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HYGRO_ RESPONSIVE STRUCTURE
HUMIDITY RESPONSIVE MATERIAL SYSTEM DESIGN
SUMMARY

Responsive system is a method that is used to enhance buildings’ environmental
performance and ensure user comfort by enabling the buildings to adjust to
changeable environmental circumstances. The system detects environmental changes
via specific sensors, determines the action to be taken against current conditions via
its control mechanism and responds to environmental changes through its actuators
by changing the physical form of system components. In current use, responsive
systems utilize energy-activated mechanical components such as sensors, actuators
and microcontrollers; the dependency to which births the need for continuous energy
supply and periodical maintenance.

Motivated from the problems that are probable to be encountered at the use of
mechanical responsive systems, this thesis researches how responsiveness can be
achieved without the utilization of mechanical components. In nature, responsiveness
is acquired in material level without any energy consumption. Wood for instance, a
natural material, responds to humidity alterations without any mechanical support.
The design of mechanical systems however, tends not to take the potential of natural
material into consideration. Thus, this thesis study focuses on ways through which
responsiveness can be achieved via a material based design. Material based
responsive design employs material-inherent properties in ensuring system
responsiveness and eliminates the utilization of mechanical components.

Concentrating on wood as a natural material, this thesis study aims to explore the
material based responsive system design through examining the inherent properties
of wood material. Wood transforms its shape in response to humidity changes: It
swells or shrinks in grain direction. Hygroscope and Anisotropy are the keywords in
this scope; these terms represent the inherent material properties that provide
responsiveness. Therefore, towards taking advantage of material properties in
ensuring responsiveness, this study develops a specific composite material that
possesses the hygromorphic properties of wood. The composite material employs
wood as the active layer and polymer as the passive layer. The active wood layer
responds to humidity and elongates due to its hygroscope-derived characteristics.
The passive polymer on the other hand does not respond to humidity and remains
stable. The polymer layer provides a constraint for the hygroscopic elongation of the
wood layer and results the wood to bend.

In this thesis study, the responsive behavior of the composite material is examined in
a controlled environment through material experiments. The main objective of these
experiments is to evaluate the humidity-driven behavior of the material and to
improve the material performance through calibration of specific parameters such as
wood types, polymer types, grain direction, fiber frequency in polymer and layer
thickness. Conducted experiments are analyzed through empirical (observational)
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and numerical (quantitative) analysis methods. The empirical method observes the
curvature change of the composite material and conducts a responsiveness
comparison through a response graph. The numerical method on the other hand,
enables the observational analysis results to be justified through calculations. The
material experiments are carried out in a collaborative work. The collaboration of the
two methods ensures the development of simplified humidity box, the production of
composite material and the numerical evaluation of material experiments.

The material based responsive system, introduced as the “Hygro_Responsive
Structure” integrates responsive material with ‘parametric structure’. The parametric
structure is included in the approach considering the sunlight as a specific parameter,
since sunlight has influence on relative humidity. The parametric design and the
construction process of the structure are achieved through computational design
tools. The sunlight analysis is conducted via Ladybug and the form development,
which actually is based on sunlight analysis, is carried out via Grasshopper. The
responsive material design experiments both the form of the system and the material
itself; on the basis of environmental parameters. Humidity is the response driver for
the material and sunlight is the design driver for the system’s parametric form
generation. The composite material, the main actor of the structure, is utilized in
form of humidity-responsive panels. The responsive panels adapt to alterations in
humidity by changing shape.

The composite material utilize hygroscope in the wood material to achieve
responsiveness, thus the responsive material system needs neither energy nor
mechanical components to work. As a result, the material based responsive system
developed in this thesis study can be introduced as an energy-efficient system. The
main objective of this study is to employ material behavior in responsive
architecture. Material based responsive systems can consist of an alternative to
mechanically responsive systems in scope of design strategies.
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HIGRO TEPKIMELI STRUKTUR
NEME TEPKIi VEREN MALZEME SiSTEMi TASARIMI
OZET

Endiistrilesme ve teknolojinin gelismesiyle birlikte degisen yasam kosullari, makine
teknolojisi ve yapili ¢evre enerji tiiketimini zaman igerisinde hizla arttirmustir.
Kaynaklardan edinilen bilgiye gore, enerji tiiketiminin yaklasik yiizde ellisini
binalarin yapim ve isleyis (havalandirma- 1sitma-sogutma sistemleri) siirecinde
harcanan enerji olusturmaktadir. Bu durum sonucunda mimarlar yapi elemanlarina
entegre edilebilen, ¢evresel degisikliklere tepki verebilecek tepkisel sistemleri
tasarlamaya yonelirler. Tepkimeli (tepkisel) sistemler; c¢evresel degisiklikleri
algilayicilar (sensorler) ile algilayabilen, sayisal tasarim araglari ile kontrol
edilebilen, robotik hareketlendirici sistemler (motorlar) ile tepki verebilen
sistemlerdir. Tepkimeli mimari sistemlerin temel amaci, ¢evresel kosullara goére
hareket ederek, yapilarin c¢evresel performansini gelistirmek ve kullanici konfor
kosullarina cevap vermektir.

Yaygin olarak kullanilan mekanik tepkimeli sistemler mekanik bilesenlerin
kullanimi, enerji tiiketimine sebep olmaktadir. Dogada ise tepkisellik malzeme
Olceginde, enerji harcanmadan gercgeklesir. Yiiriitiilen tez calismasi, tepkisel sistem
tasarimint ve farkli tepkisel tasarim yontemlerini inceler. Calismada, tepkimeli
sistemler enerji kullanimma ve malzemenin sisteme etkisine gore inceleyerek i
grupta smiflandirilir. Mekanik tabanli tepkisel sistemler aktif, akilli malzemelerin
mekanik sistemler ile birlikte kullanildig1 tepkisel sistemler hibrid, malzeme tabanli
tepkisel sistemler pasif tepkimeli sistemler olarak siniflandirilir.

Malzemenin yapisal oOzelliklerinden yararlanarak gelistirilen malzeme tabanl
tepkisel tasarim sistemleri, tepkisel sistemlerde mekanik bilesenlerin kullanimini ve
bu sebeple meydana gelen enerji tiiketimini ortadan kaldirmayi1 hedefler. Malzeme
tabanl tepkisel sistemler de ¢evreye cevap verebilen sistem tasarlarken malzeme
tizerine ek bir mekanik sistem kurmak yerine, dogal malzemenin tepkisini ortaya
cikaran ya da malzemeden Ogrenerek yeni malzeme sistemleri sunar. Malzeme
tabanl tepkimeli sistemlerde malzemenin yapisal 6zellikleri ve dis etkilere tepkisi
tasarimin ana parametreleri kabul edilir ve sistem bu parametrelere en uygun cevap
verebilecek sekilde tasarlanir. Calismada, malzeme tabanli tepkisel sistem tasarim
tizerine odaklanarak,tepkimeli malzeme sistem tasarimi  Orneklerine  yer
vermistir.Malzeme tabanli tepkisel sistem Orneklerinin incelenmesi sonucu, tez
caligmas1 ahsap malzemenin oOziinde var olan Ozelliklerini kullanarak tepkisel
malzeme sistemi tasarlamay1 hedefler.

Bu amagla, tez kapsaminda ahsap malzemenin yapisal o6zellikleri ve dis etkilere
tepkisi arastirilir. Ahsap malzeme dogal ve yasayan bir canli olan agacin
islenmesiyle elde edildigi i¢in malzeme tabanl tepkisel sistemlerde kullanilir. Ahsap,
nem ¢ekebilme (higroskopik) 6zelligi ile liflerinin yonelimine baglh olarak
(anizotropik) kendiliginden sekil degistirebilir. Higroskopik &zelliginden dolay1
bulundugu ortam ile nem aligverisinde bulunur: Havadaki nem orani arttiginda nemi
cekerek siser, nem orani azaldiginda ise malzemedeki nemi disar1 vererek biiziiliir.
Kozalaklar, ortamdaki nem oranina gore bi¢cim degistirebilmesinden dolayr neme
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duyarli dogal tepkimeli sisteme Ornektir. Ahsap anizotropik (yonelime baglilik)
ozelliginden dolay1, ortamdaki nem ile aligverisinde liflerinin dagilimina gore
kivrilir. Bu 6zellikler, ahsabi tepkisel bir malzeme haline getirir. Ahsap malzeme bu
Ozelliklerinden dolayr kirilma, c¢atlama gibi sonuglar doguracagi igin
kurutulmaktadir. Calismada Onerilen tepkisel malzeme sisteminde ise ahsap
malzemenin bu 6zellikleri sistemin tepkiselligini saglamak i¢in kullanilmaktadir.

Calisma kapsaminda neme tepkili kompozit malzeme tasarlanir. Cift katmanh
malzeme aktif ahsap katman ve pasif polimer katmanindan olugmaktadir. Bu
katmanlar epoksi bazli yapistirict ile yapistirilirlar. Ahsap nemli ortamlarda nemi
alarak siser ve uzar. Polimer ise nem degisiminden etkilenmez ve sekil degisikligi
gostermez. Gelistirilen kompozitte aktif ahsap katmani nem alarak uzamak isterken,
pasif polimer katmani uzamasmi engeller. Bu durum sonucunda ahsap polimer
yoniinde kivrilir. Boylece, kompozit malzeme nem degisikligi karsisinda kivrilarak
nem kosullarina tepki verir.

Uretilen kompozit malzemenin tepkisel davramisi, gelistirilen nem kabininde
gerceklestirilen deneyler ile analiz edilir. Nem kabininin bagil nem oran1 80 £5 %
olarak belirlenmistir. Kaynaklara gére bu nem orani, termal konfor kosullarinin en
{ist nem oram olarak kabul edilmektedir ve ayn1 zamanda Istanbul’ da goriilen en
yiksek nem oranmidir. Polimer ve ahsap ¢esidi, ahsap fiberlerinin yonelimi ve
katmanlarin kalinliklar1 malzeme tepkiselligine etkileyen parametreler olarak kabul
edilir. Malzeme deneyleri ile kompozit malzemenin farkli parametrelere gore degisen
tepkisel davranisi incelenir. Bu deneylere ek olarak, kompozit malzemenin
kivrilmasint  kolaylastirmak icin polimerler fiberli hale getirilerek malzemenin
tepkisel davranigina etkisi test edilmistir. Yapilan deneyler gézleme dayali ve hesaba
dayali analiz yontemleri ile degerlendirilir. Gozleme dayali analiz yontemlerinde test
edilen kompozit malzemelerin kivrilma degisimini analiz edilerek, bir tepki grafigi
cizilir ve bu grafik ile malzemelerin kivrilma degisimleri karsilagtirilir. Hesaba dayali
analiz yonteminde ise gozlemleme sonucu elde edilen sonuglar, hesaplamalar ile
dogrulanir. Kompozit malzemelerin neme tepkisi sonucu kivrilma miktar1 hesaplanir.
Bu analiz yontemleri ile elde edilen sonuglar karsilastirilir ve en uygun tepki veren
malzeme parametreleri saptanir.

Malzeme deneyleri, malzeme bilimci ve tasarimcinin bir arada c¢alismasi ile
gerceklestirilmistir. Isbirlikci calisma ile deney ortaminda kullanilan nem kabini
tasarlanmis, kompozit malzeme {retilmis ve deneyler hem goézlem hem de
hesaplamal1 yontemler kullanilarak degerlendirilmistir. Farkli disiplinler arasindaki
isbirligi, tasarim yaklasiminin, sayilabilir yontemlerle degerlendirilmesini
saglamustir.

