechanisms, and the
material architectures that enable them. This initial research motivation
also helped in identifying the need for a more robust technical solution
for the functional organization of material.
The technical transfer from a laminated wood bilayer into a 3D printed
multi-material responsive mechanism in combination with plant biomechanics and material engineering principles lead to the new
fundamental insights presented in chapter C (Case Studies C1 and C2).
In particular, it establishes the importance of a multiscale perspective
in the design of hierarchical materials. These insights and new
fabrication methods allowed for the investigation and implementation
of bio-inspired 4DP mechanisms based on plant motile structures.
These 4DP mechanisms included the multiphase, and doubly curved,
shape-transformation of the pine cone seed scale of the Bhutan pine
(Case Study C3) and the flowering mechanism of Lilium ‘Casa Blanca’
(Case Study C5). Lastly Case Study C4 tests the functional
implementation of an archetypical application – an architectural

aperture. Each of the case studies presented in chapter C was made
possible through an interdisciplinary exchange with multiple research
collaborators. This exchange brought with it conceptual perspectives,
methods, analytical tools and fundamental insights that have informed
the research that was presented here. With each case study, valuable
experience, understanding and technical expertise was gained. Each of
the case studies also built upon the knowledge gained from the
previous, and supported the synthesis of the technical developments. A
discussion

of

the

fundamental

principles

and

interdependencies is presented in the following section.

technical

While it is easy to perceive material as a homogeneous entity, the
composition of matter is full of complexity and heterogeneity at
multiple length scales. Determining the distinction between form and
matter is commonly credited to Aristotle (Gursoy 2016, p. 853).
However, it could be argued that it is our visual bias that leads to the
identification of form first and matter second. The rich space of nano-,
micro-, and mesoscale structures (chapter B1.6) operate outside of what
the human eye can perceive, and are therefore clustered together as
constitutive substance of the form, which can be seen with the naked
eye.
“It should be mentioned that the terms “material” and
“structure” blur in biology and often also in biomimetics. All
biological materials, e.g. wood, bamboo, seed coats, bone,
muscle, are hierarchically structured. Typically, five to nine
hierarchical structural levels can be discerned that may cover a
size range of up to twelve orders of magnitude.” (Speck and
Speck 2019, p. 98)
Chapter B provides an insight into the active role of materials in
computation, formation, and the functional organization of materials
and biological organisms. The dynamic exchange of information
between material systems and their environments across multiple length
and time scales highlights a constant state of flux. This exchange is
difficult to reconciliate with the precarious static tools of analysis and

representation that are used to engage it. In architecture and design, the
prioritization of form, as design intent, over material and construction
has been a long-standing challenge that continues to impact building
construction. This prioritization has formed a divisive structure that
seeks to categorize design as a fixed state that is separate from the more
fluid process of execution. Designing dynamic systems, which are
systems in a state of “flux” (chapter B4.1.1), requires a reconceptualization of the design space together with the parameters,
dimensions and length scales that encompass the domains of
engagement. Moreover, there are humbling gaps of knowledge in
multiple disciplinary domains, that can hinder this engagement, and
addressing these gaps will require a significant knowledge transfer
(Addington and Schodek 2005, p. viii).
To design a dynamic system, it is necessary to gain some understanding
of the variables that affect their behaviour and their interdependence.
Identified here as the “variables of material programming,” these
variables are directly connected to various research fields and their
corresponding perspectives. In general terms, these research fields
include Material Science, Manufacturing, Engineering, Computer
Science and Biology. Interdisciplinary research is essential as these
research fields are vast. However, a cursory understanding of their role
can provide valuable support to the present research. For instance, it is
helpful to consider that 3DP was developed in an effort to address
challenges in manufacturing but understanding the mechanical
behaviour of a printed part lies within the domain of Material Science.
In turn, insights into SRM materials from material science can bring
new functionality to 3DP parts. In parallel, technical developments in
CAD and CAM as applied to additive manufacturing can give greater

control to the material engineering of a functional mechanism.
Meanwhile, biology offers a window into nature’s genius as a source of
inspiration and knowledge.
Prof Achim Menges at the ICD established an integrative framework to
research in architecture that seeks to bridge some of the gaps across
these disciplines. This is a challenging framework that was instrumental
for the research presented here. Foundational concepts are introduced
in chapter B. Here they are summarized and positioned in relation to the
case studies and also to each other.

Each case study presents the design of an inert structure, whose design
allows for an iterative transformation in relation to changes in
environmental conditions, but specifically, moisture. To consider that
they are made with materials embedded with “magic” or with properties
“beyond” the natural order appears unproductive. However, in her
paper “Magic or Material”, Addington (2010) presents magic as a
suitable predecessor to material design. She argues that “magic”
disconnects the effect from the material and that by doing so it allows
the magician to choose the desired effect, and then to determine the
most suitable material strategy to achieve it. In other words, by creating
this disconnect, the magic trick acknowledges that the design intent, the
desired type of shape transformation, is as good an inspiration for
material investigation as any. A similar disconnect between material
and effect can be found in some of the earlier definitions and conceptual
goals for “smart” and “programmable” materials. As presented in
chapter B1.2, the definitions provided general ideas for “embedding”
sensors, controllers and actuators within a “computing medium”

(chapter B1.2) but it did not provide any information on the mechanics
of the material processes needed to accomplish them. The definitions
were presented as a conceptual roadmap for investigation to achieve a
desired goal. A goal that was closer to the magician’s effect. A key
concept of both smart and programmable materials was the exchange
of information between processing units and their environment. This
exchange of information includes a direct response to an external input,
which is defined as either “stimulus” or “event” (chapters B1.2 and
B1.3). Both approaches followed on the definition by Harding et al. of
material computation (chapter B1.1), where the computation can also
be stopped or reversed in response to changes to the stimulus, which is
a key characteristic to “drive” or “control” the system (Harding et al.
2008).
While the concepts of material intelligence (Kwinter 2003),
programmable matter (Toffoli and Margolus 1991) or smart materials
(Ahmad 1989; Addington and Schodek 2005) influenced the conceptual
approach to the investigation, it is probably more accurate to describe
the “magic” of shape change in the pine cone scale as an inspiration.
Therefore, one of the most important technical steps toward material
programming, in this context, was the transfer of the kinematic model
of the pine cone scale into the design of the climate responsive wooden
bilayer structure. This is a transfer that is further translated from found
biological tissue (wood veneer) to a synthetic 3D printed structure in
Case Study 1. The material means that were needed to achieve this
transfer were deduced through analysis and experimentation, however,
they were also motivated by the “magical” effect that the hygroscopic
veneer aperture elicited. A similar argument for inspiration as a driver
for investigation could be made with the lily in bloom found in Case

Study 5. The inspiration that ultimately drove the highly rational
investigation that encompassed this thesis is the researcher’s
fundamental interest in the “magic” behind biological organisms.
Chapter B1 addresses metamaterials, which are defined by their
designed structures as “beyond” (meta) materials. It could be argued
that the term “meta” ultimately points to the non-natural, even to the
magical. However, this field is concerned with the “tricks,” tools, and
methods that actualize these effects. Unlike the larger conceptual
frameworks encompassed by smart or programmable materials, the
field of metamaterials provides valuable language for identifying the
role of design in the articulation of micro- and mesostructures. It
presents the logical and rationalized organization of a variety of
materials and geometries, at a variety of scales, as a key tool in the
design of electrical, optical, mechanical, and physical properties
(Berger 2020). While all of the case study mechanisms could be
categorized by the term metamaterials, it is the explicit delineation of
the geometric logic, material properties and stimulus interaction that the
field of metamaterials provide, which is most useful. For instance,
categorizing Case Study 1 as a 4DP material (or a smart material) that
responds to moisture, does not provide a complete understanding of the
functional and spatial relations that the material architecture affords.
From the perspective of a metamaterial, the same system is better
described as a wood and polymer composite (microscale) that is used
to form a directional fibrous (filament as fibre) laminate structure
(printed layers form sheets in the laminate at the mesoscale) with a high
level of porosity at both the micro- and mesoscale. The organizational
logic of the bilayer structure is functionally differentiated by means of
a multi-material architecture to cause a stress-induced bending (in

specific regions). The stress is generated as a result of differentiated
hygroscopic swelling of the wood fibres and the polymer, but it is
augmented by the mechanical properties of the oriented structure. The
design of bilayer architecture also facilitates moisture diffusion across
the porous microstructure of the composite and the macroscale features
of the component. This specificity across the levels of material
organization was essential to the technical transfer from veneer
composite to 3DP structures. Parameters were tested and then expanded
in Case Study 2, to investigate the geometric logic that defines the
functional properties of the material architectures in relation to moisture
induced swelling.
Therefore, the presented dissertation research can be positioned in
relation to 4DP due to the classification of the 3DP fabrication process
and the time-dependency (the fourth dimension) of the shape
transformation. The work can also be categorized as programmable
matter in its ability to encode a response in relation to an external
stimulus. Similarly, the 3D printed composite also fits the related
distinction as a Smart Material that is embedded with intrinsic sensors
and actuators. Considering its structure as a metamaterial composite is
also helpful, as it directly addresses the “engineered” quality of its
properties as not simply the result of their constitutional material, but
as the result of precise architectures, in which the material structures
have been designed. Each field has offered a different lens to investigate
the role of design in the manipulation of material architectures.