Calisma, neme duyarli kompozit malzemeleri parametrik striiktiir tasarimi ile birlikte
kullanarak tepkisel malzeme sistemi tasarlamayi amaglar. Striiktiir tasariminda
hesaplamal1 tasarim araglar1 kullanilmistir. Gilines 15181 nemi etkileyen 6nemli
faktorlerden olmasi sebebiyle, striiktiiriin form tasariminin tasarim parametresi olarak
kabul edilir. Giines 15181 analizi Grasshopper programinin ¢evresel analiz eklentisi
olan Ladybug program kullanilarak gergeklestirilir. Elde edilen giines 15181 analizi
verilerine gore, ilk bicim denemeleri Rhino programinda yapilir. Bigim
denemelerinde amag daha fazla giines 15181 alacak yiizeyler elde etmektir. Uretilen
form, Grashhopper ile gelistirilir. Gelistirilen formda daha fazla giines 15181 alan
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yiizeylerdeki birimler daha genis araliklara sahipken, daha az giines 15181 alan
yiizeylerdeki birimler daha dar araliklara sahiptir. Bu araliklara tepkisel paneller
yerlestirilir. Tasarlanan neme duyarli kompozit malzeme sistemde tepkisel paneller
olarak kullanilir.

Striiktiiriin yapim siireci de ¢alismaya dahil edilmis, birimlerin birlesme detaylar1
hesaplamali1 tasarim araglar1 kullanilarak tasarlanmistir. Kullanilan birlesme detaylar
ile striikktiiriin birimlerinin herhangi ek malzeme kullanilmadan birlestirilmesi
amaglanir. Bdylece striiktiir sokiilebilir, tasmabilir ve yeniden insa edilebilir.
Birimlerin lazer kesim ile iiretilerek birlestirilmesiyle, striiktiir insa edilir.

Gelistirilen tepkisel malzeme sistemi, g¢evredeki degisen nem kosullarina uyum
saglamay1 amaglar. Tepkisel paneller nem orani diistiigiinde disar1 dogru (ahsap
katmanin yoOniinde), nem oranmi yiikseldiginde ise iceri dogru (polimer katmani
yoniinde) kivrilirlar. Boylece striiktiirdeki hava akisi, neme duyarli panellerin
hareketiyle gergeklesir. Mekana siiziilen 151k, panellerin neme bagli hareketine gore
giin icerisinde degiserek kullaniciya neme gore farkli mekan deneyimi sunar.
Degisen nem kosullarina tepki sirasinda mekanik birlesen ve enerji kullanimina
ihtiyag duyulmadigindan, gelistirilen tepkisel sistem enerji etkin (pasif) tepkisel
sistem olarak tanimlanabilir.

Calismanin ilerleyen asamalarinda deneyler sonucu ile elde edilen veriler ile
belirlenen malzemenin tepkisel davranisi, bilgisayar ortaminda simule edilebilir.
Kompozit malzemenin tepkisel davranisi sayisal ortamdaki analizlere dayanarak
ilerleyen agsamalarda gelistirilebilir. Tepkisel malzeme sistemleri, tepkisel mimarlik
alaninda yayginlasirken, yiiriitiilen tez galismasi malzemenin davranisinin tepkisel
sistemde nasil kullanilacagini incelemistir. Gelistirilen tepkisel malzeme sisteminin
amaci, tepkisel sistem tasariminda malzeme davranisini kullanmaya tesvik ederek,
mekanik tabanli tepkisel sistemlere alternatif bir tasarim onerisi sunmaktir.
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1. INTRODUCTION

1.1. Purpose of the Thesis

The study presented in this thesis questions how material behavior can be utilized in
developing a responsive system. The aimed material based responsive system uses
material behavior as an instrument for responsiveness. Hence, the responsiveness of

the system is accomplished via responsive composite material.

Inspired by pinecone scales, the responsive material is obtained from a bilayer
composite, which employs the hygroscopic behavior of wood and responds to
humidity. The responsiveness is acquired by the inherent material behavior rather
than by mechanical components that are subsequently added into the system. The
humidity response of the composite is observed through material experiments. A
series of experiments is conducted in order to examine the effect of material
parameters (type, thickness, dimensions...) on the responsive behavior of the

composite.

The developed responsive composite material is utilized by designing a parametric
structure. Computational tools were utilized to develop the parametric structure,
which introduces a simulative background of changeable environmental conditions.
The responsive material system, the core inquiry of the thesis, is ultimately designed
by integrating the responsive material with the designed parametric structure. The
parametric structure and responsive material altogether found a ‘Responsive Material

System’ in the presented thesis and named as “Hygro_Responsive Structure”.



1.2. Structure of the Thesis

The thesis can be read in two main parts. The first part, comprising of Chapters 2 and
3, covers a comprehensive literature review of the thesis’ context. Chapter 2, in
specific, gives a definition-based overview of responsive system design. Based upon
literature-extracted knowledge, the thesis sets forth three main responsive system
types, which are classified according to the use of energy and material: Active
Responsive Systems, Hybrid Responsive Systems and Passive Responsive Systems.
The first of the three benefits from mechanical components and control mechanisms,
both of which are dependent on energy supply. The second type integrates
mechanical responsive systems with ‘smart material’ concept. The third category
emphasizes the essence of material-inherent behavior for responsiveness and
eliminates the use of energy-requiring mechanical systems. This thesis study puts its
focus on the third type, which is referred to as Passive Responsive Systems. The
study also introduces a definition of ‘Material based Responsive Design Approach’
towards constructing a perceptible framework of responsive material systems. Also,
material computation, which can be described as the utilization of responsive
material behavior in computational design, is explained in detail. A literature review
as well is included and presented, along with examples from case studies conducted

on responsive material systems.

Chapter 3 pursues an exploration of wood as a material; and in specific, of its
behavior. This chapter inspects the inherent properties of wood that enable it to be
utilized as an instrument for responsiveness. Subsequent to material examination,
samples of previous studies are analyzed in means of selected materials, design and
production methods. On ground of the analyzed example studies, a hygromorphic
composite, as responsive material, is developed through integrating pinecone

actuation principle with hygroscope and anisotropy properties of wood.

The second part, comprising of Chapters 4 and 5, includes a design proposal for a
responsive material system. Chapter 4 provides details of the suggested responsive
composite material and presents the methodology of material experiments. Chapter 5
describes the design process of the responsive system structure, in which

computational design tools are utilized.



Chapter 4 demonstrates that previous studies and material examination constitute the
foundation on which the described composite material of the responsive system is
developed. The composite material comprises of two layers, the natural one; i.e.
wood, being the active, and the synthetic one; i.e. polymer, being the passive. The
hygroscopic property of wood procures responsiveness to the composite whereas the
synthetic material facilitates responsiveness. The design process of the material
based system relies on learning through experiment. A series of experiments is
carried out to perceive responsive material behavior. The affective material
parameters of the composite are evaluated through conducted experiments. The
evaluation of material experiments relies on empirical (observational) and
quantitative (numerical) analysis methods. In the empirical method, the responsive
behavior of the tested composite samples is observed. A response graph is drawn to
demonstrate the curvature change of composite materials and make a comparison of
their responsiveness. In the numerical analysis, calculation is used to justify the
observational analysis results: The above-mentioned curvature change of composite
samples is calculated and responsiveness statuses are compared. On the ground of the
experiment results, the optimum material parameters are determined in purpose of

enhancing the responsive behavior of the composite.

Elaborating the design process of the responsive system structure, Chapter 5 includes
(1) design; and (2) construction process of the structure. The design of the structure
is conducted with computational methodologies that take environmental parameters
as basis. Due to its influence on relative humidity, sunlight was picked as the design
parameter for the structure’s form generation. Ladybug (the environmental analysis
plug-in of Grasshopper) is employed to model the sunlight simulation in this study.
Form generation is carried out in Rhino and the generated form parameters regarding
the sunlight simulation are modified through Grasshopper. The construction process
involves (1) the joint design of the structure modules, (2) the fabrication and
assembly processes of the structure. The connection between the modules (puzzle
and finger joint) is obtained and optimized through digital tools. Two hundred (200)
unique modules of the structure are put in order for digital fabrication through which

a laser cutter is used. The fabricated components are assembled through joint



connections. The ultimate responsive composite is utilized as the developed

structure’s responsive panel pieces.

Chapter 6, the final chapter, conducts an overall review on responsive material
system design, presenting a summary of the study with concluding remarks. The
chapter furthermore points on the collaborative work conducted in this experimental
study. The influence of collaborative design thinking on the experimental study is
presented. Finally, further research and practices that can be presented to develop the

study context of this thesis are discussed.

Responsive Material System
Responsive material Structural system

Parametric

material behavior )
form generation

(hygroscpy-+anisotropy)

natural EED synthetic Regarding sunlight
material U material analysis

bilayer structure '
Construction of

. _ the parametric form
hygromorphic composite

responsive panels used as structure

Hygro Responsive Structure

Figure 1.1: The design progress of responsive material system.



2. MATERIAL BASED RESPONSIVE SYSTEM DESIGN

The continuous increase of population, industrialization and hence, of the use of
machinery, inevitably brought about incremental volumes of energy consumption.
Machine-manufactured construction and maintenance of artificial building systems
altogether constitute almost 50 percent of the total energy consumption (Armstrong,
2011). Energy consumption volumes in buildings lead architects to give a deeper
regard to environmental awareness. In process of materializing their design of
environmentally sustainable buildings, architects collaborate with engineers and
other specialists and adjust energy consumption solutions into building systems
(Durmisevic, 2015). Building components are designed to self-reconfigure to adapt
to environmental changes and user behavior patterns through responsive systems.
Responsive systems mechanically shift themselves in form to adapt to environmental
conditions, serving to the ultimate purpose of increasing building performance and
ensuring the highest possible level of comfort to users. Responsive systems convert

buildings from energy consumers into energy adapters (Linn, 2014).

2.1. Responsive System Design

The responsive design theory

The theoretical background of responsive design has its foundations on
developments at computer and machine technologies. The roots of the responsive
design theory lie in cybernetic control systems that were developed by Norbert
Wiener. Cybernetic control systems dealt with the study of human/machine
interaction on the basis of feedback, control and communication principles (Mindell,
2000). The human-machine interaction theory triggered the developments in artificial
intelligence (Al) and information technologies (IT). These developments induced
robotics and adaptive systems to progress, which are the corner stones of the
development process of responsive system design (Fox and Kemp, 2009).

The primary responsive design practices were seen in 1960s, as technological

developments and interdisciplinary collaboration taking place between the designer,

engineer and cybernetician started to show up. Gordon Pask first materialized the

human-machine interaction in ‘The Colloquy of Mobiles’ in 1968 (Figure 2.1.a). In
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this installation, a communication between mobiles (the tools and the machinery) and
visitors was sustained by computer systems. John and Julia Frazer, along with Cedric
Price, designed another cybernetic project in 1976, which was referred to as ‘The
Generator’ (Figure 2.1.b). The group created a programmable modularized computer

system that was capable of responding to altering requirements.

Figure 2.1: The Colloquy of Mobiles Installation (a) and Generator interface (b)
(Dunn, 2012).

In 1962, Cedric Price and Gordon Pask designed ‘Fun Palace’, a project that can
today be referred to as the initial prototype for responsive design (Figure2.2). The
aim of this project was build a ‘fun laboratory’ with machines. The installation
responded to visitors’ requests and movements by transforming its movable spaces

through control systems (Url-3).

.

Figure 2.2: Fun Palace illustration plan and interior perspective (Url-3).

Based on theoretical developments and implementations, Nicholas Negroponte
coined the term ‘Responsive Design’ in 1970’s. A responsive design aims to
integrate computing power into a built environment and hence render the parts of the
building communicative with their environment (Negroponte, 1970). The responsive

systems transforms the static space into an adaptive environment. As a result,



architecture becomes an evolutionary machine through responsive systems, as
Negroponte (1970) states. Negroponte developed the SEEK project (Blockword) and
exhibited it in the Jewish Museum, New York in 1970 (Figure 2.3). SEEK was the
first implementation to bring human-machine interaction into a space (Url-2). The
interaction of the gerbils with their living space was controlled by the designer
through robotic arms, with which the designer located the boxes and ensured

interaction.

Figure 2.3: SEEK exhibition images (Url-2).

Charles Eastman described the basis of responsive design components by using the
analogy of thermostat; sensors, actuators and control mechanism in 1972 (Kolarevic
and Parlac, 2016). Mark Weiser (1991) reduced the physical dimensions of
responsive components to indistinguishable magnitudes. Weiser also coined the term
‘ubiquitous computing’. Ubiquitous computing facilitates the user-environment
interaction and renders the system more pervasive (Weiser, 1991). The chronological

progress of responsive design is displayed in the below Table 2.1

Table 2.1: The developments in responsive design.
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The first responsive building system is the responsive fagade of The Institut du
Monde Arabe, which is designed by Jean Nouvel in 1988. Nouvel designed a light-
responsive facade system through photosensitive mechanical diagrams which were
inspired by mashrabiya, as displayed in Figure 2.4 (Jodidio, 2012). The aim of
designing a responsive fagade is to filter the sunlight, minimize the solar gain and

provide privacy to users.

Figure 2.4: Light responsive fagade system (Url 4).

Responsive design definition

The eventual integration of responsive systems into architecture, on the background
of which laid all previous developments in the history of responsive systems, came to
occurrence in 1980’s and since then, it gradually became prevalent. Sterk (2004)
defines the responsive system as the system that has the ability to alter its own form
in response to the changing conditions. According to Kolarevic and Parlac (2016),
the responsive design domain has emerged as a response to the rigid, static and

inflexible articulation of space.

Kolarevic and Parlac (2016) state that the building becomes ‘alive’ with the
integration of responsive systems because then it senses its environment and adjusts
itself accordingly. Yiannoudes (2010) argues that responsive systems stand between
the living and the non-living; they remove the boundaries between the human and the
machine; between the biological and the technological. Fox (2009) indicates the

impacts of responsive design on the building and the user, as articled below:

e Renders the design of adaptive, smart and sensitive spaces possible by
enabling change in configuration in response to the shifts in environmental

conditions or user requirements



e Improves building performance by optimizing environmental conditions

e Responds to environmental circumstances and acts as an intermediary agent
in establishing a dialogue between the user and the environment towards
ensuring user comfort.

e Expands environmental consciousness of users by creating awareness on
environmental changes

e The continuous development pattern of responsive systems procures new

aesthetical features to buildings, as Meagher (2015) points out.
Components of responsive systems

Responsive system senses and measures the changing conditions via its sensors. It
‘thinks’ and determines which response to be given through its control mechanism
(its ‘brain’) and responds with changing shape, through actuators. Components of a
responsive system (Figure 2.5) render a space more sensitive, more intelligent and

adjustable to the user and the environment.

Figure 2.5: The sensor and actuator parts (a) and controllers (b) for the responsive
system (Fox, 2009).
A sensor is a device detects the external stimuli and transformsit into digital data
(Fox, 2009). The type of the sensor can vary according to the received stimulus type

such as; light, sound, thermal, humidity, touch and motion sensor.

An actuator is the kinetic part of the system and composed of the robotics and

mechanical components. An actuator alters the form of the system through robotic

devices. Actuator is activated by the electrical signal which comes from the control
9



systems; it converts the input signal into the mechanical movement (Addington and
Schodek, 2005). The processed data is transmitted into the actuators for the
mechanical actuation. Common actuator types are electromechanical, hydraulic and

pneumatic.

A control mechanism receives data from the sensors, process data and controls the
movement of the Kinetic parts according to the data (Fox, 2009). Nordenson (1995)
asserts that the control mechanisms are the brain of the system and make the kinetic
design components intelligent and adaptive. Fox (2009) states the significance of
control mechanism “without control mechanisms a kinetic environment is like a body

without brain: incapable of moving”.

In control mechanisms, the response is managed through programming. In order to
program the control mechanisms different software can be utilized. Arduino is the
most preferable program since it presents simple and accessible open-source
platform (Url-5). Arduino utilize a simple programming derived from Processing and

hardware parts; microcontroller, the sensory and robotic devices.

Jeng (2012) attributes the key principles for the responsive design as sensitivity,
smartness and responsiveness by considering the function of its components, as
shown in the Table 2.2. Sensitivity derives from the detection of the stimuli through
sensory systems and exchanging the stimuli into data for processing. Smartness
derives from the controlled and processed data through the control systems in order
to adapt the system to environmental conditions. Responsiveness derives from the
form transformation through actuator devices by converting data into motion (Jeng,
2012). Metaphorically, the sensory network resembles the sensory organs, the control
mechanism resembles the neural systems and brain, the actuator resembles muscular

system in human body.
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Table 2.2: The key principles of the responsive design (By the author).

Key Sense Think Response
principles
Process Perceive the Data
agent Control data | converted to
motion
Medium | Sensory Computation | Robotics
systems al tools and actuators
control
mechanisms
Purpose sense the Control the Make
environment response to responsive
adapt through shape
change

27 @
sl =

W

Mechanical responsive systems

In current use, responsive systems operate with mechanical components (sensor,
actuators, micro controller and robotics equipment). The dependency to mechanical
components in responsive systems results with the inevitable need for maintenance,
due to the fragile characteristics of mechanical components. For instance, the
mechanical diaphragms in the Institut du Monde Arabe experienced longevity
problems, required maintenance and hence, failed to function; as Meagher (2015)
analyzed. Illustrated in Figure 2.6, Meagher’s (2015) analysis indicates the non-
functional diaphragms with red color and the functional ones with yellow and blue

color.

N

Figure 2.6: The analysis of non- functional responsive fagade of Arab Institute
(Meagher, 2015).
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The mechanical components of the responsive system constitute a complex
mechanism. Displayed in Figure 2.7, the responsive tripod actuator mechanism on
the facade of Al-Bahar Tower (designed by Aedas Design Group) exemplifies this
complexity. The mechanical components are activated by energy use. As they
consume energy, mechanical-based responsive systems cannot be qualified as
sustainable systems (Maragkoudaki, 2013). As Sample (2012) claims, the
deficiencies that arise from dependency to mechanical components prevent the
responsive design from becoming prevalent. As an alternative, natural responsive
systems are researched towards avoiding mechanical dependency at responsive
systems. Since responsiveness is conducted in material level in the nature, designers
take the material potential into regard in designing energy efficient responsive

systems.

01 Actuator+ Power & Cable Connection
02 Strut Sleeves

03 Supporting Cantilever Struts
04 Star-Pin Connection

05 Actuator Casing

06 Y Structure Ring Hub

07Y Structure Sleeves

08 Y Structure Arms

09 Y Node Pin Connection

10 Y Mobile Tripod

11 Actuator Head Pin Connection
12 Stabiliser

13 Slider

14 Fabric Mesh & Sub Frame

15 Fabric Mesh

Figure 2.7:Theparts of the complex responsiveunit (Fortmayer &Linn, 2014).
2.2. The Classification in Responsive Systems

The current tendency in responsive system design is the shift from mechanical
transformation to material reformation. Material is included in the development of
responsive systems as an active agent, through the involvement of smart materials, to
eventually establish responsive material systems. Responsive systems are classified
according to their use of material. The comparison can be seen in Table 2.3: The
mechanical based responsive design refers to active systems (1); the smart material
based responsive design refers to hybrid systems (2); and the material based

responsive design refers to passive systems (3).
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Table 2.3:Comparison of the responsive systems types.

Active Responsive Hybrid Responsive Passive Responsive
Systems Systems Systems
Use mechanical Integrate smart materia Use material behavior
components for the with mechanical for the responsiveness
responsiveness components
Material remains Material facilitates the  Material generates the
limited not used in responsiveness (used  responsiveness
responsiveness Sensor or actuator)

Requirement of the Decrement in requiremer Any requirement of the
energy supply and of the energy supply and energy supply and
mechanics mechanics mechanics

Hybrid Responsive Systems

Hybrid responsive systems integrate smart materials with responsive components by
combining cybernetic processes with smart material properties (Ou, 2014). Smart
materials can be defined as materials that sense the changes in their environment,
process the sensed information and act accordingly (Kroschwitz, 1992). Piezoelectric
materials, shape memory alloys and chromic materials set precedent to smart
materials (Figure 2.8). As Schropfer (2012) states, smart materials conduct
responsiveness in material level by changing property or exchanging energy, in
response to external influences. The energy-exchanging smart materials can be
computationally controlled and enhanced. Thus, energy-exchanging smart materials
can be employed in development of responsive systems (Addington and Schodek,
2005).

Figure 2.8:Smart material samples (Url-10, Url-11, Url-12).
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Operating as sensors and/or actuators, smart materials replace mechanical
components in hybrid responsive systems. For instance, a thermo-chromic material
can be used as a sensor to detect temperature in hybrid responsive systems: The
material changes its color in response to temperature changes. With their capability
to change in form in response to external stimuli, smart materials replace actuators in
hybrid systems. Utilization of smart materials in function of actuators removes the
mechanical joints, hinges and motors from the system. For instance, Nitinol (alloy of
Nickel and Titanium) is the best-known shape memory alloy (SMA) which is used as
an actuator in hybrid responsive systems. Nitinol wire can be bended in any shape.
When exposed to heat, the bended Nitinol wire reverts to its initial shape (see Figure
2.9), due to shape memory effect. (Addington and Schodek, 2005).

' Rad X

Figure 2.9:The shape memory effect of Nitinol wire (By the author).

Designed by Rob Ley and Joshua Stein, Reef Installation was exhibited at Storefront
for Art and Architecture in 2009. The installation, inspired by sea reef, displays the
way that a smart material integrates with mechanical responsive systems (Url-14). It
recognizes the presence of a user and responds by altering the shape of the Nitinol
wire, as illustrated in Figure 2.10 (Url-14). Nitinol presents an organic fluid
movement without mechanized motion by remembering its initial shape. Mechanical
systems are used to manage the interaction between clustered surfaces. When a user
gets into the envelope, the envelope is stimulated by this mechanism. The Nitinol
wire is induced and actuates the surfaces in response to the user’s movement (Url-
15).
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Figure 2.10:Reef installation (Url-14).

Apart from the substantial use of smart materials as actuators or sensors, a responsive
smart composite can also be produced thorough combining different smart materials.
In Shape Shift experimental installation, designed by Ziirich Responsive Design
Studio, Electro Active Polymer (EAP) was produced as a smart composite (Url-16).
EAP substitutes the actuator and responds to external stimuli by converting electrical

energy into mechanical force (Figure 2.11).

| ___/_Q:' slicon insulaion layer
conductive pomdar

Sk prestretched
acrylic polymer film

conductive powdear
slicon insulaton layper
acrylic frame

Figure 2.11: EAP material structure(Url-16).

2.3. Material Based Responsive System

Hybrid responsive system is a translation stage from mechanical to material approach
in responsive design. However, smart materials are man-made materials and they
have limited availability (Holstov et al., 2015). These circumstances were regarded
in conducted researches: The interest tends towards natural materials in responsive
systems. Architects examine responsiveness in natural systems. Conducted
researches focus on the material’s behavior rather than its shape (Hensel, Menges
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and Weinstock, 2010). Researches reveal that responsiveness in nature is achieved
in material level. Natural systems involve movement for adaptation and
responsiveness, without the presence of muscles (Jeronimidis, 2004). The response
capacity is ingrained in the material itself in natural systems (Menges and Reichert,
2012). Therefore, ‘material thinking’ gains importance in responsive systems. As an
instrument for responsiveness, material behavior is examined and utilized. Menges
(2012a) defines this novel exploratory and open-ended design process as material
based responsive design. Material based responsive design approach transforms
responsiveness from a concept with mechanical basis to a biological paradigm, as
Menges and Reichert (2012) indicate.