An engineering perspective on material organization logic, as outlined
in the previous subchapter, is useful to understand how and why these

different principles affect the way a material behaves. However,
understanding how things work does not provide a roadmap to
implementation. It is the biological organism that has the most
experience in implementation. Specifically, in demonstrating how to
adapt and augment these principles. This augmentation includes the
multi-scalar approach used by natural materials to optimize energy use
(chapter B2.1), the functional organization strategies used to create
highly differentiated tissue (chapter B2.3), the instrumentalization of
environmental variables as stimulus and drivers of shape transformation
(chapters B2.3.1 and B2.3.2), and lastly, the integration of
geometrical/anatomical features that amplify the magnitude of a
kinematic response (chapter B2.3.3). Each of these subsections
provided valuable insights for the development of the case study
mechanisms. For instance, the alignment of cellulose and chitin fibres
is one of the key microscale variables for the functional differentiation
of tissue properties in plants and animals (Ashby et al. 1995; Speck and
Speck 2019; Dunlop and Fratzl 2013). At the mesoscale, a change in
the fibril angle, specifically in relation to the load direction (in order to
either increase or decrease axial load on fibres) is used by trees to create
specialized load-bearing tissue known as compression or tension wood
(Elices 2000a, p. 28). The lobster Homarus americanus applies the
same mesoscale manipulation of fibre direction to modulate the level of
hardness in its shell – albeit, using chitin rather than cellulose fibres
(Raabe et al. 2006; Dunlop and Fratzl 2013). In fact, most seeddispersal mechanisms show great proficiency in the mesoscale
manipulation of microstructural anisotropies (Elbaum and Abraham
2014; Simon Poppinga 2015; Quan et al. 2021). Still, it is the multilevel
integration of material strategies that culminates in some of the most

outstanding

examples

of kinematic amplification. The burst

mechanisms for seed dispersal is an example (Swaine and Beer 1977;
Martone et al. 2010; Deegan 2012; Forterre 2013). The rapid actuation
of carnivorous plants, like the bladderwort (Vincent et al. 2011), the
Venus flytrap (Forterre et al. 2005; Poppinga and Joyeux 2011), or the
waterwheel plant (Poppinga and Joyeux 2011; Guo et al. 2015) are all
examples. An expanded overview of plant motile structures is presented
in chapter B2.
The presented research follows a similar approach to system integration
across different length scales. For instance, in Case Study 1, the multiscalar approach was used to instrumentalize the shear-induced
alignment of fibres (microscale) into the directional swelling of the
raster pattern (mesoscale 1) and subsequent multi-material bilayer
architecture (mesoscale 2). Larger, more observable features
(macroscale) include the geometry of each flap and the supporting
understructure of the aperture mechanism (figure C1.2). In Case Study
2, the “long strips and pores” sample has differences in material
thickness due to changes in the number of layers that affect the flexural
strength of the piece and the corresponding bending radius (figure
C2.5.3). Case Study 2 also demonstrates the integration of horizontal
pore-like cavities that improve moisture diffusion across the structure
(figure C2.5.4). The bio-inspired models of both the Bhutan pine cone
scale and the Lilium ‘Casa Blanca’ demonstrate further integration of
micro-, meso-, and macroscale variables that are instrumental to their
particular shape-change behaviour.

An understanding of how to instrumentalize a hierarchical material is
very valuable for the optimization of a structure. However, the true
insight only emerges when these principles are applied to architectural
applications. This transfer can occur through various analog or digital
means – as indicated in the state-of-the-art section (chapter B4). Of
particular interest for this thesis, was the transfer from analog
lamination to a computationally-controlled 3D printing process.
Beyond the multistep requirements of lamination, the key contribution
of the additive process lies in the precise control of the material
deposition. This principle was essential to apply a hierarchical
organization to the layered, fibre-like composition, of the 3DP material.
That is, integrating the spatial, formal and functional domain of a
mesoscale structure in the design of a material. This something is
referred to in this document as a ‘material architecture’. And it has been
used to refer to the spatial and functional organization of smaller
constitutive units of either microscopic structures (the composite
filament) or other units of mesoscale structures, such as raster layers
(figure C1.5). The context for the use of the term ‘material architecture’
is outlined in chapter B2.1.
One example of mesoscale features is provided by Blok et al. (2018) in
regards to porosity:
“Important features on the mesoscale are the contact area
between the printed tracks and the minimization of the overall
void content, as they can have a large effect on the printed part
strength. Different printing patterns can be used to increase area
of contact between the printed tracks and minimize the void
content as shown in Fig. 3. Several studies analysed the void

density

in

3D

printed

parts,

both

analytically

and

experimentally, with changing the gap size between tracks
[6,13]. A small overlap between the tracks gave the best results,
with a void density of ∼5% in the 1–3 plane and 27% in the 2–
3 plane. Micrographs taken of 3D printed structures typically
show a clear mesostructure with diamond or triangular shaped
interbead voids, as shown in Fig. 3.” (Blok et al. 2018, p. 177)
As this quotation shows, Blok et al. have identified that it is necessary
to reduce porosity in order to increase the load transfer between the
“printed tracks,” and therefore, produce a high strength part. As
identified in chapter B3.2, 3D printing processes give the printed part a
number of anisotropic properties. Small variations in printing
parameters, such as temperature, extrusion speed, extrusion rate, and
layer height can have a significant impact on the mechanical properties
of the printed part (chapter B3.2). In the example given above, the
reduction of “void content” is important, since the resulting porosity
reduces mechanical strength. Moreover, this porosity also makes the
polymer more susceptible to moisture, which also further weakens the
polymers (Kim et al. 2016, p. 7). Many of these unique “deficiencies”
can be useful for shape-change mechanisms. While all of the case
studies manipulate some of these variables to optimize the specific
mechanisms, Case Study 2 particularly investigates the design space of
the variables themselves outside a target kinematic application. This
includes the manipulation of “void content” through the variation of
spacing between “printed tracks” (mesoscale 1), but also the
compounding effect of this principle to form lattice structures at
different scales, with functional pores (mesoscale 2), which allowed an
increased transfer of moisture through the material (chapters C2.5 and

C2.6). This was a design approach used to integrate the two hierarchical
levels of material manipulation that resulted in an increased stimulus
response time, as well as an increased amplitude in shape-change
transformation (figure C2.6). Small variations of curvature, orientation,
and spacing in the print path were instrumental in achieving the
multiphase, kinematic shape-change of the bio-inspired Bhutan pine
cone scale model (Case Study 3) and the “orange peel” samples (Case
Study 2). Lastly, the integration of two or more distinct polymers, with
different mechanical behaviour, introduced additional potential for
functional tailoring. The multi-material capabilities of the 3DP process
made it possible to both vary the polymer composition within the
mesostructure of the material and to print identical regions with
different properties. For instance, the use of ABS, in combination with
WPC, was instrumental in augmenting the amount of stress within the
bilayer. This additional stress increased the magnitude of stress-induced
bending – more control in the targeted deformation. While ABS in FFF
is affected by moisture (Kim et al. 2016), it does not have hygroscopic
wood fibres, and therefore, does not swell in the same way as WPC.
This functional variable in the 3DP process was useful when generating
non-swelling boundaries in Case Studies 3, 4 and 5, or the structural
support of Case Studies 1 and 4. Combining three materials (ABS, WPC
and TPU) enabled a much higher differentiation in the material
architecture of the abstracted lily tepals in Case Study 5. In conclusion,
it was the precise manipulation (and tinkering) with 3DP variables that
made it possible to think about the fabrication of the structure as a true
material design process.

Architecture, as a discipline, is interested in transformation processes.
One such transformation is the semi-permanent organization of material
into architectural form through building construction. Another aspect
of transformation is the mutability of program, occupation, and
enclosure. A summary of these architectural perspectives is presented
in chapter B4.1.1, titled “Architecture in Flux.” The consideration of
shape transformation as a design dimension, specifically at the
microscopic or mesoscale, is more unconventional, but it is not without
precedent. For instance, Goethe in 1989 offers a theory to understand
the dialectical conditions of form, where the term “Bildung” (active
formation) is used to identify the “ceaseless flux” that is so prevalent in
a biological organism, whereas “Gestalt” captures one instance (a
snapshot) of the its complexity (Goethe 1989, pp. 23–24). In other
words, while the interminable process of transformation must be
acknowledged, meaningful knowledge can also be gathered by studying
instances of it – through a snapshot of said process. Frei Otto takes an
architectural approach to morphology in his research through materials.
He investigates the behaviour and form of materials as they seek to find
a state of equilibrium between the internal logic of the material and the
external forces that are exerted upon it (Otto et al. 1995). Otto’s work
demonstrates the importance of addressing material properties at
multiple scales, and how these properties are critical to the
understanding of both form and behaviour. Connecting active processes
of formation to materialization, Menges engages the process of material
becoming by engaging the “unfolding of morphological complexity and
performative capacity without differentiation between form generation
and materialization processes” (Menges 2007, p. 1). Thus, the variables

of architectural thinking occur in the negotiation between emergence,
within a material system, and design intent at the larger scale of the
building assembly. However, there are always some limitations on the
scope of parameters that the designer has access to. This should not be
seen as a hinderance, but as an acknowledgement of the vast complexity
that takes place in the inherent processes of emergent formation. The
limits of access to said complexity drive new avenues for further
investigation. In summary, considering the ontological foundations of
architectural thinking from Aristotle to DeLanda (an arbitrary point in
the philosophical continuum), an argument could be made that the
variables of thought are directly tied to the conceptual paradigms,
technical tools, and known materialization processes in which the
design process operates. This is demonstrated in this thesis through the
informed integration of several of these parameters within their
conceptualization, as well as the inherent limitations of the conceptual
and technical framework in which they emerged.

In this thesis, each case study is made possible through a multihierarchical design strategy applied through FFF. Each sample
demonstrate what this integration can accomplish, but it also acts as a
“snapshot” of its own limitations. For instance, limitations on
computational simulation result in the need for extensive empirical
testing. Case Study 3 is an example of this need. The experiment
required over 24 samples and subsequent time-lapse analysis to develop
the targeted kinematic model of the pine cone scale. Valuable
experience and insights were gained with every test, but, while complex
multi-material geometries and printing parameters could be conceived
a priori, the subtle stress gradients that drove the actuation were only

captured in time-lapses (after the fact) and their corresponding postprocessing analysis (Case Study 3, figure C3.8). The varying degrees
of intensity within the areas of stress concentration were not as readily
accessible during the conceptual design process and consequently, they
were not as closely integrated in the architectural thinking process of
the shape change mechanism. While the kinematics systems are
tangible manifestation of flux, the existing tools only enabled distant
access to their dynamics. Similarly, the heuristic approach to these tests
also provided a level of material engagement, observation, analysis and
research insights that an informed computational model may not have
been able to manifest. From a material science perspective, Addington
and Schodek (2005) expand on the challenges of working with “smart
materials,” where limitations on the understanding of “certain
phenomena and physical properties” greatly affect the level of design
access to material behaviour (Addington and Schodek 2005, p. viii). In
the introduction to their book Computational Design Thinking, Menges
and Ahlquist identify that the computational design tool is developed
before the design of the artifact itself, and therefore the tool is
constrained by the set of parameters and variables that were conceived
a priori – the range of knowledge that we are able to embed in the design
process (Menges and Ahlquist 2011). With this perspective in mind,
certainly some physical phenomena were missed, as their operational
fundamentals exist beyond the expertise of the designer. Lastly, the
related concept of the “machinic morphospace” (Menges 2013) can be
extended here to the conceptual limitations that emerge from the
fabrication space, which in this instance, is the limited 3-axis
configuration of the 3D printer, which directly affected the design space

and the conception of the design problem – a constrained additive
layering.