In this approach, a responsive material system is developed, which comprises of an
overall interaction between material behavior, form, structure, energy and
environment. Menges (2008a) defines material system as “understanding of form,
material, structure and environment not as separate aspects, but rather as complex
interrelations that are embedded in and explored through integral computational
process” (p.56). Material becomes the generative driver in material systems. “The
material structure transforms into the machine itself in material system design”, as
Menges points out (Url-19). The form and response of the material system emerges
on the ground of the material behavior (Menges, 2008a). The material system
requires neither energy nor mechanical components as it leverages the embedded
responsiveness of the material. Therefore, these responsive systems can be referred
as passive responsive systems in this thesis. Responsive material systems present

sustainable and energy efficient solutions for responsive architecture.

2.4. Material Computation

Computational design methods contribute to the exploration of material potential.
According to Schropfer (2012), “Computational design has impacted architectural
design in multi-faceted ways” (p. 171). In responsive material systems,
computational design methods are used to instrumentalize the material. The material
and the computation process complement each other. Computation refers to the
processing of information and material has the capacity to compute through its
inherent behavior (Menges, Fleischmann, Knippers, Lieanhard and Schleicher 2012).
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The integration of material and computation allows the exploration of a novel term,
material based design computation or material computation. In material
computation, material behavior is analyzed and programmed with computational

tools.

Neri Oxman (2010) defines material based design computation as “a set of
computational strategies supporting the integration of form, material and structure by
incorporating physical form-finding strategies with digital analysis and fabrication”
(p-3). Material computation processes the information from material behavior and
feedbacks to the environment via computational tools. The framework of material
computation requires the parametric setup based on material constraints and
evaluation on material-environment interaction (Menges, 2008b). The material is
analyzed, calculated and arranged to serve the desired function and to develop
material systems. Computational analysis tools define the material behavior through
simulations, instead of just representing its physical properties in a digital model.

Figure 2.13 sets a precedent for the simulation of hygroscopic behavior of wood

material.

Figure 2.12:The humidity analysis of the wood veneer in CFD (Computer Fluid
Analysis Program) (Url-17).

The inherent properties of the material are computed and manipulated through
computational design tools. In the example (Figure 2.14), the wood grain structure is
analyzed with analysis tools and manipulated by removing the dispensable
earlywood grains through laser cutter, towards obtaining transparent undulated wood
element (Url-18).
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Figure 2.13:The processed wood veneer (Url-18).

Material system emerged via computation tools, as a result of the interrelation
between the generative form and material behavior (Menges, 2008b). The form of
the system is generated through algorithms (Url-19). Furthermore, with its
consideration of material behavior, material computation process renders the

eventual fabrication of the generated form possible

2.5. Examples of Responsive Material System

Responsive material systems can employ material behavior to achieve
responsiveness by developing artificial responsive composites. Composites may
consist of different materials or different specifications of the same material.
Hovsepian (2012) defines composite materials as; “Any two materials that are
combined together in a single bulk material in order to obtain the best properties
from both materials” (p. 332). Composites have multi-layered structures and each
layer has a different property (Enhos, 2014). The difference between the layer
properties enhances material performance (Enhos, 2014). The main objective of
producing a composite is to integrate different material properties with the aim of
obtaining the desired performance.

Different examples of responsive material systems are examined below to observe
how they employ material behavior via composite development. The examined
composite materials are thermo-bimetal (Nickel and Magnesium metals) and
Hygromorphic composite (wood and polymer). Both composites utilize the
difference in their layer properties to improve responsiveness. Based on the extensive

examination, this study suggests a proposal for a responsive material system design.
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Bloom installation with thermo-bimetal

Sung (2012) develops a new thermo-responsive component referred as thermo-
bimetal. Thermo-bimetal is derived from the lamination of two different metals
(Nickel and Magnesium), each of which has different expansion coefficients (Sung,
2012). The thermo-bimetal strips respond to the changes in temperature through
curling movement. The curling is the consequence of the expansion coefficient
difference of the two metals. As the composite is exposed to heat, one of the two
metals with the higher expansion coefficient expands more than the other, leading the
bimetal to curl (Sung, 2012).

Sung designs an environmentally responsive installation named ‘Bloom’ by using
thermo-bimetal components at the Materials & Applications Gallery in Silver Lake
in 2012 (Figure 2.15). Bloom performs as a sun-tracking instrument with smart
thermo-bimetal strips (Sung, 2012). The strips are inserted to the body of the
installation according to the position of the sun and to curling direction (Sung, 2012).
The thermo-bimetal strips curl in response to the air temperature; thus, the space is
ventilated without any mechanical component. As the temperature increases, the
strips are curled and the canopy openings expand, which eventually brings airflow
and shading (Url-20). When the temperature falls, the strips are curled in the opposite

direction and the openings narrow (Url-20).

Figure 2.14: Bloom installation and design process (Url-20, Url-21).
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In ‘Tracheolis’ project, Sung (2012) designs breathing concrete blocks inspiring the
trachea system (the breathing system) of grasshopper (Url-21). The 3D printed
concrete blocks with smart thermo-bimetal components allow the airflow as shown
in Figure 2.16(Sung, 2014).

Figure 2.15: The conceptual drawings of Tracheolis (Url-22).

Responsive Surface with hygromorphic composite

Utilizing the material behavior of wood, Menges and Reichert (2008c) develop a
responsive composite. A semi-synthetic bilayer composite is derived from the
combination of wood and polymer. The composite uses the hygromorphic property
of wood. The composite can therefore be defined as a ‘hygromorphic composite’.
Responsive Surface (Figure 2.17), designed by Menges and Reichert (2007), presents
a responsive material system that uses a semi-synthetic composite (Menges, 2008c).

Responsive Structure displays how the material’s responsive capacity can transform
the material into the sensor, the actuator and the regulator of the system, without
consuming any energy (Menges, 2008c). The structure of Responsive Surface has
two main parts: A parametric sub-structure with a folded system and moisture-
sensitive veneer composite elements as responsive material (Figure 2.18). The
composite elements are triggered by humidity alterations and change shape: They
swell in humid air and curve outwards, they shrink in dry air and curve inwards, all

without energy supply (Menges, 2008c).
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Figure 2.17: Responsive Surface design development (Url-17).

Hygroscope with hygromorphic composite

Menges and Reichert design Hygroscope as a responsive material system by using
hygromorphic composite in Centre Pompidou in 2012 (Figure 2.19). This responsive
system installation is suspended within a humidity-controlled glass case. The
humidifier and dehumidifier technology (Figure 2.21), embedded within the base of
case, regulates the climate in the case. The climate regulation is driven by two
influencing factors; one being the relative humidity of Paris city, and the other being
the visitor density in the room, as it effects the absolute humidity content (Menges,
2012b).

Figure 2.18: Hygroscope installation in humidity controlled glass case (Url-19).
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The complex form is generated through the integration of intrinsic material
performance and extrinsic environmental data (Menges, 2014). According to Menges
and Reichert (2012), this installation presents the virtual extension of the exterior
climate of Paris and visitor density in Pompidiu (Url-19). Hygromorphic composite

veneers curves inwards or outwards, in response to the controlled microclimate.

Figure 2.19: Responsive behavior of hygroscopic wood composites (Url-19).

On the ground of the examined precedents, the hygromorphic composite is selected
in this study to be employed as the responsive material since it introduced the
embedded behavior of natural material. On this basis, understanding the wood-
inherent properties becomes a key parameter for developing a responsive composite
material. Next section (Section 3) focuses on inherent material properties and

presents examples of responsive materials.

85 RH%

Figure 2.20: The simulation and working mechanism of Hygroscope units (Menges
etal., 2014).
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3. WOOD AS A AMATERIAL SYSTEM

Wood takes the traces of the natural system since it grows and develops in the nature.
Wood displays adaptive movement due to its embedded material properties. In this
study, the inherent material properties of wood are utilized to achieve responsiveness
in material system design. Wood, as a suitable natural material, is selected as it has
numerous qualities in terms of availability, utilization and construction, as listed

below in a more detailed manner:

e Sustainable and renewable properties due to its natural origin,

e Versatile material, multifunctional and large area of use

e High availability, ease of utilization and assembly,

e Low cost and low environmental effects during production,

¢ Potential to take shape easily through cutting, bending and carving methods,

e Easy and affordable machine processing for manufacturing and digital
fabrication techniques (like CNC and laser cutting),

e Wide range of connection options to expand the surface (finger joint, dove
tail etc.),

e Means to combine with other materials (like composite production).

3.1. Explorations at Embedded Material Properties

Wood interacts with nature and changes its behavior, due to its inherent material
properties. The hygroscope (ability to take or yield moisture) and anisotropy
(directional dependency of material characteristics) are the embedded properties of
wood, each of which indicates responsive material behavior. The first characteristic,
hygroscope, renders the wood material responsive to humidity. Wood receives the
moisture and swells in humid air, while it yields the moisture and shrinks in dry air.
The second characteristic, anisotropy brings dimensional changes that arise from the

alterations in humidity.

The dimensional change of wood, derived from hygroscope and anisotropy, has been
accepted as a deficiency since it causes deformations in wooden products. The wood

material has been being exposed to special processes such as drying methods in
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purpose of restricting dimensional change and stabilizing the moisture content
(Menges, Reichert and Correa, 2014). It is worth to mention that wood processing
methods constitute 70% of the world’s total energy consumption (Menges et al.,
2014). This study however, in contrast to the general acceptance, makes a use of
hygroscopic actuation and anisotropy; rendering them the key elements of the
responsive material system. Therefore, understanding the inherent properties of wood
material becomes an essential parameter in developing a responsive material system,

which is the basic inquiry of the thesis.

3.1.1. Hygroscope (Humidity transition)

Wood expands or contracts in response to humidity alterations, due to its
hygroscopic property. A hygroscopic material takes moisture from atmosphere in dry
air and yields the moisture when in humid air to balance the moisture content
between wood fibers and environment (Menges, 2014). The humidity transition is
achieved by changing the water content of wood fibers; this leads to the dimensional
changing in wood, namely swelling and shrinking. Water exists in wood in two
ways; as bound water in wood cells or as free water in fiber cavities (Winandy,
1994).