“This Archigram rhetoric recalling the space race proved
hopelessly optimistic, once again missing the point that
buildings are large, so a cubic meter can only cost a fraction of
a cubic meter of car, airplane, racing cycle, or computer”
(Blundell Jones 2004, p. 52)
Blundell Jones addresses the implications of cost in the lack of technical
development in material science within architecture. State-of-the-art
research in 3DP and 4DP materials introduced a comprehensive set of
high-performance technical materials with unprecedented responsive
capacity (chapter B4). However, the implementation of these materials
in architectural applications, remains limited or virtually non-existent.
The cost of technical upscaling is one of the challenges, but
construction costs, as stated by Blundell Jones, might be an even greater
obstacle. One curious example of the role of economics, specifically
when associated with materials in the design process, occurred in the
selection of the WPC material for this thesis research. Prior to starting
this research, several SRM methods were known (chapter B4.2), but
most required complex and costly methods. These methods use
expensive PolyJet inks and printing equipment (Tibbits 2014; Raviv et
al. 2014); specialized nanoscale fabrication (Cho et al. 2010; Erb et al.
2013);

inaccessible

bespoke

polymer

formulations,

such

as

temperature-memory polymers (Behl et al. 2013a), or reversible shapememory polymers (Behl et al. 2013b); expensive materials to cut and
fabricate, such as metal bilayers (Doris Sung 2011); or one of a kind

equipment such as “magnetically assisted 3D printing” (Kokkinis et al.
2015). Architectural research, on the other hand, focuses on one of the
most complex and lowest cost SRM materials available – wood. The
complexity of SRM material is a result of the hierarchical structure of
wood tissue. A complexity that has extensive variation across wood
species. Altering the composition of its structure is difficult but working
with its inherent properties is not. Wood is low cost and readily
available in most geographic regions. As outlined in chapter 4.2.3,
wood has been used as an SRM in hygrometers in the 16th century.
Several examples of wood, used in a bilayer to form a hygroscopic
SRM, are presented in chapter B4.2.3. Working with the tools and
materials available, and adapting them to new applications is one of the
key strengths of an experienced designer. Wood and wood fibres are
also hierarchical structures with complex multilevel architectures, as
outlined in Dunlop and Fratzl (2013). In other words, there was much
to be learned from those “found” structures (chapter B4.2.3). From the
beginning of the research, synthetic discontinuous fibres had already
been introduced to FDM (via fibre fillers in epoxy inks). The fibres
were functionally oriented to increase tensile strength and with
significant success (Compton and Lewis 2014). Wood fibres were also
added to FDM filaments, for aesthetic and economic reasons. The
aesthetic purpose of the wood fibre, came from the softer appearance of
the wood-like filament; unlike ABS or PLA it could also be sanded and
finished with conventional wood finishing products (3Dprint.com
2014). Using wood fibres as fillers in plastics also has cost-reduction
considerations for filament and plastic production in general. The wood
fibres used for WPC are a low cost by-product from industrial residue
in sawmills, which would otherwise have been used for heat (Kariz et

al. 2018a, p. 917). While 4D printing technologies, were commercially
available at the commencement of the thesis, they were very expensive.
For instance, Skylar Tibbits (2014) coined the term 4D printing by
developing a shape-changing mechanism using a Stratasys Connex
PolyJet printer with custom hydrogel ink formulations. Validating his
findings without the same equipment was difficult, as was acquiring
samples for analysis. FDM “wood” filament, on the other hand, was
readily available from a number of commercial suppliers. A low cost
and non-professional, consumer-level 3D printer was also recently
made accessible. These low-cost resources provide a fertile ground for
architectural ingenuity.
Material tests began with an investigation of the hygroscopic swelling
of filaments, which were produced by Lay-filaments (Laywood, 40%
recycled wood fibres (3Dprintingforbeginners 2014)), ColorFabb
(woodfill, 30% recycled wood fibres (ColorFabb 2020), and
bamboofill, 20% recycled bamboo fibres (3Dprint.com 2014)). Small
dimensional changes could be observed in the printed samples but these
early observations were solely empirical, as there were no precedents.
The hygroscopic swelling of these new printed materials had not been
studied at the time of this dissertation’s commencement. The water
induced swelling behaviour of WPC 3DP materials was only
understood in later studies (Gardan et al. 2016; Le Duigou et al. 2016;
Kariz et al. 2018a; Kariz et al. 2018b; Ayrilmis et al. 2019). At the onset
of the research, the empirical observations of the printed samples led to
the selection of Laywood filament, as it presented the most noticeable
dimensional change. It was speculated that there was likely a correlation
between the observable behaviour of the printed samples and the higher
percentage of wood flower content. Early monomaterial bilayers

showed that the print orientation could be used to orient the direction of
swelling, which could be instrumentalized to generate stress-induced
bending. The watershed moment for the dissertation occurred when two
types of filaments were combined to form a “weave” like bilayer
structure, a more detailed explanation of the technical development is
presented in chapter C1.6. Similar to construction, cost consideration
can be both an obstacle and a driver to technical innovation – in this
case, in the material research field. Of unique importance here is that
the multilevel architecture of the fibres, coupled with the shear induced
alignment, gave the material a unique anisotropic behaviour. Unlike the
isotropic swelling of the hydrogel inks in the PolyJet 4DP method, or
the hydrogel casting approaches, the FFF method used the anisotropic
swelling behaviour of the oriented wood fibres to drive the actuation
(see chapter B4.3). This is a significant technical difference from what
has been done up to this point. Moreover, by bypassing the default
raster patterns in the slicer program, it was possible to build on these
directional properties, and add hierarchical levels of directiondependent properties at the meso- and macroscale (chapter B3.2). The
goal at each iteration was to augment the hygroscopic shape-change
response, which was the desired performance characteristic of the
material’s architecture. This sequential technical development
constituted a bottom-up emergent design method. Each step of the
design methodology was informed by a careful analysis of the
properties of the material and its behaviour. 3DP parameters and
computational tools were progressively adjusted to incorporate these
new-found insights into the design development process. With each
refinement, further access was gained in relation to the complexity of
the material organization logic, and a closer integration between form

generation and the process of material actualization. Nevertheless,
some limitations to the design methodology were encountered. The
interactive dimension of time, and the internal complexities of stress
transfer within the intricate lattice structures remained distant. There
are two reasons for this; (1) precise material characterization and (2)
FEM simulation integration. The two are interrelated. Without the
adequate material model of the WPC material, the simulation model
remains a limited, and possibly erroneous, approximation. Literature
that deals with the material characterization of 3DP at the onset of the
research was limited, and primarily focused on mechanical strength (see
in State-of-the-Art, chapter B4.2.4). Furthermore, most standards for
the material characterization of 3DP materials, like the use of the socalled “dogbone” sample print geometry (ASTM D3518 / D3518M18), are only useful to measure the “bulk” properties of the printed part,
which occur at the macroscale (Cole et al. 2016). Besides, the
characterization of WPC filament in isolation does not provide
sufficient information on the critical properties at the mesoscale;
specifically, the load transfer at the filament interface, and print -path
to print-path interfacial bonding. Mazzanti et al. (2019) identified these
challenges in material characterization by articulating that a 3D printed
specimen, like the dogbone, is “actually a structure, not a material”
(Mazzanti et al. 2019, p. 16). Combinatory and comparative analysis to
understand “local mechanical properties,” such as interfacial bonding,
has been limited, thus far (Cole et al. 2016). This mechanical
characteristic remains one of the most challenging aspects of working
with 3DP materials, particularly those with fibrous fillers. As outlined
in State-of-the-Art, chapter B3.2, interfacial bonding occurs at various
length scales of fibres. This includes the interface between print path to

print path, between the polymer matrix and wood fibres, and between
the cell wall interface within the fibre bundles themselves. As a result,
small variations in the material (moisture content, type of wood fibre,
fibre length) or changes in the printing parameters (temperature, speed,
layer

height,

ambient

temperature)

can

affect

the

material

characteristics the printed structure (Mazzanti et al. 2019, p. 16). These
multiple levels of interaction, and their corresponding variables,
fundamentally affect the behaviour of the shape-change architectures,
but they are difficult to integrate within the simulation model. The
challenges in characterization that Mazzanti et al. (2019) outline are
specific to mono-material prints – only one filament. Therefore, multimaterial prints present an even greater challenges for characterization.
As of the writing of this document there are no known protocols for
testing of multi-material prints. It is speculated that this is due to the
number of possible raster pattern combinations between two materials,
which is close to infinite, and is therefore, likely to require a completely
different theoretical approach. This exploration is certainly beyond the
scope of this dissertation, and will likely be outside the field of
architecture. With this consideration, the empirical testing methods
developed during this thesis were determined to be the most suitable
approach to investigate the behaviour of the 3DP mechanisms.
Lattice structures made with multiple materials would have increased
the number of material properties and mechanical interfaces that were
required for an accurate simulation model. Two types of filaments in
Case studies 1–4 or three materials in Case Study 5. As Simon L
Harding rightly asserts: “The world is a better model of itself than the
models we can induce from our data” (Harding et al. 2008, p. 1).
Subsequent analysis by others have validated some of the key

speculations on the material behaviour (chapter B4.3 – External
Validity and Replications), but they have also expanded the
understanding of the technical complexity in which these systems
operate. For instance, the impact of material fatigue, or the more
complex processes of polymer stiffening in lignocellulosic materials,
such as the hornification phenomenon, have not been well studied in
4DP mechanisms, as no known publications exists on this topic.
Perhaps because, up to this point, there has been no significant
implementation of 4DP in commercial applications, which would have
merited a more comprehensive level of testing. This issue connects to
the argument put forward by Blundell Jones (2004) on the cost of
building materials and the selection of WPC filaments via FDM; it is
not only the research interest or the technical performance that will
enable the implementation of smart materials, but the reduction in cost
due to mass adoption in parallel industries. Mendelsohn (2017) asserts
that the titanium cladding used in the Guggenheim Bilbao, was chosen
not only for its outstanding technical performance, but also for a
“serendipitous” drop in the price of titanium, a drop that has not
occurred again since.