As the relative humidity content gets higher, wood takes in the moisture; thus the
water content in wood fibers increases. Wood fibers absorb the water until they are
saturated; then the water content in fibers reaches to the fiber saturation point (FPL,
2010). At fiber saturation point (FSP), the free water in cell cavities move to wood
cells via diffusion and therefore, the bound water content in wood cells becomes
saturated. At FSP, wood does not exhibit any dimensional changes; it neither shrinks
nor swells. Above FSP, the fiber walls enlarge due to the increment of water and the
wood plank swells. As the relative humidity content gets lower, wood yields the
moisture; thus, the water content decreases until the FSP in wood fibers. Below the
FSP, fiber walls tighten due to reduction of water and wood plank shrinks. The type
of the wood determines the fiber saturation point and hence, the shrinkage and
swelling capacities. The fiber saturation point (FSP) ranges between 20 and 30%,
according to the type of wood (Winandy, 1994).
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The humidity transition cycle aims to balance the moisture content between the wood
fibers and the environment. Therefore, humidity transition continues until the wood
reaches the equilibrium moisture content (EMC). If the relative humidity content is
40%, the humidity transition will continue until the humidity content in wood fibers
reaches 40%. As Winandy (1994) states, equilibrium moisture content (EMC) is the
balance point between the humidity content of the wood and the environment. The
EMC achievement threshold depends on the wood type, the temperature and the
relative humidity content (Winandy, 1994). The moisture content in wood is
calculated via the following formula (Formula 2.1) (Winandy, 1994):

. Moist weight—Dry weight
Moisture Content (MC)= g ywers

: x 100 (2.1)
Dry weight

When the wood gains or loses moisture, it swells or shrinks. The shrinkage amount is
proportional with the moisture content change in the wood; one percent decrease in
humidity content causes wood to shrink at the rate of one over thirty (1/30) (FPL,
2010). On the contrary; one percent increase in humidity content causes wood to
swell at the rate of one over thirty (1/30) (FPL, 2010). On this basis, the amount of
the dimensional change can be predicted through the moisture content in wood. For
instance, if the wood plank loses 5% of its moisture, it will shrink at a rate of 5/30. If

the wood gains 5% moisture, it will swell at a rate of 5/30.

An experiment is conducted to understand the dimensional change that is pursuant to
hygroscope. An oak veneer sample is partly immersed in, curved and dried out. After
the drying process, the glass case that contains the water is heated to increase the
humidity level within the case. A humidity sensor is used to detect the change in
temperature and the humidity content. The shape transformation as a result of
hygroscope is analysed in Figure 3.1. The veneer takes water from the case and
reaches to its FSP. When it exceeds the FSP, it swells and bends outwards. The shape
transormation process of the oak veneer sample is recorded with captures as
displayed in Appendix A.1.The same experiment is conducted also with teak and

wallnut veneer samples, as shown in Appendix A.2.
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Wood type: Oak wood (Hard wood) Grain direction: Tangential

t53:00 t63:10
Figure 3.1: Hygroscopic movement of oak wood.

The moisture content ranges from approximately 25% to 50% in green wood,
depending on the type of wood. Wood is dried through air-drying and kiln drying
methods in order to stabilize the moisture content in wood fibers. In air drying
method, wood is left to dry by itself in the open air, as wood contains about 20-25%
moisture in hardwood and %15-20 in softwood types (FPL, 2010). In kiln drying on
the other hand, the wood is dried in kiln, as it contains around 6-8 % moisture in both
hardwood and softwood types (FPL, 2010).

3.1.2. Anisotropy (Grain directionality)

Wood has a fibrous material structure and displays different properties in different
grain directions. The fibrous character makes the wood an anisotropic material.
Anisotropy denotes the directional dependence of material’s characteristics; its grain
directional structure leads material to exhibit different behavior in different
directions. Anisotropy provides wood to change its dimension with hygroscope in

humidity alterations.

Wood has a fibrous structure and displays different properties in different grain
directions. The fibrous character makes the wood an anisotropic material.
Anisotropy denotes the directional dependence of material’s characteristics; its grain
directional structure leads material to exhibit different behaviors in different
directions. Anisotropy provides wood to change its dimension with hygroscope at
different states of humidity.
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As Winandy (1994) states, the direction of wood fibers and growth rings in the wood
varies along three axes; tangential, radial and longitudinal directions. The
tangential axis is perpendicular to the grain direction and parallel to growth rings.
The radial axis is perpendicular to growth rings and normal to the grain direction.
The longitudinal axis is parallel to the grain direction (Winandy, 1994). The amount
of dimensional change varies along these three axes (rad., long., rad.) as displayed in
Figure 3.2. As Winandy (1994) states, the amount of dimensional change is between
0.1 and 0.2 % in the longitudinal direction, which is usually left out due to being too
slight. In the radial direction, the dimensional change varies from 2.2 to 5.6 % and it
is between 4.4 and 10 % in the tangential direction, as shown in the graph (Figure
3.3) (Winandy, 1994).

Radial
2.2-5.6 %

growth ring

Grain direction

Shrinkage proportions
Tangential
[CLLD)]
Radial

@ss)
Longitudinal

Longitudinal ~. ~_"
0.2-0.4 %

Figure 3.2: Projection ofmaximum shrinkage percentage in each of grain direction in
wood batle (Winandy, 1994) and wood trunk (Holstov et al., 2015).

Menges and Reichert (2012) examine the cell arrangement of maple wood with
microscope in longitudinal (a), tangential (b) and radial (c) directions (Figure 3.3).
The researchers (2012) assert that the variation along three axes is derived from
different cell alignments in each axis. The cutting section varies the distortion of
wood planks as demonstrated in Figure 3.4. In response to humidity alterations,

different warping types occur in wood planks due to grain directionality.

Figure 3.3: Microscopic photographs of maple (Menges and Reichert, 2012).
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Figure 3.4: The graph showing the shrinkage amount in different grain axis
(Mengeset et al., 2014).
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Figure 3.5: Distortions of wood due to swelling and shrinking (Url-23).

An experiment (Figure 3.6) is carried out to understand the anisotropic property-
based distortion in wood veneer. The veneers with different axes (tang, rad, long) are
bent and immersed in water. They are kept in water for a certain amount of time until
they obtain the desired shape. As a result of the experiment, the veneer in tangential
axis reveals to be the most easily bendable veneer. The veneer in radial axis is more
bendable than the longitudinal one. Finally, the longitudinal one is the least bendable
veneer. Distortion abilities of the three different types are ranked as illustrated in
Figure 3.6. It can be argued that the tangential veneer distorts the most, the radial

veneer comes in the middle and the longitudinal veneer distorts the least.
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Figure 3.6: The experiment to test the anisotropic character of wood (By the author).

Wood type is a significant agent in identifying dimensional change. Wood types are
divided into two parts as softwood and hardwood in terms of fiber structure and
property. The structure and property differences of softwood and hardwood are
displayed in Figure 3.7. Based on the references, generally hardwood types takes and
yields the moisture easier than softwood, out of the exceptions. The shrinkage
percentage of hardwood types is higher than that of softwood types. Based on data
taken from the Forest Product Laboratoy (FPL), Table 3.1 illustrates the shrinkage
amount of several hardwood and softwood types in different grain directions.

Figure 3.7: The difference in the hardwood and softwood species (FPL, 2010)®.

LA shows the form of a generic softwood tree, B shows shows the form of a generic hardwood tree, C
shows transverse section of a softwood tree and D shows shows transverse section of a hardwood tree.
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Table 3.1: The shrinkage table according to wood types ( Adapted from, FPL,

2010)2.
Grainm Percentage?) Volumetric?
No Woodaype WoodBpeciesd | WoodHigures - ) ofBhrinkagef] Percentagef?
directionality )
% shrinkage®
Tangential 11,9
1 Beech{Kayin)a - 17,2
i Radiall@ 5,5
2 @Birch,¥ellowd Tangential 9,2 168
(Hus@gaci) Radial@ 7,2 ’
3 @ BAsh,Blacka L) | Tangential 7,8 152
= (Disbudak) s 2. | Radial® 5 '
4 % Maple,Sugarf Tangential 9,9 147
g (Akgaagac) Radial® 4,8 ’
5 8 Walnut,BlackR Tangential 7,8 128
[ (Ceviz) Radial 5,5 ’
6 & mak,Whitel Tangential 8,8 127
(Mese) N Radial® 4,4 ’
7 Poplar,¥ellowe Tangential 82 17
(Kavak) Radial® 4,6 !
8 Chestnut,Black] Tangential 7,1 r
(Kestane) Radial® 3,7 0
10 Larch,@Vesterng] Tangential 9,1 14
(Karagam) [ Radiall 45
Tangential 7,8
11 @ Spruce{,IZRed g ! 118
=) (Ladin) RadialE 3,8
=) = Tangential 7,2
12 Pine,Red = 2 11,3
g eem) s Radialf 38
13 % Fir,Balsam Tangential 6,9 55
= (Goknar) - Radial® 2,9 4
! .
14 @ Cedar,Yellow® | Tangential 6 92
(Sedir) WS ‘ Radial® 28 ’
1t Redwood? | Tangential 4,9 5

3.2. Humidity Responsive Systems Using Wood

The shrinking behavior of wood has been accepted as a deficiency in construction
industry. However, there are a few practices in architecture that took advantage from
hygromorphic structure of wood. The traditional Islamic wood latticework, known as
mashrabiya, benefits wood’s hygromorphy (Figure 3.8). Fathy (1986) asserts that the
regulation of light, airflow, temperature and humidity are accomplished by the
calibration baluster sizes of the latticework (cited from Hensel, 2011). The increment
in the size of balusters enhances humidification and cooling, Fathy (1986) claims.
Mashrabiyas use the hygroexpansion of wood in architectural scale by calibrating the
balusters on the basis of its hygroscopic properties.

2Forest Product Laboratory (FPL), (2010). Wood Handbook, Wood as an Engineered Material.pp.6.
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Figure 3.8: Traditional wood latticework, mashrabiya (Url-24).

Another inspirational precedent is the typical wood cladding in Norwegian
boathouses which utilized the wood material behavior as a responsive building
component in the 19" century (Larsen and Marstein, 2000). While the modern wood
cladding is air-impermeable, the traditional type was air-permeable, in purpose of
providing ventilation. The tangential axis wooden planks are nailed to the upper
edges. The nailed wood planks twist upwards in dry weather to ensure natural
ventilation. In humid weather, the planks straighten to ensure protection against
water and humidity, as demonstrated in Figure 3.9 (Larsen and Marstein, 2000). The
wooden planks and mashrabiya reveal how the hygroscopic behavior of wood is
utilized for climate responsive design. The calibration and orientation are achieved
on the basis of material behavior; thus the material properties are employed for

responsiveness in the architectural scale.

Humid air

nailed
upper

(2) Traditional wood cladding ‘P’Modern wood cladding

Figure 3.9: Wooden paneling of boathouses in Nordmore, Norway (Larsen and
Marstein, 2000).
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Humidity responsive system in nature

In nature, pinecone scales are referred to as an inspiration for humidity responsive
systems. As Dawson, Vincent and Rocca (1997) state, pinecone scales open by
shrinking in dry air and close by swelling in humid air. Pinecones act like this to
release their seeds in the optimum humidity conditions. This actuation mechanism
continues, even when the cone is dead as an organism (Correa, Menges, Reichert,
2014). This fact indicates that the responsive movement of the cone originates in

material’s intrinsic capacity (Dawson et al., 1997).

An experiment is carried out to observe the humidity reaction of cone scales (Figure
3.10). In the experiment, a pinecone scale is put into hot water and another into cold
water, for 15 minutes. The scale of the cone that is put into water moves inward and
closes while the scale of the other cone remains open. The actuation rate of the scale
that is put in hot water is higher than that of the one in cold water. As the experiment
proves, the responsiveness is embedded in the material. Kremsa, Nakagi and Santigo
(2009) analyze the actuation mechanism of cone scales in a detailed way, using
microscope for particular humidity contents, as displayed in Figure 3.11 (cited from
Menges et al., 2014).

The pinecone scales cold water  hot water

After 15 minutes...

k- / | | V
———, N~ A

& ...// v\: - ;,J// /:
- g 7 ‘
hot water cold water humid air  dry air
(scales close  (scales close  (scales close) (scales open)
faster) slower)

Figure 3.10: An experiment to observe the humidity reaction of the pinecone scales
(By the author).
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Figure 3.11: The hygroscope analysisof the cone scales (Kremsa et al., 2009).