It is speculated that the future development of 3D printing will include
living matter as a printable material; living trees, edible fruits,
biocompatible organs or different types of intelligent living organisms
could all make part of future prints. There are, in fact, several research
groups that have already started developing 3DP methods towards this
end (Miao et al. 2017; Wang et al. 2017a; Godoi et al. 2016; Mehrotra
et al. 2020). Living organisms have been a constant source of

inspiration for aspiring makers and designers. Knippers (2020) states
that the reference to nature has played an essential role in illustrating
the aims of designers and engineers in achieving “beauty, elegance,
lightness and efficiency of structures in nature”, even though a direct
transfer might only be achievable “in a very few cases” (Knippers 2020,
p. 1008). The linchpin in this future research will not be an
understanding of the relation between form and function. Instead, it will
be an understanding of the processes of growth and the intricacies of
material organization that will give designers new tools and open up
new research trajectories into increasingly complex systems.
“Design is the expression of function and design consists very
often

in

achieving

compromises

between

conflicting

requirements as well as extracting maximum benefit from the
materials used. In biology there is also a strong pressure to be
energetically and metabolically efficient. It is often this last
requirement which, in nature, drives the successful integration
of material properties, architecture and shape, providing a wide
range of optimized designs, tailored to specific functions.”
George Jeronimidis (Elices 2000b, p. 19)
The case studies demonstrate the impact that the principles of material
organization can have, when properly applied to design. The connection
between process, form, and material is expounded on in the paragraphs
that follow, with special regard to the different hierarchical scales
within the printed part. Figure D1.2 provides a visual reference to these
applied strategies at the end of this subsection.
1) Microscale: at the smaller unit scale, the first principle could be the
organization of material under stress. At all scales, material systems

seek to maintain equilibrium with their environment. When a material
is put under stress, whether it be the stress of changes in loading
condition, humidity, or temperature, it will try to find a state of
equilibrium. With filament, the polymer molecules are forced to find
the best equilibrium state under heat and pressure, by aligning
themselves to the direction of extrusion flow (van Manen et al. 2017,
p. 7). This first phase of organization has a direct impact on the
mechanical properties of the resulting bead (Blok et al. 2018, p. 177).
For the WPC material, the embedded wood fillers generate additional
friction and shear against both the nozzle and the print surface. Their
search for equilibrium during this high stress process is a highly
oriented linear organization in the direction of extrusion flow. It is
important to note that the integration of fibres in extrusion processes, or
in composites is general, and is not an easy technical accomplishment,
as observed by Burgert et al. (2016):
“Procedures to orient fibers in a parallel fashion or to implement
a certain directionality in the composites are demanding and not
easily integrated in production processes” (Burgert et al. 2016,
p. 261).
The orientation of polymer molecules and fibres at this scale is a unique
characteristic of the 3DP extrusion process. Therefore, it was a
characteristic that was integrated as a fundamental organizing principle
– connecting process with form and material properties at the
microscopic scale – that formed the basis for all subsequent technical
development. As demonstrated in Case Study 1, changes in the amount
of fibre content alone would be sufficient to reduce, or even eliminate,
the macrostructural shape-change behaviour of any of the SRM
structures.

2) Mesoscale 1: at this scale, these microscopic anisotropies are
augmented by forming an array of print paths, all oriented in the same
direction. This configuration aligns the polymer chains along the same
axis over multiple print paths, effectively augmenting their directional
characteristics. Referred to in the case studies as “raster patterns” this
print path arrays function as mesoscale lattice structures, with directiondependent, physical properties. The polymer’s molecular alignment
combined with the high aspect ratio of the print paths and the weak
print-path to print-path bonding characteristics gives the tissue high
tensile capacity on its longitudinal axis and low bending stiffness in its
transverse axis (Ziemian et al. 2012; Sood et al. 2010). Each case study
made use of this second hierarchical principle to define the axis of
hygroscopic swelling in designated functional regions. This directional
and dimensional change may begin at the microscopic scale, but it fully
manifests at the mesoscale. Beyond hygroscopic behaviour, this
principle was also instrumental in the design of the single TPU layer
that forms the midsection of the tepal (also referred to as the tepal’s
inner lamina based on the bio-inspired model), giving the structure
differentiated mechanical properties, and a higher flexural strength
along the longitudinal length than in the transverse direction (Case
Study 5, figure C5.6). This is a key characteristic embedded in the form
of the material architecture that enabled the bloom-like kinematic
shape-change.
3)Mesoscale 2: At this intermediate scale, the properties of the material
architecture are defined by the interaction between smaller
mesostructures – layers of oriented fibres. The material behaves as a
laminar structure, and the bonding characteristics between the layers
affect the way loads are transferred across the structure. At this scale,

the anisotropic meso-structures can be oriented in relation to one
another, to articulate a functional “argument”. In other words, their
relation can be designed/programmed at the mesoscale to augment,
change or mitigate the properties of the material by considering the
interaction between each other. Here, the form of the material is not
defined by a singular print path, but by an aggregate relation between
multiple paths, oriented both horizontally and vertically, across various
layers. Material and form relations are also connected across
hierarchical levels, from the directional swelling to the raster pattern
and up to the global geometry. For instance, Ayrilmis et al. (2018)
identified that moisture absorption increases with increased layer
thickness, while the tensile and bending properties significantly
improved with decreasing layer thickness. While all of the case studies
use this integration, this mesoscale interaction is most evident in the
differentiated WPC raster layers in Case Study 2 and the high aspect
ratio test trips of WPC and TPU (figure C2.5.1).
Interactions between different polymers, in multi-material printing, are
very important at this second hierarchy of structural differentiation. The
importance of this second hierarchy is demonstrated in Case Study 1,
specifically with the TPU and WPC bilayer. In that initial test, the
change in raster pattern orientation correlated to the macroscale features
of the strip geometry, which also dictated the angle of “twist” bend
deformation (figure C2.5.1). Mechanically, this could be described as
an interaction between a layer of oriented constraints (TPU print paths
acting like cables) in relation to an oriented swelling lattice (WPC –
high hygroscopic swelling potential in perpendicular direction to the
longitudinal axis). The shape-change transformation occurs as the
bilayer architecture seeks equilibrium between forces in different

directions. The structure of the bilayer material accomplishes this by
taking the path of least resistance. In a thin lamina structure, that path
is the lateral bending towards the direction in the member section with
less flexural strength (Reyssat and Mahadevan 2009; Le Duigou and
Castro 2015).
4)Macroscale: At this larger scale, form and shape are primarily
ascribed to global geometric features; such as boundaries, changes in
thickness, secondary components, perforations, or features that can be
visually differentiated as regions.
“Understanding the interplay among geometry, mechanics, and
swelling is essential for the controlled morphing of thin
structures.” (Pezzulla et al. 2015a, p. 2)
An increase in thickness of either the resistive or the hygroscopic layer
results in increased bending resistance. In the WPC samples, the
increase in thickness of the resistive (non-hygroscopic) layer results in
an increase in bending stiffness and a reduction of bending actuation
with limited to no effect on the response time. Thickening the wood
layer results in increased strength (due to an increase in hygroscopic
pressure) and increased bending stiffness. However, it also results in
decreased response time. The thicker the sample, the more pressure the
material structure can accumulate, but the longer it takes for the
moisture to travel across the piece and reach every cell. Hygroscopic
materials like wood try to reach an equilibrium between the amount of
moisture they retain in relation to the moisture found in the surrounding
environment. This state of balance is also referred to as equilibrium
moisture content (EMC) (Hoadley 2000). Moisture from the
environment to the material can be transferred through air, via RH or it

can be transferred directly through contact with water. In the case of
wood, the maximum hygroscopic expansion occurs at fibre saturation
point. While this state of saturation can be reached through submersion
in water, it can also be reached through airborne moisture transfer, if
the material is stored in a high humidity environment. The response
time of a wooden bilayer can be accelerated by submerging the sample
directly into water. Submersion of wood into water changes moisture
absorption intake via air (slow) to direct moisture intake via capillary
action (fast). This understanding of the material behaviour of wood and
its corresponding cell structure forms the foundation of a bio-inspired
model for 3DP synthetic wood pores in Case Study 2.
Form is commonly determined in a top-down manner in architecture.
In biology, however, growth processes determine the form and structure
of an organism. In the living organism, form and structure are created
at the same time, but in “a stepwise manner” (Fratzl 2007, p. 639). In
other words, form may also emerge as part of an integrative bottom-up
approach. The importance of geometry (macromechanics), rather than
material properties (geometry independent parameters such as cell wall
composition) is well documented in the field of plant biomechanics
(Shtein et al. 2020, p. 14). In the case studies presented, macroscale
decisions on form are part of a negotiation between the design intent,
the fabrication design space, and the emergent material behaviour. In
other words, they are part of an integrative design process. The climate
responsive aperture mechanism in Case Study 1 is an example of this
negotiation between competing performance needs. The mechanism
has five individual components that form the aperture. Each component
has a responsive flap region and an integrated supporting structure,
which also include assembly features. The global geometry was

dictated by the aperture design of the previously developed veneer
composite. However, the way the design features were expressed in the
3DP version, emerged from an informed material architecture approach
that carefully modulated the differences in hygroscopic behaviour
between the responsive aperture flaps and the frame structure. Many of
the observable features in the 3DP mechanism are an expression of
underlying principles of material organization at different length scales
and with various degrees of design input. For instance, precise toolpaths
are used for the boundary edge of the flaps, the multi-material bilayer
architecture and the connective features between the flap and the
supporting frame structure. However, the toolpaths for the infill pattern
inside the frame are only parametrically assigned, based on a percentage
basis, as the architecture of the infill does not play a critical role in the
interaction between the materials. In other words, for this specific
application, where or how raster patterns occur have an effect on the
amount of fabrication time, but they do not have a significant effect on
the mechanical performance of the part. This consideration is made for
the support frame, based on negligible load-carrying requirements and
a primary focus on the hygroscopic shape-change behaviour. Assembly
features, on the other hand, require more attention. They are helpful in
demonstrating how material tailoring can integrate other functional
features, which are beyond the SRM focus of the project. For instance,
in both responsive apertures (Case Study 1 and Case Study 4) the
connection details are designed with a consideration of the limitations
of 3DP, and more specifically, the limitations of FDM equipment. They
are also designed to take advantage of the direction-dependent
mechanical behaviour of the ABS filament. Put differently, the material
is optimized to reduce warping, delamination, and mechanical failure.

Shape as a function of not only form, but also as a function of material
thickness plays a key role in dictating how a material is functionally
graded. This is an organizational principle that operates at the scale of
a ship or building, but it is one that is often taken for granted at the scale
of a teapot. For a small-scale mechanism, like bilayer strip, changes in
thickness (a macroscale design feature) affect the curvature change –
following Timoshenko (1925) and validated for composite bilayers by
Le Duigou and Castro (2015). This is a simple principle of material
organization that is demonstrated in Case Study 2 (long strips). Lastly,
the lily’s flower opening mechanism (Case Study 5) demonstrated a
unique integration between the larger geometric features of the doubly
curved tepal, their anatomical orientation in the flower and the
functional differentiation of the material itself. For both the abstracted
model and the biological organism, the boundary plays a key role in
controlling the shape-change behaviour (Liang and Mahadevan 2011,
p. 5520). This hierarchical integration optimized the 3DP tepal for both
stability in a static state and also when buckling under the
hygroscopically induced stress condition. As described by Schleicher
(2015), the resulting response is larger and faster, and therefore,
expands the potential of “elastic systems” in the context of passive
actuation. The previous studies by Schleicher et al. (2015) have already
demonstrated the transfer of flexible and elastic plant movements to
elastic systems in architecture. These elastic systems, however, relied
on the application of external loads for their actuation. Case Study 5
built on this work by integrating material actuators within the
mechanism itself. These actuators can internally generate the actuation
forces that drive the shape-change transformation. This is a much closer

approximation to the fast and highly reliable passive actuation approach
used in seed dispersal mechanisms.
An integrative design to the fabrication approach, with the
incorporation of 3D printing, enables material design interventions at
different length scales. Within the 4DP process, the material can be
understood as a polymer (ABS, TPU), a fibrous composite (WPC
filament), a plastic extrusion bead (a single print path line), or a
laminate composite (after the addition of multiple overlapping print
paths to form a multilayer structure). If the interventions are engineered
to provide different performance in different regions within the same
designed structure, it can also be defined as a functionally graded
material. This level of functional differentiation is the driving principle
behind the multi-scalar structure of wood as presented by Dunlop and
Fratzl (2013). The case studies demonstrate how each of these scales
had an impact on the emergent formation process of the shape-changing
mechanism. It also opened the possibility of thinking of the 4DP
fabrication of a structure as a true material design process.

Figure D1.2: Material architecture features at 4 length scales. (a) Diagram of shear-induced
alignment of fibres, (b) close-up of direction-dependent material organization of bilayer (Case
Study 1), (c) close-up of multilayer weave architecture (Case Study 1), (d) and large formal
and functional 3DP parts (Case Study 4). Source: David Correa | ICD, University of Stuttgart |
2021.

Developing a polymer suitable for 3D printing (3DP), with a bespoke
formulation, is outside an architect’s field of expertise of and extends
outside the scope of work of this dissertation. This section seeks to
consolidate observations and analyses for future research that can be
applied to 4D printing (4DP); specifically, through the development of
polymers and polymer composites.
One of the key conclusions from this research is that there is no such
thing as an ideal 4DP material. While there will be properties that can
make a material formulation more useful for a wider range of
applications, there is a subsequent step needed to develop a 4DP
mechanism that is tailored to a specific application. For instance, a
material that has a high expansion coefficient in response to water and
is also UV resistant could be useful for outdoor applications. However,
the printing material will not be of significant use if a second material
isn’t found that is compatible for either bonding or mechanically
fastening the material to form a 4DP mechanism. Similarly, depending
on the material’s expansion behaviour, specifically whether it is
isotropic or anisotropic, a different methodology and mechanism design
will be needed. The cost of producing the bulk materials, or fabrication
costs of the mechanisms could similarly hinder its application. This
observation is not meant to limit what this field of research can
accomplish, but as a note on the extensive potential this field has yet to
cover. When looking at the broader research field of adaptive facade
systems, the dialectical relation between development and application
is very present. There is arguably not a single SRM or mechanism that
can meet the “broad complex functionalities of a facade system,” or that

present significantly better performance characteristics than all the
others (Juaristi et al. 2018, p. 495). Instead, it is speculated that future
implementations will emerge from the hybridization of these systems,
a re-conceptualization of the building envelope, or the integration of
these materials into other building components. Implementations that
will take place within a more holistic approach to material-informed
design in the building system. While a lot innovation has already been
accomplished by architects, designers, and material researchers
(separately or collaboratively), much more research is needed for these
developments to emerge as feasible commercial applications.
It is interesting to consider that the filament production of the WPC
material occurred as a result of an unrelated industrial development.
Wood flour is commonly used as a “reinforcing filler in thermoplastic
composite materials” (Pitt et al. 2017, p. 32). It is considered to be a
low cost filler because the wood flour is a by-product from industrial
residue, which would have otherwise be used for heat (Kariz et al.
2018a, p. 917). While subsequent research in custom filaments
identified relations between fibre content and mechanical behaviour
(Gardan et al. 2016; Kariz et al. 2018b; Ayrilmis et al. 2019), or fibre
content and hygroscopic behaviour (Kariz et al. 2018a), these studies
only evaluate printability in relation to their standardized test. A
literature review, conducted by Wang et al. (2018), looks at 3DP of
cellulose materials and discusses a number of printing problems. The
review identifies the heterogeneous composition of the material as a
source of many of these challenges, including: “variations of raw
material quality, distribution of lignocellulose powder in polymer
matrix, insufficient adhesion between hydrophilic lignocellulosic

material and hydrophobic polymer matrix, and shape deviation of the
components caused by the irregular swelling or shrinkage of wood”
(Wang et al. 2018, p. 9). Additionally, the review also identifies that
most, if not all, of the WPC filaments that are commercially available
have “an undisclosed quantity of additives, giving filaments higher
mechanical properties and increasing printability” (Wang et al. 2018,
p. 9). One recent example, is the successful addition of “maleic
anhydride grafter ethylene propylene diene monomer”, to WPC
filament, in order to improve “elongation and impact strength” in 3DP
components (Bae et al. 2021). It is unclear what role these additives
might have on the SRM behaviour of these materials, or the long-term
performance of the material, on an architectural scale.
One last characteristic that is worth considering is the pigmentation of
the material. Colour is an important aesthetic dimension of the built
environment, but it can also contribute to the performance of a building.
Every small material characteristic can be compounded to augment the
functional performance of an SRM system. It is speculated that a darker
pigment in the polymer could increase the absorption of different
wavelengths from light, and increase the kinematic response under
desorption cycles. For architectural applications that can have complex
interaction with the internal and external environment of a building, the
precise tuning of these parameters could be of great benefit.

The literature on the long-term performance and reversibility of 4DP
mechanisms is limited. As a relatively novel research field, this is likely
the result of a current research trend that focuses on technical

developments, kinematic control, and response speed. The limited
amount of research is reflected in the fact that there are no current
standards for testing the repeatable kinematic actuation of these
materials or mechanisms. Neither ASTM or other countries’ testing
standards have addressed this particular research domain. As identified
in chapters B3.3 and B4.2.4, there is a wide spectrum of 4DP
technologies that operate at various length scales, which react to
different stimuli and require different setups for standardized testing.
Empirical tests conducted earlier in the research, without significant NC
validation methods, appeared to indicate that the samples were able to
conduct up to 30 actuation cycles (Correa et al. 2015, p. 111). A more
appropriate visual registration test, conducted by a research partner at
the University of Freiburg for the 4DP pine scale (Case Study 3), was
only able to register 13 successful cycles before the 3D printed structure
showed visible delamination damage on the samples (Correa et al.
2020, p. 10). External testing on FDM WPC materials by Le Duigou et
al. (2016) showed similar results. Their own bespoke “wood fibre
biocomposite,” which was tested for shape-change via a mono- material
bilayer, only achieved a 50% shape recovery after the first cycle (Le
Duigou et al. 2016, p. 113). Non-3DP samples by Le Duigou and Castro
(2017) that use flax fibres and polypropylene, and are laminated via hot
press, had similar challenges. They were only able to recover “as far as
65% of their maximal curvature after one wetting/drying cycle” (Le
Duigou and Castro 2017, p. 147).
The literature on other 4DP technologies reflects this finding, as very
limited information is included on the long-term testing of their shapechange cycles. Some examples of the limited testing protocols for 4DP
include literature indicating only 2 cycles for hydrogels (Li et al. 2019),

20 for PolyJet hydrogel inks (Raviv et al. 2014), less than 5 for
cellulose-hydrogel composites (Mulakkal et al. 2018, p. 115), 3 for
multi-hydrogels (Uchida and Onoe 2019), and 5 cycles for lightcontrollable shape change polymers (Fang et al. 2020, p. 7). It is easy
to find references to the reversible capability of the mechanism;
however, no specific long-term tests are identified in those publications.
In other words, it is not clear how many times the actuation can be
reversed (Gladman et al. 2016; Kokkinis et al. 2015; Mao et al. 2016;
Lee et al. 2017; Miao et al. 2017; Momeni et al. 2017; Wang et al.
2017a; An et al. 2018). Similarly, literature reviews on shape recovery
by shape memory materials does not provide indication of any longterm testing (Lee et al. 2017).