The actuation mechanism of cone scales (Figure 3.11) is derived from the bilayer
structure as well as the material’s hygroscopic capacity (Dawson, Vincent and
Rocca, 1997). Fibers of the outer layer lie in parallel direction while the fibers of the
inner layer are in longitudinal direction, as illustrated in Figure 3.12 (Correa et al.,
2014). As Dawson, Vincent and Rocca (1997) explain, the outer layer is more
sensitive to humidity than the inner layer and this results it to exhibit a higher change
in dimension. Thus, this layer is denoted as the active layer. The inner layer on the
other hand, is less sensitive to humidity and exhibits a relatively limited dimensional
change. This layer is denoted as the passive layer. The difference between the layers’
hygroexpansion capacity leads the cone scales to open or close in response to
humidity (Dawson et al., 1997).

(@

(TGRS

.

Figure 3.12: The bilayer structure of the pinecone (Burgert and Fratzl, 2009).

The bilayer structure of pinecone scales shares similarity with thermo-bimetal, in
terms of actuation mechanism. Both materials consist of two layers with different
response capacities against moisture and heat. Nevertheless, the stimuli that they
respond to are different: The bimetallic strip curves in response to temperature

changes while the bilayer scale curves in response to moisture changes.
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3.4. Examples of Humidity Responsive Composite

Responsive material studies utilize hygromorphic composite as the responsive
material, integrating pinecone’s actuation principle with hygroscope and anisotropy
properties of wood. Since the composite employs hygroscope in wood material for
responsiveness, it can be named as a hygromorphic composite. In the hygromorphic
composite, the active layer responds to humidity and changes in dimension, while the
passive layer does not respond to humidity and exhibits limited change in dimension.

Hygromorphic composite benefits from this difference in creating responsiveness.

Former responsive material studies are examined in terms of material selection,
design and production methods. All case studies handle responsive material system
development; yet their design processes and methods show alteration. These design
processes serve as a model for humidity responsive material system proposal
presented in this study.

Reyssat and Mahadevan (2009) offer a simple bilayer composite by using paper and
polymer that are adhered to each other with epoxy. In dry environment, the paper-
plastic bilayer composite bends inwards (in direction of the paper side). In humid
environment however, the composite bends outwards; in direction of the polymer
side (Figure 3.13.a), (Reyssat and Mahadevan, 2009). The researchers also developed
a floral-resembling model with bilayer petals. When the bilayer petals are dipped in
water, they open because of swelling and the floral-like model ‘blooms’. When the
water is drained, the petals close by shrinking and the floral mimicking model tilts
(Figure 3.13.b).

J

e

)
e

Figure 3.13: The humidity response process of the composite (a) and the
controllable blooming and wilting of the petals (b), (Reyssat and Mahadevan, 2009).
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Correa Reichert and Menges (2014) develop another humidity responsive system
with a semi-synthetic responsive composite that consists of wood (active layer) and
polymer (passive layer). Menges and other researchers (2014) employ a quarterly cut
maple wood veneer as the active layer. They produce a specific synthetic composite
mixture of glass fiber bond with epoxy and use the produced polymer as the passive
layer. The researchers perform several experiments based on different material
parameters (wood type, fiber direction, dimensional consideration, environmental
control) to understand the responsive composite behavior, as shown in Figure 3.14.
Responsive Surface and Hygroscope, which are examined in Section 2.6, are the
projects that employ hygromorphic composite in humidity responsive material
system design. The variation in geometric arrangement of composites provides

different movement patterns, as displayed in Figure 3.14.

Figure 3.14: The experiments to analyze the material behavior (Correa, Reichert
and Menges, 2014).

Holstov, Bridgens and Farmer (2015) develop an artificial moisture-sensitive
(hygromorphic) composite that consists of an active layer of wood and a passive
layer of either a synthetic or a natural material. The researchers use a rotary-cut
beech wood veneer as the active layer since this wood qualifies with the greatest
hygroexpansion (has the ability to shrink/swell through hygroscope). They utilize
polymer-based material (such as Polyethylene Terephthalate (PET) and
Polycarbonate (PC) and glass fibre-reinforce composites (GFRP)) as the synthetic
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passive layer. The researchers use wood veneer in the longitudinal grain direction as
the natural passive layer by aligning it as perpendicular to the active wood layer. The
natural passive layer has a lower hygroexpansion than the active wood layer. The
responsive actuation principles of both natural and synthetic composites are
illustrated in Figure 3.15.

alai = ala2
aBp1 < aBp2
dh1 > dh2

Figure 3.15: The response principle of the bilayer composite (Holstov et. al, 2015).

According to the researchers, the thickness ratio is relevant with response time. The
response rate of the thin composite is higher than that of the thicker composite
material. The optimum response time is 20 minutes from dry to wet state and 3 hours
from wet to dry state. The developed responsive prototypes with hygromorphic

composite are illustrated in Figure 3.16 (Holstov et al., 2015).

Figure 3.16: Humidity responsivesystemprototypes by using hygromorphic
composites (Holstov et. al, 2015).
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4. RESPONSIVE COMPOSITE MATERIAL DEVELOPMENT

This study aims to explore a responsive material system that utilizes the responsive
composite material in parametric form. A semi-synthetic composite is produced as
responsive material by combining wood and polymer. The bilayer structure of the
composite is similar to that of pinecone scales; wood being the active and polymer
being the passive layer. The main purpose of producing composite is to take
advantage of the difference between the humidity sensitivity of layers.

The responsive composite material development is conducted in five stages; (1)
material selection (2) production of the composite, (3) experiment setup, (4)
conducting the experiment analysis methods, (5) material experiments, and (6)
evaluation on the experiments; as shown in Table 4.1. The experiments are analyzed
through numerical and observational methods to evaluate the responsiveness
behavior. The optimum material parameters are identified according to the
evaluations on material experiments. Material behavior is improved by adjusting the
parameters.

Table 4. 1: The stages of the responsive material development.

Material Compqsite Experiment Analysis Mater_ial Experiments
Selection Production  Setup Methods Experiment  Evaluation
-Wood -Bonding -Simplified -Empirical  -Polymer type -Improve
-Polymer wood and Humidity box  Analysis -Wood type material
-Epoxy polymer -Experiment  _Numerical -Grain performance
(bonding)  with epoxy  Setup Analysis orientation by adjusting

for b'la_yer (wood tray- -Fibered the parameters

composite template)

polymers

The difference of the conducted study is the execution and evaluation of the material
experiments. The methodology of this study relies on learning by doing experiments.
The material experiments test the material parameters and based on the result the
optimum parameter is decided for the composite. A simplified humidity box is
developed to test the composite material. A response graph is drawn for empirical
analysis to observe the responsive behavior. It is worth to mention that the setup and
execution of the material experiments is specific to this study within the simplified
humidity box. The observational analysis method is specific to this experimental

study. Apart from that, in this study the passive polymer layer is manipulated and
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become anisotropic material by adding fibers. This can be included as the

contribution of the conducted study to example studies.

4.1. Material Selection for Responsive Composite Material

Wood material is sensitive to humidity changes and is defined as the active layer. In
this study, wood veneer is used as the active layer. The wood veneers comprise of
thin slices of wood that are obtained from the tree trunk peel; the wood taken from
the tree trunk is then sliced with different techniques (Url-25). The difference among
cutting methods renders it possible to make different patterns on veneer surfaces,
thanks to the grain direction of wood (Figure 4.1). In plain cut method, for instance,
the log is cut parallel to the center while in rotary cut method, the log is rotated and
then cut. In quarter cut method on the other hand, the log is quartered and cut (Url-
25)3. Different cutting methods are used to obtain different grain axes (tan, long, rad)
in wood veneer (FPL, 2010). Longitudinal axis veneer is parallel to the fibers and
obtained through quarter cutting method (FPL, 2010). Tangential axis is
perpendicular to the grain but tangent to the growth rings and it is obtained via plain
cutting method (FPL, 2010). Radial axis veneer is perpendicular to the grain in the
radial direction but normal to the growth rings and it is obtained via rotary cutting
method, as illustrated in Figure 4.1 (FPL, 2010).

GuarterLeaFien

Plain (flat) cut for tangential veneer Quarter cut for radial veneer  Rotary cut for radial veneer

Figure 4.1: Different wood veneer cutting methods (Url-26).

The cutting method determines the grain axis in the wood veneer and the grain
direction affects the veneer’s shrinkage rate against humidity alterations. The

shrinkage rate in the tangential axis is higher than that of the other axes (radial and

8 For detailed information, Url-26: <https://www.youtube.com/watch?v=AdYDslhy2VU>

38


https://www.youtube.com/watch?v=AdYDsIhy2VU

longitudinal axes), as shown in Table 4.2. For instance, the shrinkage rate in
tangential axis is 11.9%, while the same in radial axis is 5.5%. Therefore, the
selected wood veneers are cut in tangential axis which is achieved via plain cut
method. The type of the active layer is selected according to the shrinkage capacity
(hygroexpansion) of wood. Hardwood wood types display a higher dimensional
change in response to humidity with a few exceptions, as mentioned in Section 3.1.2.
Among the species of hardwood; Beech, Ash, Maple and Oak are tested for active

layer selection, as displayed in Figure 4.2.

Table 4.2: The shrinkage table in selected wood types (Adapted from FPL, 2010) 4.

Grain® PercentageP Volumetricl
WoodBpecies?l| WoodHigures A, , ofBhrinkaged Percentage®f?
directionality )
% shrinkage®%
Tangential 11,9
MBeech{Kayin)a ) 3 17,2
oy Radiall 5,5
Bsh,Black? | | Tangential 7,8
-t f 15,2
(Disbudak) ; ¥ e Radial® 5
Maple,Sugarfd | Tangential 9,9 147
(Akcaagac) 1 Radial® 4,8 ’
Walnut,Black® Tangential 7,8 Mo, 5
(Ceviz) Radial® 5,5 ’
EDak, Whitell Tangential 8,8 127
(Mege); Radial@ 4,4 ’

Figure 4.2: Selected wood veneers as active layer.

Synthetic polymer based material is non-sensitive to humidity changes and thus, the
polymer material is defined as the passive layer. Among various types of polymer
materials; Polycarbonate (PC), Polyethylene terephthalate glycol-modified polymer

“Forest Product Laboratory (FPL), (2010). Wood Handbook, Wood as an Engineered Material.pp.6.
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and Polyvinyl Chloride (PVC) qualify for passive layer selection. Polymer sheets are

used as the passive layer in this study, as displayed in Figure 4.3.

Figure 4.3: Selected polymer sheets as passive layer.

The active and passive layers are bonded through an adhesive material. A resistant
and durable adhesive, which will resist to humidity and prevent any splitting of the
two layers, is required. In this study epoxy resin is used as the adhesive to bind the
layers together. The selected materials for the production of the responsive

composite are listed in Table 4.3.

Table 4. 3: Table of the selected material for the composite.

Active Layer Adhesive Passive Layer
-Beech -Polyvinyl Chloride (PV(
-Maple + -Polycarbonate (PC)

-Oak -Epoxy Resin -Polyethylene
-Ash terephthalate glycol-

modified (PETG)

4.2. Production of the Responsive Composite

A bilayer composite is produced as the responsive material by adhering the wood
veneer (the active layer) with the polymer sheet (the passive layer) with epoxy, as
shown in Figure 4.6. The composite material curves as per its responsiveness to
humidity. As the humid content increases, the active wood layer absorbs moisture,
swells and elongates. The passive polymer layer does not exhibit any changes and
limits the hygroscopic elongation by remaining stable. This results the bilayer

composite to curve.
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The bilayer composite and a single piece of wood veneer are exposed to humidity for
an hour. As seen from Figure 4.4, the composite material bends while the wood
veneer elongates in response to humidity. Wood veneer absorbs the moisture, swells,
elongates and becomes 2 mm longer in 60 minutes. In the composite though, the
wood layer cannot elongate because of the polymer and this results the composite
wood to bend in the polymer direction. The elasticity of the polymer facilitates the

curving.

i changing wood)

ket . 4Aa>Ap,
i 4 ( dim. chang.
£ wood> polymer)

" wood swells
- and composite bends

Figure 4.4: The comparison of the response principle of the composite and wood.