The time that it takes for a mechanism to change shape in relation to
stimulus is referred to in this document as the response time. The
current point of reference for most users is set by the response time of
electromechanical mechanisms, where a button is pushed and set of
motors rapidly move components within milliseconds. Any delay in
that response time is considered an undesirable lag. This expectation
works well in systems intended to react to direct user input, when the
user pushes a button to turn the light on or off. Addington refers to this
model as the “mechatronic model” (Addington and Schodek 2005,
p. 212). However, working with weather conditions requires the
engagement of gradients of light, temperature and humidity. Unlike the
instant need to switch a light on at night, the push button scenario, the
occupant tolerance for temperature or humidity fluctuations at dusk or
dawn is much greater and more subjective. An intermediary

computational process that could anticipate occupant needs would be
ideal but, so far, such applications have had limited success as most
occupants’ preferences vary greatly. That is, most occupants choose to
change or override such systems manually on a daily basis. Therefore,
the ability for SRM systems to integrate into this paradigm of occupant
expectations is a big challenge. While the mechatronic model response
time can reach fractions of a millisecond, the fastest SRM systems can
only operate in seconds (Yao et al. 2015). Size also matters; there
appears to be an inverse relationship between the shear strength of an
actuator, the force that it can exert in movement, and the speed of the
response time. Very thin and small actuators with limited strength can
change shape in seconds while very large actuators might require weeks
or months. For instance the wood veneer composite system (approx.
1mm thick) can shape-change within a maximum speed of 4 minutes
while a thicker wooden bilayer (approx. 25mm thick) can require
multiple weeks to fully shape-change after reaching equilibrium with
its environment (Grönquist 2020; Rüggeberg and Burgert 2015;
Reichert et al. 2015). Both transformations rely on an environment that
has a consistent temperature and RH throughout the duration of the test.
This consistency can easily be achieved during short time intervals but
they are not so common for outdoor conditions spanning multiple days
due to cyclical climate changes. The 4DP mechanisms presented in this
research require even longer time-scales than the wood composites. For
instance, the lily mechanism in C5 requires 5 hours to fully transform
under submersion, while the C2 “long strip and pores” sample has the
fastest actuation with 3 hours under desorption. This slow response
time makes these mechanisms challenging to implement in applications
that require direct user interaction – expectation for instant response

time. However, buildings also require components that can address
operational needs over longer climatic cycles. For instance, these
mechanisms could facilitate moisture egress from concealed cavities
that might have gathered condensation due to long term seasonal
changes. Mechanisms might also be designed to prevent damage to
critical components in a building due to floods or leaks in areas where
electromechanical components might fail or might not be cost effective
to install and maintain over long operational cycles. Similar to the pine
cone scale, smart materials use the programmed logic to wait and be
effective under the right conditions. Just as the pine cone waits for the
right weather conditions to release its seeds, future SRM building
components may be able to give buildings the ability to gain resiliency
in the face of major climate challenges in progressively more variable
climate conditions.

This dissertation makes three core contributions to the research field of
4DP. (i) The first contribution is the technical development of a novel
4DP method that uses wood fibres as the drivers of actuation, as
identified in chapter B4.3. (ii) The second contribution is the abstraction
and translation of the previously developed climate responsive shapechange bilayer from a wood laminate composite into a one-step 4DP
fabrication process. (iii) The third contribution is the investigation of
the design space for the 4DP method in relation to shape-change
mechanisms of greater functional and kinematic complexity.
(i) The first contribution is the development of a novel 3DP method that
harnesses directional hygroscopic expansion of wood fibres, embedded
in a polymer, to drive shape-change actuations. This method effectively
augments microscopic anisotropies into macroscopic material
properties. The programmable material architecture, which uses wood
fibres as the drivers of hygroscopic actuation, is a novel contribution to
the field of 4D printing. The method presented in this dissertation
successfully used the microarchitecture of wood fibres as the driver of
directional hygroscopic expansion in a polymer composite. This
approach used the material behaviour of the WPC filament;
specifically, its anisotropic irregularities, which were used to program
functional characteristics suitable for stimulus response mechanisms.
The functional principle of the direction-dependent swelling is first
demonstrated in Case Study 1 by creating a 3DP bilayer structure with
a pre-programmed direction of bending – as determined by the raster
path orientation. Subsequently, Case Study 2 provides further examples

that demonstrate that the control of the direction of swelling, via the
3DP process, can be used to change the direction of bending – on axis
bending “twist bend” or across multiple regions of a single component
“orange peel”. Case Study 2 also demonstrates that the speed of
actuation can be manipulated by increasing the surface to volume ratio
and shortening the length of the diffusion path. This change was
implemented by creating pore-like cavities on an axis with the primary
direction of extrusion – a unique capability made possible by the novel
3DP method. Case Study 3 and Case Study 4 demonstrate how the
directional hygroscopic expansion of each print path can be precisely
choreographed to achieve a two-phase, doubly curved shape-change
deformation. Lastly, Case Study 5 demonstrates the locally
differentiated use of the hygroscopic expansion to mimic differentiated
edge growth in a lily-inspired, multi-material 4DP mechanism.
It is also important to note that the presented 4DP method was
implemented by the author using readily available FFF 3DP equipment,
CAD modelling software and commercially available WPC filament.
The availability of the technical resources required for this novel 4DP
method increases its potential impact, as it can be easily validated and
implemented by others. The integration of the fabrication process and
the material programming logic, allows designers to examine
functionally-integrated material architectures and their mechanical
interactions. The hierarchical approach to the design of the material’s
organization strategies highlights the important interface between
microscopic anisotropies, mesoscale features and macroscopic material
properties.
(ii) The second contribution is the abstraction and translation of the
previously developed climate responsive shape-change bilayer from a

wood laminate composite into a one-step 4DP fabrication process. Case
Study 1 demonstrates how functional principles from bimetals and
wood composite bilayers, such as the manipulation of directiondependent properties and the instrumentalization stress gradients
between differentiated materials, are translated into a multi-material
architecture. Parameters corresponding to wood grain orientation,
differentiated hygroscopic expansion coefficient, and interfacial
bonding between layers are translated into a designed material structure
that is fabricated via a single-step 3DP process. This contribution
includes the development of a multi-material weave-like bilayer
architecture, and the characterization of key material organization
parameters, geometry and additive fabrication strategies.
(iii) The third contribution is the development of different material
architectures and mechanisms, via the novel 4DP method, that can
achieve a wider range of shape-change transformations or optimize
known models. The case studies validate the material programming
capacity of the novel 4DP method through the development of shapechange mechanisms of greater functional and kinematic complexity.
Case Study 1 demonstrates the optimization of a known model, a
bilayer with single curvature, through a single-step fabrication process.
Case Study 2 demonstrates how variations in mesoscale parameters
could be used to design functional features, such as moisture diffusion
channels, or regions with differentiated actuation behaviour. The
interaction between micro-, meso-, and macroscale features is central
to the understanding of material behaviour in 3D printed materials. This
multiscalar interaction is expected to be a growing area of investigation.
Case Studies 3, 4 and 5 investigate the level of specificity that could be
achieved when controlling the kinematic actuation of a desired

mechanism. Case Study 3 and Case Study 5 demonstrate the ability of
the 4DP material programming approach to achieve shape-change
deformations that closely approximate the deformations of biological
organisms. Both case studies were developed based on specific material
organization strategies that were abstracted from the biological
organisms. Case Study 3 investigated the two-phase shape-change
transformation of the Bhutan pine cone scale, and Case Study 5
investigated the Lilium ‘Casa Blanca’ flower opening mechanism. Both
investigations contributed to the field of plant biomechanics, as they
offered a novel methodology for developing material models. The
material models developed could be used to test the functional
principles behind the interaction of plant tissue in complex plant
mechanisms. Lastly, Case Study 4 investigated the translation of a
kinematic mechanism into a prototypical architectural application. The
two-phase actuation model of the pine cone scale model from Case
Study 3 was transferred into an architectural flap that operated inside of
an architectural aperture mechanism. This application of the 4DP
material programming method demonstrated the versatility that this
approach can provide for designers. The design of the aperture
integrated both aesthetic (formal), functional (SRM) and utilitarian
(assembly) features within a single design-to-fabrication process.

Chapter B, Context and State-of-the-Art, provides an overview of the
fundamental

concepts,

theoretical

perspectives

and

technical

approaches that support this dissertation. The chapter begins by
addressing the concept of material as a computational medium. It
positions matter as an active participant in the design process, and it

provides complementary theoretical perspectives. This positioning and
contextualization give a language to the different levels of complexity
and interaction engaging the materials. The role of biological organisms
and structures is defined as a valuable source to derive functional
organization principles for the design of materials. Of particular interest
to this dissertation are the multilevel organization strategies that
underlie natural materials. The indistinguishable connections between
form, material and structure are vital for the development of specialized
structures and mechanisms in biological organisms. The section on
motile

plant

structures

demonstrates

how

these

structures

instrumentalize their multilevel architectures to achieve complex shape
deformations. Anatomical and geometric principles that have been used
by plants to amplify the slow water driven movement in plant are
offered as suitable models for bio-inspired architectural components.
Various models based on plant structures are subsequently transferred
into functional material models via 4DP for the case studies.
A subchapter on additive manufacturing provides a technical overview
of current 3D printing methodologies. This chapter identifies the
characteristics of each methodology, and the material effects that each
method imparts on the printed part. With a focus on FFF, the chapter
identifies 3DP materials as structures with direction-dependent
mechanical characteristics. This section provides technical definitions
to these characteristics, from the microscopic anisotropies of the
material in bulk to the micro- and mesoscale anisotropic properties that
result from the extrusion process. This section also connects the
intentional manipulation of the unique material characteristics of 3DP
structures to achieve specialized functional properties. The last section
of this chapter identifies the latest research in the field of programmable

materials, and positions the dissertation research in relation to it. This
chapter also acknowledges the role that the research plays within the
context of architecture, in both technical development and building
applications. Following a research trajectory within both the ICD and
other leading research institutions, the novel contributions of this
research are established.
Chapter C, Case Studies, presents five projects of increasing technical
complexity. Collectively, these case studies demonstrate the success of
the 4DP methodology – specifically, in achieving a number of shapechange mechanisms that transform in response to an external stimulus.
The FFF 4DP methodology enabled the production of these
mechanisms with a single-step fabrication process. The 4DP process is
established as a novel approach in its ability to use wood fibres as the
driver of actuation. These case studies also illustrate the role of
computational design tools in the integrative design-to-fabrication
process.
The Discussion Chapter provides an analysis and synthesis of the key
findings from the case studies in aggregate. The variables and
procedures used for the development of the 4DP mechanisms are
reviewed and discussed. These research results are also positioned in
relation to external findings for comparison. In this chapter, a summary
of the overall document is presented, and the core research
contributions are stated. The last subsection provides an outlook for
future research investigations, building on the known limitations of the
dissertation, while also speculating on the potential directions that the
research could take. This last section also speculates on the future
challenges that others may encounter as they potentially transfer these
findings into building system applications.

This section outlines future research trajectories for the development
and implementation of 4DP and programmable material architectures.

The dissertation demonstrates that the 3DP fabrication process can have
a critical role in designing the physical properties of a material. In 4DP,
this was demonstrated by the enabling of shape-change actuation that
can be directly attributed to the manipulation of the multi-material
architecture. There are, however, clear limitations to what the current
4DP method can achieve. These limitations are based on the bulk
properties of the filaments themselves, as well as, the design space of
the 3DP equipment. The bulk properties of the filament are affected by
the chemical composition and the micro-architecture of the polymer. In
the case of natural fibre polymer composites, a need for a better polymer
matrix formulation that can improve interfacial bonding between the
matrix and the fibres, would greatly improve performance (chapter
B3.2). However, in the development of 4DP mechanisms, individual
filament properties also affect the way different filaments interact with
one another. These are print-path to print-path interactions that occur at
multiple length scales and can cause vastly different mechanical
properties or different SRM behaviours in 4DP mechanisms. Future
research in this field would benefit from a more complete understanding
of the interactions between polymers at multiple scales. Moreover, Case
Study 4 demonstrates that the shear-induced orientation of the wood
fibres can be transferred to cellulose fibres. This means that while wood
flour can be used as the driver of actuation for these mechanisms. The
presented methods can be implemented using other types of fibres with

swelling characteristics. These ‘fibres’ may be actuated by stimuli apart
from moisture, such as solvents or heat. As presented in Chapter D1.4,
the “ideal filament” does not exist. Rather, there is a need for further
material development that can provide a wider spectrum of properties,
with a wider array of applications.
A second component to future research in material variation is material
testing. While the literature review in chapter B4 identifies an extensive
field of 4DP research, it also highlights a need for long-term testing
(chapter D1.4). In fact, the entire field of SRM has consistently
recognized the need for better material characterization (Grönquist
2020, p. 134) (Fernandez-Vicente et al. 2016, p. 191), standardized
testing procedures, and better defined performance criteria (Mazzanti et
al. 2019, p. 16). For example, in the field of wood bilayer research,
Holstov indicates three areas of future research: improved properties,
improved shape-change performance, and improved testing and
implementation in practical applications (Holstov et al. 2015a, p. 581).
When working with wood, variation can only apply to the treatment of
found material specimens. This goes hand in hand with the desired
application, and the subsequent need for testing methods to validate its
reliability. More specific to 3DP filaments with natural fibres, Mazzanti
et al. (2019) have identified a large number of variables in 3DP that has
made

it

difficult

to

isolate

specific

“structure/properties

correlations”(Mazzanti et al. 2019, p. 17). Material variation, testing
and reliability will be critical when addressing applications in more
demanding fields. This includes a growing interest in 4DP for tissue and
organ regeneration (Miao et al. 2017) or shape-changing foods (Wang
et al. 2017a). In these two selected cases, the outlook for material
variation will demand new materials with highly validated

biocompatibility, in addition to the required shape-change performance
criteria.

Understanding the mechanical behaviour of composite structures that
change shape in response to external stimulus was not a goal of this
dissertation. It is, however, a field of great interest for future research
in 4DP mechanisms. Geometrical features (internal and external),
which affect the mechanical behaviour of a flexible structure, are of
great interest to a wide range of disciplines. In the field of elastic
metamaterials, these features enable the tuning of mechanical
properties, but they also present complexities that are inherent to “their
nonlinear mechanics and the presence of nontrivial geometrical effects”
(Bar-Sinai et al. 2020, p. 1).
Working with instability-based metamaterials, Bertoldi et al. (2017)
provide three building blocks for these mechanisms:
(a) “Slender elements can create large deformations in response
to small forces, which leads to so‑called geometric
non-linearities.” (Bertoldi et al. 2017, p. 4)
(b) “Symmetric slender elements can undergo buckling
instabilities that result in strong but reversible nonlinearities
under precisely designable loading conditions.” (Bertoldi et
al. 2017, p. 4)
(c) “Finally, many elastic structures feature two stable states
connected by a rapid and irreversible ‘snap-through’
instability” (Bertoldi et al. 2017, p. 4)
Case Study 5 demonstrates a first step in this type of integration with
the lily’s abstracted opening mechanism. The development of the

stimulus- responsive tepal mechanism in Case Study 5 required a
conceptual and material design approach capable of considering both
an initial static equilibrium condition (after fabrication) and a force
induced mechanical equilibrium state (prior to actuation). The opening
mechanism effectively coupled small and slow dimensional changes
resulting in mechanical instabilities that in turn generated large, and
relatively fast shape deformations. However, for architectural
applications, the timescale in which the shape deformation occurs
remains too large when compared to the sub-second response times that
most electro-mechanical actuators provide.
To shorten this timescale gap, it will be beneficial to look at methods to
store elastic energy, as developed by plants that need fast actuation
times. As presented in chapter B2.3, plant actuation is primarily
dominated by turgor and nastic motors. Both are relatively slow as they
are limited by the “maximum speed of water transport” in the tissue
(Skotheim and Mahadevan 2005). However, plants have developed
mechanisms that can overcome this actuation limit by storing elastic
potential energy over larger periods of time, and then rapidly releasing
that energy (Forterre 2013). For example, using turgor pressure and
“geometric frustration”, the Venus flytrap and the bladderwort’s
mechanisms take advantage of a snap buckling instability to accumulate
and release elastic energy (Dumais and Forterre 2012, p. 467; Forterre
2013). Similarly, for fast seed dispersal, Geranium seeds use
hygroscopic nastic bilayer structures to build tension in the awns;
through mechanical rupture of the tissue, this elastic energy is released
into the rapid dispersion of the seeds (Elbaum and Abraham 2014,
p. 131). The mechanism only operates once, but it is capable of

dispersing the seeds by “shooting” them away from the plant with great
velocity.
For 4DP SRM mechanisms, it will be of great research value to
understand how to harness mechanical instabilities and elastic
behaviour; especially with regards to developing reliable shape-change
mechanisms for architectural applications. Previous studies by
Schleicher et al. (2015) have already demonstrated the transfer of
flexible and elastic plant movements into “elastic systems in
architecture”. While a recent literature review by Poppinga et al. (2018)
provides a comprehensive analysis of biomimetic actuators for
architectural applications. The latter study proposes strategies to use
elastic instabilities among a few other “speed boosts” that can be
coupled with slow actuators.
While hygroscopic actuation can be slow compared to the instant
response time that electromechanic systems enable, the coupling of
these mechanisms with biologically inspired mechanical instabilities
and their corresponding abstractions will be a valuable field of research.

Better simulation tools and theoretical models for addressing 4DP
structures are needed to expand the design space of these mechanisms.
The research presented in this dissertation was conducted with a
heuristic approach of iterative physical prototyping. This approach
required multiple material models in order to methodically test
individual parameters and their interrelation. This empirical process
was arguably the most time-effective approach for this dissertation, but
the long-term limitations of this approach are easy to identify. For
instance, an empirical approach is limited in evaluating interactions

between large numbers of mechanisms, and in addressing collisions or
external dynamic loads.
A review of the literature highlights this point. Accurate simulation of
SRM systems has been identified as a research challenge that requires
further investigation. For example, Gemmer and Venkataramani (2013)
developed complex simulation tools for hydrogels, but they also
recognized that their models failed to explain several aspects of the
patterns formed. In their paper, they expressed a need for further models
that could account for “relevant experimental imperfections,” boundary
effects, changes in the polymer chain during swelling, or the role of
geometry and elasticity (Gemmer and Venkataramani 2013, p. 10).
Papers by Gemmer and Venkataramani, and Sossou et al. also note that
future simulation models should address the interaction between the
mechanism and other global forces, such as gravity, friction or
collisions (Gemmer and Venkataramani 2013, p. 10) (Sossou et al.
2019, p. 10). Lastly, as the complexity of these systems increases, there
is a need for developing simulation models that can address multiple
stimulus responses during the design process (Kempaiah and Nie 2014,
p. 2365).
The previous overview indicates that even though there are advanced
simulation models, these models will require extensive improvement to
address architectural scale components and complex environmental
conditions. In architectural applications, these external factors will
likely be the primary drivers of actuation, as extrinsic stimuli. However,
they will also affect the mechanical behaviour of the mechanism. This
is of particular importance for architecture design tools, as they are illequipped to adequately represent the dimension of time, and the
irregular properties of material. Addington and Schodek (2005) have

adequately pointed out that representation in architectural design
privileges the static. Plans, elevations and sections are not suited to
capture the dimension of time, let alone more complex behaviour, like
the dimensional change of materials, or the complex strain gradients
that occur in response to various stimuli like heat, moisture or external
loads. These can be real challenges for current modes of architectural
practice. In her work with shape-changing metal bilayers, Sung asserts
“The still images require extensive explanation (…). A 30-second
video, on the other hand, explains it all” (Sung 2016b)
A robust, time-based, simulation framework can provide predictive
capabilities, and can therefore expand the design space of the 4DP
methods. Developing a standardized simulation methodology for 4DP
systems is a research inquiry of its own. But this is research that can
bring

valuable

questions

about

the

fundamental

material

characterization analysis to the forefront. Chapter D1.1.6 identifies a
number of material properties that directly affect the behaviour of 4Dprinted structures, which have yet to be fully understood. A better
understanding of these properties will be essential for the development
of simulation models that more accurately reflect the shape change
characteristics of the 4D mechanisms. Last but not least, simulation
models should be considered computational design spaces. This simply
means that they should not be conceptually positioned and technically
implemented as tools that can validate known phenomena. An
integrative computational design tool, on the other hand, will facilitate
the artful manipulation of technical and geometric variables.
In summary, future research that investigates simulation models for
4DP will benefit from addressing comprehensive numerical theories,
extensive material characterization studies, and the development of

robust form-finding models. The development of commercial
applications for these 4DP systems will also aid the development of
industry standards for testing mechanical behaviour, reliability, fatigue
and longevity. For building envelope applications, one clear step that is
needed for the successful design of a bespoke system is “dynamic
climate analysis,” as described by Juaristi et al. (2018). This type of
predesign analysis would be an essential step in determining the
required range of response and the available stimulus input (as potential
energy). Energy input based on solar radiation will greatly vary in
different areas of a building based on orientation, latitude, shading or
sources of humidity – as it may be in the case of a building’s proximity
to a water body. A holistic understanding of these mechanisms can open
the door to complex formal and mechanical SRM systems of great
architectural

potential.