For the production of the composite samples, the active (wood veneer) and passive
(polymer) samples are cut in the same dimension; 16 cm of height and 2 cm of width.
The thickness of composite layers is measured with a caliper tool prior to adherence.
Thicknesses of the wood veneers range between 0,45 mm to 0,6 mm while the same

of the polymer layers range between 0.15 to 0,95 mm.

I passive layer

| polymer )
epoXy resin

active layer
wood

active layer

passive layer

polymer

epoxy resin

Figure 4.5: The layers of the bilayer composite.
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For the adhesive material, a mixture, made up of epoxy resin and cure in specific
proportions® is prepared and homogenously distributed on the polymer surface
(Figure 4.6), to prevent imperfections on the composite. The drying process of the
epoxy resin takes approximately 24 hours. The production of the composite is
attained with the collaboration of the material scientist.

Figure 4.6: The application process of the adhesive solution with brush.

4.3. Material Experiments

Experiment Setup

The experimental study is conducted in Istanbul Technical University and
Kemerburgaz University Material Laboratories, in collaboration with a material
scientist. A range of experiments is performed in a controlled environment, using a
humidity (climate) chamber. In a humidity chamber, a humidifier controls the
humidity, a fan provides the airflow and a sensor detects the humidity content and
the temperature. The humidity content is set at 80% and the temperature is set to be
room temperature (24-25 °C). The temperature remains constant at room temperature
(24-25 °C) and any changes in temperature is ignored in the conducted experiments.
A simplified humidity box, inspired by climate chamber, is developed as displayed in

Figure 4.7.

5The ratio of epoxy resin and cure is three to one (3/1). A syringe is used to measure the
material rates. 3 mililiters of epoxy is mixed with 1milliliter of cure with syringe in a pot.
The total amount of the applied epoxy resin is about 4 - 5 grams.
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Figure 4.7:The simplified humidity chamber.

The humidity content of the box is regularly detected by the humidity sensor and
adjusted by the humidifier device. The fan controls the airflow by homogenously
distributing the moisture content that accumulates below the chamber. The working
period of the fan is adjusted to five seconds per twenty-five seconds. The actuation
mechanism of the fan is controlled via Arduino (see Appendix B). The relative
humidity content is set at 80+5 %. The conditioned humidity (80%) is the upper limit
of the acknowledged indoor thermal comfort condition. This rate also is the highest
humidity content observed in Istanbul, according to the references. Figure 4.8
illustrates the diagram of the experiment setup. Based on the setup, the composite
samples are arranged for material experiments, as displayed in Figure 4.9.

= =
L |
l l grid
ﬁ:‘l “lmate
|
l l l [ I composite
\ l_\ —1 T—1 label
ixing metal

nents

h —
) e == woad tray
: slit for
experiment composite
label

Figure 4.8: The diagram for the experiment setup.
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Figure 4.9: The arranged composite samples for material experiments.

In this study, material experiments are carried out to understand composite
behaviour. The parameters that affect composite behavior are indicated as (1)
polymer type, (2) wood type, (3) grain orientation of wood, (4) fibered polymers.
These parameters (Table 4.4) are tested in conducted experiments. The tested
composite samples are categorized and labeled as per each experiment, as shown in
Table 4.4. In addition to above parameters, the thickness of composite layers also
changes from experiment to experiment. The responsive behavior of the composite

improves through the adjustment of these parameters.

Table 4.4: The experiment phases according to the affecting parameters.

Experiment 1 Experiment2 Experiment 3 Experiment 4
Polymer type Wood type  Grain orientation  Fibered polymers
Test the effect of Testing the effect of Testing the effect Testing the effect
polymer type wood type of grain direction of fibers on
of wood polymer
P1 1P 3D1 3G (distance b.
(PETG+beech) (Maple+PVC) (cutparallel d.) fibers 2.5mm)
P2 2P 3D2 3G2 (distance b.
(PVC+beech) (Ash+PVC) (perpendiculard.)  fibers 5mm)
P2 (PC+beech) 3P 3D3 3Gs (distance b.
(Beech+PVC) (cut diagonal d.) fibers 10mm)
4P
(Oak+PVC)
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Analysis methods of the experiments

Two types of analysis are conducted in this study; empirical (observational) and

quantitative (numerical) analysis methods. In the observational analysis, the

curvature change is analyzed and a response graph is drawn to compare the

responsive behavior of composite samples. Each experiment takes 60 minutes and

captured in shots per every 4 minutes. The curvature change of the composite

material is defined in each caption and a response graph is drawn, as shown in Figure

4.10. The response graph is used to evaluate the composite responsive behaviour.

The responsiveness of each composite material is put into comparison through the

response graph.
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Figure 4.10:The defined curve of the composite materials and the response graph.
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The observational (empirical) analysis is justified by numerical analysis. The
curvature change of the composite, derived from responsive behaviour, is estimated.
Holstov and other researchers (2015) adapt Timoshenko’s theory for bi-metal
thermostats to predict the curvature change since the bilayer structure of the
composite shares similarities with bi-metal thermostats. By using the formula shown
below (Formula 4.1), the empirical process is justified. In this study, the curvature
change coefficient values ((f(m,n)) are used to compare the responsive behaviour of
composite materials. The calculations are displayed in Appendix C®.

_Aa.f(m,n).AMC’ N 1

K — 1
R ttotal RO

Aa = a, — a, = dif ference of hygroexpansion

= active l. hygroexp. —passive l. hygroexp.

_ 6(1+m)?
fm,n) = 3(1+m2)+(1+mn)( 2+L);
m m.n)(m?+——
_ t_p _ thickness passive l. 1 =3 ép _ elasticity coef. passive L. (4 l)
ta thickness activel. '’ eq lasticity coef. active L. '

Experiment 1: Testing the polymer types

Polyethylene Terephthalate Glycol-Modified (PETG), Polyvinyl chloride (PVC)
and Polycarbonate (PC) are tested as passive layers of the bilayer composite (Figure
4.11). This experiment aims to analyze how different polymer types affect the
responsiveness of the composite. The tested composite samples are grouped and
labeled according to the polymer types that are used in the experiment, as shown in
Table 4.4 (P1denotes PETG, P2 denotes PVC andPs denotes PC).

®Hygroexpansion value (a), moisture content change (AMC), active and passive layers’
thicknesses (ta and tp), elastic modulus (stiffness) of active-passive layers (ea, ep), radius of
curvature of the composite (R), stiffness and thickness ratios of layers (n and m), and the
initial curvature of the element (1/Ro).
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Figure 4.12: The defined curvature of composite in one caption (in t;s and tis).

The experiment takes 60 minutes and the composite samples are captured per every 4
minutes, as shown in Appendix D. The curvature change of the composite material is
defined in each caption, as shown in Figure 4.12. A response graph is drawn through
the identified curves (Figure 4.13). According to the response graph; P2 (beech and
PVC) achieves the maximum curvature change, P1 (beech and PETG) achieves a
higher curvature change than Ps (beech and PC); and Ps achieves the minimum
curvature change, in 60 minutes. Based on the empirical analysis, P, (beech and
PVC) is the most responsive composite while P1 (beech and PETG) comes in the
middle and Pz (beech and PC) is the least responsive composite (P2>P1>Ps).
Moreover, as the response graph displays, the curvature change is more obvious in

the first 32 minutes, between t; and ts.

The results obtained from the empirical analysis are justified through quantitative

methods, using Formula 4.1. The thickness and elasticity coefficient values are

given in Table 4.5. Accordingly, the thickness and elasticity proportions (stiffness)

are calculated and the curvature change coefficient is found, as shown in Table 4.6.
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The calculations are given place in Appendix C. In order to enable a comparison on
the curvature change value of composite materials, the thickness of the samples is
regarded to be at a standard of 0.85 mm. Based on the calculations, the curvature
change coefficient graph is drawn for each composite material, as illustrated in
Figure 4.14. This graph (Figure 4.14) demonstrates how the curvature coefficients of

composites change according to the thickness ratio.
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Figure 4.13: The response graph of the samples in Experiment 1 (P1,P2,P3).
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Table 4.5:Thickness and elasticity values of used polymer types and wood veneer.

Materials PETG PVC PC Beech
Thickness 0.85mm 0.85 mm 0.85 mm 0.85 mm
Elasticity 2.19 GPa 3.25 GPa 2.2 GPa 15GPa

Table 4.6: Curvature change coefficient Py, P2 and Pz with elasticity and thickness
proportions.

P: (PETG+Beech) P, (PVC+Beech) P; (PC+Beech)

Thickness ratio (m) 1.89 1.89 1.89
Elasticity ratio (n) 0.19 0.22 0.15
Curvature change

coefficient (f (m,n)) 1.488 1.494 1.464

On the ground of the experiment results, PVC polymer type is selected to comprise
the passive layer of the composite material of the designed material system. The
thickness becomes one of the parameters to influence the curvature change, as seen
in Formula 4.1 and in the curvature change coefficient graph in Figure 4.14. The

thickness of polymer layers is reduced in the following experiments.
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Figure 4.14: The curvature change coefficient graph of polymer types.
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Experiment 2: Testing wood types

Maple, Beech Oak and Ash are tested as active layer candidates of the bilayer
composite (Figure 4.15). This experiment tests how different wood types affect
composite behavior. These composite samples are labeled in numerical order
according to the wood types, as shown in Table 4.4 (Numbers denote the wood types
and P2 denotes the PVC polymer. Maple wood is represented with 1P,, Ash wood
with 2P,, Beech wood with 3P2 and Oak with 4P>).

Figure 4.15: The composite samples with different wood types.

Figure 4.16:The defined curvature of composite in one caption (in t1s and tie).

The experiment takes 60 minutes and the composite samples are captured in shots
per every 4 minutes, as shown in Appendix E. The curvature change of the
composite material is defined in each caption, as displayed in Figure 4.16. A
response graph is drawn through the defined curves in Figure 4.17. According to the
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experiment results, beech reveals to have the highest shrinkage capacity among the
samples. Maple has a higher shrinkage capacity than ash and ash has a higher
shrinkage capacity than oak (Beech>Maple>Ash> Oak). The shrinkage percentages
of the wood types can be viewed in Table 4.2. This experiment reveals that the
responsive behavior shows alteration according to the wood type, even with different
kinds of the same wood type: Two different kinds of oak wood are used (4P, and

5P>) in the experiment and the curvatures of these composites showed difference.
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Figure 4.17:The response graph ofthe samples in Experiment 2(1P2, 2P,, 3P2, 4P>).
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As the response graphic shows (Figure 4.17), the 3P> (Beech and PVC) sample
achieves the maximum curvature change within the shortest period of time (20
minutes). The 1P, (Maple and PVC) sample displays a higher curvature change than
2P> (Ash and PVC). 2P> (Ash and PVC) displays a higher curvature change than 4P,
(Oak and PVC). Based on the empirical analysis, 3P2 (Beech and PVC) reveals to be
the most responsive sample, while 1P, (Maple and PVVC) comes the second. 2P, (Ash
and PVC) is the third most responsive sample and 4P, (Oak and PVC) is the fourth
(3P2> 1P2>> 2P>> 4P,). Based on the results of this experiment, Beech (3P2) is
selected for this material system study. Besides the curvature change of the
composite materials, the response graph also provides information about response
times. The curvature change gains speed after the first 12 minutes (t3). The change is
more obvious in the first 20 minutes, i.e. between tz and ts. The response time of the
3P2 (Beech+ PVC) composite takes 32 minutes.