However,

it

will

be

the

full-scale

implementation of these systems, and not simply an academic
understanding of their potential in the field, that will be ultimately
responsible for the change in perception of the public’s understanding
of materials.

The deterioration of stimulus responsive shape-change materials,
including those materials produced via 4DP methods, will need to be
understood comprehensively in order to be implemented in
architectural practice. The literature on shape recovery by shapememory materials indicates low recovery strain and weak mechanical
properties (Lee et al. 2017, p. 672). Hydrogel inks for PolyJet or syringe
extrusion methods also show rapid degradation after the wetting and
drying cycles (Raviv et al. 2014, p. 5). Wooden bilayers have had

significant technical development in recent years (see chapter B4.2.2),
but the literature consistently outlines a need for a more robust
understanding of their long-term kinematic reliability (Vailati et al.
2018a, p. 1020) (Holstov et al. 2017, p. 439). The literature also calls
for further material characterization of various wood species, study of
the effects of residual stress and an investigation of fatigue behaviour
(Grönquist 2020, p. 134).
In the case of FFF using wood fillers, Le Duigou et al. (2016) have
identified a lack of reversible movement, which “could be due to
mechanosorptive degradation, especially in the wood fibre/polymer
matrix interphase area.” (Le Duigou et al. 2016, p. 113). For the CPC
filament used in Case Study 4, the effects of ‘hornification’ might have
had an effect on the “stiffening of the polymer structure that takes place
in lignocellulosic materials upon drying or water removal” (Fernandes
Diniz, J. M. B. et al. 2004, p. 489). While some of these performance
characteristics might be addressed through better formulation, others
will render some of these approaches unfeasible, at least in terms of
architectural application.
These challenges reflect the findings discussed in Chapter D1.5
regarding long-term testing. Most studies have focused on the novel
actuation of the mechanisms, and not on their longevity or reliability.
This somewhat narrow focus is likely due to the relative novelty of 4DP
as a research field and the growing interest in developing new methods
with the latest hardware. The current research presumes that the present
weaknesses in the mechanical performance of the 4DP materials are
expected to be addressed in future studies. As was presented in Chapter
D1.5, the majority of the 4DP literature presents reliability tests with
less than 10 cycles. A review of SRM systems for architectural skins by

Vazquez et al. (2019b) provide similar findings, indicating that “most
of the studies are at the conceptual or prototype levels” (Vazquez et al.
2019b, p. 95). Considering the implementation of any SRM mechanism
in architecture will demand long term studies with thousands, if not
millions, of cycles in order to match the predicted, operational lifespan
of a building.
The last consideration to outline here is the limitations for postinstallation calibration. While dynamic mechanisms are designed to be
adaptable to climate conditions, once the material and the mechanism
have been produced, it is not clear if it would be possible to further finetune (adapt/calibrate) the material system to different climatic
conditions. Given the inevitable presence of human error in calculating
operational conditions or technical errors in understanding the
complexity of the given operational conditions, it is expected that there
will be deviations from the target performance. Put differently, in some
cases the material behaviour will not operate exactly as intended.
Loonen et al. categorize adaptive systems as having “intrinsic control.”
This categorization is due to a direct response to an internal response to
the stimulus. Loonen et al. states that the primary challenge of intrinsic
systems occurs when they encounter “real-occurring disturbances” that
deviate from the pre-design operational range (Loonen et al. 2013,
p. 488). These deviations could affect the reliability of the mechanism,
or they might simply compromise the performance of the material
altogether.

The outlook for the implementation of these SRM systems in
architectural practice exposes a vast range of unexplored research
territories. The development of building components that can be
programmed to transform in response to environmental conditions
remains a critical goal to pursue in both research and practice.
Upscaling these mechanisms will require significant research efforts in
both material development and fabrication technology. The change of
scale for building applications might also occur in two different
directions. A possible approach to upscaling could look at large sets of
smaller 4DP mechanisms. These smaller mechanisms could provide
faster

response

times,

perhaps

allowing

for

simplified

electromechanical override mechanisms. Investigations of SRM
mechanisms in clothing have revealed the potential of small actuators
embedded within textile systems (Hu et al. 2012). Larger but slower
SRM actuators, on the other hand, might offer slower but more reliable
operational cycles. These larger 4DP mechanisms might also be
embedded in larger architectural features such as louvres, flaps or
facade brise-soleil types of systems. While there are no known 4DP
mechanisms currently being used in building applications, there are
some promising SRM mechanisms emerging at this scale, including
prototypes for bio-inspired louvers (Lienhard et al. 2011), metal bilayer
shading devices (Sung 2011, 2016a, 2016b) hygroscopically actuated
sun shading (Vailati et al. 2018a), photovoltaic controllers (Rüggeberg
and Burgert 2015). These SRM systems do not include the many ICDled research projects in this field (Menges and Reichert 2012; Correa et
al. 2013; Krieg et al. 2014; Wood et al. 2018; Grönquist et al. 2020).

There are several steps that have yet to be completed to achieve a largescale, mass implementation of these systems. As their commercial
implementation becomes more feasible, the growing number of
performance criteria that must be considered also increases. This
industry specific criteria may include specialized testing and
certification in:

Reliability
UV decay
Mechanical fatigue
Susceptibility to fungi or other microorganisms
Control
Response speed
Override systems
Local calibration
System interaction
Fire performance
Acoustic performance
Airflow and solar heat gain interactions
Life-cycle analysis (end-of-life analysis)

Many of these criteria will need to be understood comprehensively
before these SRM systems can be adopted in commercial applications
and approved by insurance underwriters. Considerations regarding
flammability, system control or long-term reliability are essential for
ensuring that a building is operated safely. A better understanding of

the SRM system’s role within the larger environmental control system
of the building will also support their cost-benefit evaluation. If the
SRM system can provide a reliable reduction in solar gains, for
example, and improve the space’s acoustical performance as well, this
implementation might result in an overall cost reduction for the
building. These are the concerns of implementation that echo other
literature reviews that address the larger field of climate adaptive
opaque facades, which include SRM and non-SRM systems (Juaristi et
al. 2018).
The control of an adaptive 4DP architectural system to environmental
changes and user needs is critical, but thus far, has proven to be
exceptionally challenging to implement. For “intelligent building
systems,” the inability to override the system has been identified as the
most commonly encountered issue (Loonen et al. 2013, p. 490). Ed van
Hinte et al. (2003) argue that an ostensibly “dumb” building is smarter
than one over which the user has lost control. Finding a balance between
a predetermined design intent and the many requirements a building
will have during its lifetime, is a long-standing endeavour for architects.
In addressing climate adaptive building shells (CABS), Loonen et al.
(2013) describe the main challenges with material driven systems:
“The adaptive features in intrinsic CABS are typically designed
by tuning material properties or other system variables to a
certain range of expected conditions. As soon as real-occurring
disturbances deviate from design conditions, the intended
performance is no longer guaranteed. A main drawback of
CABS with intrinsic control therefore is the fact that the systems
can only adapt in response to those variations that were expected
in the design stage. The impossibility for manual intervention,

and integration in centralized high level control systems are
regarded as additional disadvantages.” (Loonen et al. 2013,
p. 488)
An integration with top-down control systems, which might be able to
provide overrides, also leads to the challenge of obsolescence. While
many of these SRM systems are inspired by robust biological systems,
such as the pine cone scale that are capable of maintaining actuation for
millions of years (Poppinga et al. 2017), most of the building’s
electromechanical systems will become obsolete before the building
itself. SRM systems might offer passive actuation as a superior
alternative to electromechanical systems; a potential that will require a
design approach that considers the autonomous operation of the SRM
system. This is an autonomy that may seem promising, but it is in
conflict with the need for user-override and integration. Most research
in both SRM or 4DP remains at a prototypical stage and the majority of
the literature on the subject expresses a desire for highly programmable
and robust material systems. If researchers succeed, an interesting
discussion surrounding the interfaces between these different
technologies will emerge. If we take the example of a pine cone scale,
it is easy to identify that, under most environmental conditions, all
electromechanical controls are likely to fail long before the pine cone
ceases to actuate. Addington and Schodek (2005) ask a very peculiar
question in this regard: if a programmable material system is essentially
a system with “embedded technological functions, many of which are
quite sophisticated. Who, then, should make the decisions regarding
their use?” (Addington and Schodek 2005, pp. 11–12). With this
question, they aimed to address the division between the architect, as
the one who selects the materials, versus the engineer, as the one who

selects the technologies. As this dissertation has demonstrated, design,
materialization and material programming are underway to become a
seamless integrative process. Thus, the important step forward is the
cementing of a design territory that is able to address the
multidisciplinary characteristics that material architecture requires.
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