The results obtained from the empirical analysis are justified through quantitative
methods, using Formula 4.1. The thickness and elasticity coefficient values are
given in Table 4.7. The thickness and elasticity proportions of the samples are
calculated and the curvature change coefficient is found, as shown in Table 4.8. The
calculations are given in Appendix C. Based on the calculations, a curvature change
coefficient graph is drawn for each wood type (Maple, Ash, Beech, Oak) (Figure
4.18). This graph (Figure 4.18) displays how the curvature coefficient changes in
different thickness ratios.

Table 4.7:Thickness and elasticity values of used wood veneer types and poylmer.

Materials Maple Ash Beech Oak PVC

Thickness 0.60mm  0.60 mm 0.45 mm 0.60 mm 0.15 mm

Elasticity 12GPa 12.20GPa 15GPa 11.9 GPa 3.25 GPa
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Table 4.8: Curvature change coefficient Py, P> and Pz with elasticity and thickness
proportions.

1P, 2P, 3P, 4P,
(PVC+Maple)  (PVC+Ash) (PVC+Beech) (PVC+Oak)
Thlgkness 0.25 0.25 0.33 0.25
ratio(m)
Elasticity 0.271 0.266 0.217 0.15
ratio(n)
Curvature change 0.451 0.525 1.464

coefficient f (m,n) _ 0-457

1,60
@ 1,40 - B
£ 1,20
m 7
< 1,00 /4
a ——ash
£ 0,80 %
E 0,60 / ———beech
S
20,40 oak

0,20 ,/

0,00 TTTrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrroro

0,10 1,00 1,90 2,80 3,70

thicknecc ratin

maple

Figure 4.18: The curvature change coefficient graph of the used wood types.

Experiment 3: The grain orientation of wood veneer

In purpose of understanding how the grain orientation affects responsiveness in a
composite, a beech veneer sample is cut in three different ways: In parallel to the
grain direction, in perpendicular to the grain direction and in diagonal to the grain
direction (Figure 4.19).

3D, 3D, 3D,
parallel perpend. diagonal
direction, direction direction

Figure 4.19: The cutting direction of the samples.
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These composite samples are labeled in numerical order (3D: denotes the parallel
direction, 3D denotes the perpendicular direction and 3Ds denotes the diagonal
direction). An experiment is conducted with the aim of testing the effect of the grain
direction on the responsive behavior of the composites. The experiment period takes
60 minutes and the composite samples are captured in shots per every 4 minutes, as
shown in Appendix F. Figure 4.20 displays from different views the eventual form
that the composites take at the completion of the experiment.

Figure 4.20: The shape transformation of composite samples from different views.

As seen in Figure 4.21, the orientation of the wood layer does make a change on the
shape of the composite materials, since the hygroscopic elongation differs in
different grain directions. The shape transformation in sample 3Dz (cut in diagonal
direction) is different from the transformation in other samples (3D1, 3D2). The
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experiment results exhibit that the sample cut in perpendicular direction achieves
(3Dy) the highest curvature change in the shortest period. The sample that is cut
diagonally to the grain direction (3Ds) achieves a higher curvature change than 3D>,
in a shorter period. The sample cut in parallel to the grain direction (3D2) achieves
the lowest change of curvature in the longest period (3D.> 3D3z> 3Di). The
tangential veneer samples that are cut in perpendicular to the grain direction is

selected for the responsive material system.

t12 12:45

Figure 4.21: The shape transformation of composite samples due to anisotropy.

Experiment 4: Testing the fibered polymer (anisotropic polymer)

The previous experiments take advantage of the anisotropic and hygroscopic
properties of wood. In this experiment (Experiment 4), polymer material properties
are modified. Being an isotropic material, polymer exhibits same properties at all
directions. The polymer only becomes anisotropic through the addition of fibers by
laser cutting. The fibered polymer layers are bond with wood veneer and anisotropic

composite materials are obtained.

The distance between the fibers differs in each sample, being 2.5mm, 5mm and
10mm respectively, as displayed in Figure 4.22. In the first sample (3G1), the
distance between fibers is 2.5 mm. In the second sample (3G2), the distance is 5 mm
and in the third sample (3Gs3), the distance is 10 mm. An experiment is carried out to
test how polymer fibers affect the responsive behavior of the composite. The
experiment takes 60 minutes and the composite samples are captured in shots per
every 4 minutes, as shown in Appendix G. The curvature change of the composite
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material is defined in each caption, as displayed in Figure 4.23. A response graph

(Figure 4.24) is drawn through the defined curves.
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Figure 4.23: The fibered composite samples.

According to the response graph (Figure 4.24), 3G achieves the highest curvature
change. 3Gz achieves a higher curvature change than 3Gs, which achieves the lowest
curvature change. The experiment reveals that the denser and with higher quantity
the grain is, the higher the curvature change will occur within a shorter period. Thus,
it was decided that the passive layer for the material system would comprise of the
fibered polymer layers with the fiber distance of 2.5 mm. It can be noted that this
method facilitates responsiveness and enhances the curvature change of the

composite material.
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Figure 4.24:The response graph ofthe samples in Experiment 4 (3G1, 3G, and3Gs).

The thickness of polymer layers

Thickness of the layers appears to be an influent parameter on curvature change.
Thus, the thickness of the polymer layer is reduced in the following experiments, in
an aim of understanding how thickness affects the responsiveness of the composite.
The thickness of the polymer used in the first experiment is 0.65 mm. This value is
reduced to 0.45 mm and 0.15 mm respectively, in the following experiments. The

composite material with the thinner polymer layer, achieves a higher curvature
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change. The empirical analyses of the experiments show that any decrease in
thickness causes the response time to shorten and the curvature to bend further. In
order to analyze the effect of thickness, three different composite samples, the first
polymer layer being 0.65 mm thick, the second being 0.15 mm and the third being
0.45 mm thick are compared, as seen in Figure 4.25, The thinner polymer achieves a
higher change in curvature in the shortest period. While the thickest composite (P2)

curves in 60 minutes, the thinnest composite (3P2) curves in 32 minutes.
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Figure 4.25:The response graphic to compare the thickness of the polymer.

58



4.3. Evaluation on Material Experiments

Responsive composite material benefits the anisotropy and hygromorphy properties
of wood to achieve responsiveness. The influent characteristics of material behavior
are tested through material experiments (wood types, polymer types, grain direction,
polymer with fibers and layer thickness). The main objective of the experiments is to
understand the material behavior and ensure improvement through adjusting the
parameters. On the basis of the evaluation of conducted experiments, the optimum
parameters for responsive material are listed below;

e Among the tested polymer types (PETG, PVC and PC); the PVC polymer is
selected to function as the passive layer of the composite (PVC>PETG>PC).

e Among the tested wood types (maple (1), ash (2), beech (3) and oak (4));
beech is selected to function as the active layer of the composite, since it
possesses a higher hygroexpansion (shrinkage) percentage and exhibits a
higher dimensional change (3>1> 2> 4).

e The selected polymer (PVC) thickness is 0.15 mm, since it is understood that
the thinner the polymer is, the shorter the response time and the higher the
curvature change will be.

e Among different cutting directions of the wood veneer (perpendicular cut (1),
parallel cut (2) and diagonal cut (3)); the tangential veneer samples that are
cut perpendicularly to the grain direction are selected to for the responsive
composite material (1 > 3> 2).

e The fibered polymer layer is employed to facilitate the curvature change by
adding fibers through laser cutting. Among the tested fibered polymer types,
the selected one is the polymer with denser fibers, the distance of which is

2.5 mm.

The optimum parameters for the composite material are shown in Table 4.9. Based
on the parameters, the curvature radius of the most responsive composite is
calculated through the application of Formula 4.1, as shown in Appendix C. The
curvature radius of the most responsive composite is found as 24,2. The material
experiments show that seeing the responsiveness results of this composite takes 32
minutes.
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Table 4.9: The optimum parameters for optimum responsiveness.

Parameters oty aach Upye AMC Tbeech tove
Values %11.9 0 (%80-%40)  0.45 mm 0.15 mm
Thickness Stiffness Curvature  tiotal
Rato(m) ratio (n) Change

f (m,n)
0.33 0.22 0.52 0.60

1 Aa.f(m,n).AMC' 1
K=—-= f( ) +—

R ttotal Ro
K = 20220% 40 = 0,041253 R = 24,2 (4.1)

The evaluation of experiment results rely on (i) empirical analysis and (ii) numerical
analysis methods. The emprical method analyzes the curvature change of composite
materials. The curving of the composite is defined and a response graph is drawn. In
the numerical method, calculations are used to predict the curvature change of
composite. The results from the observational analysis are justified through
calculations. Calculation results that are obtained from quantitative methods enable
the responsive behaviour of the composite material to be simulated via computational
tools at further stages. The simulation of material behaviour can be furthered with
material computation. Based on the numerical results, the curving action is simulated
through computational design tools as shown in Figure 4.26. Grasshopper definition

of the bending simulation of the composite is diplayed in Appendix H.

- L —— -
|
|
|
|

Figure 4.26: Simulation of curvature of the composite material.
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5. RESPONSIVE SYSTEM STRUCTURE

Parametric design means designing the design (Burry, 2013).

This study aims to develop a responsive material system, the responsiveness of
which is achieved by the involvement of a specific responsive composite, which is
developed in Section 4. A structure is designed for the responsive material, the form
of which is generated on the basis of the parameters and their dependencies. This
feature renders the structure parametric. Burry (2013) describes the parametric
design approach as ‘designing the design’. The interrelation between the parameters

defines the design process of the structure.

The progress of the parametric responsive system structure includes (1) the
parametric design process and (2) the construction process of the structure. The
parametric design process comprises of (1) sunlight analysis, (2) initial form
generation, (3) form development. The construction process involves (1) joint detail,
(2) fabrication and assembly of the units within (3) the installation of the responsive
panels into the units. Computational tools are employed in the design progress of the

responsive system structure.

The utilized design tools are grouped by Dunn (2012)’s usage purpose-based
classification, as; evaluative, explorative, descriptive and fabricative design tools.
Sunlight analysis is conducted through Ladybug (evaluative). Form generation is
made through Rhinoceros (descriptive). Form development processes are run through
Grasshopper (evaluative). The modules of the structure is arranged for fabrication

with Fabtools (supportive) and fabricated with a laser cutter (fabricative).

Table 5.1: The classification of the used computational tools.

Used tools and purposes

'r’ Descriprive; Exp[oraffvgg Evaluative Supportive fabricative
: I | By, | | | |
T Y o
:l Rhinoceros i('r'xsw'.h(n oY E Ladyt :
s R ppe ! -acybug i Fabtools g N H
- * Laser cutter '
used 4o formof  the form of the environmental unfoldmg digital
for | the surface the surface analysis and labeling .
the geometry fabrication
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5.1. Design Process of Responsive System Structure

The design progress of the responsive system structure can be examined in three
stages: (1) sunlight analysis, (2) initial form generation, (3) form development.
Sunlight is acknowledged as the design parameter for the form generation and
sunlight analysis is conducted through a simulation in Ladybug. The initial form of
the system structure is generated in Rhinoceros, on the ground of the sunlight
simulation analysis. The form parameters are modified through attractor points, the

location of which is identified according to the sunlight simulation.

Sunlight analysis

Sun radiation is one of the influent factors on relative humidity content. It triggers
the temperature and the temperature affects relative humidity content. Therefore, the
sunlight is taken into consideration as the design parameter in the form generation

process.

The first step in drawing these simulation graphics is the import of the Standard
Energyplus Weather Files (EPW) of the context to Ladybug, with the intent of
obtaining weather information from the given location. Then the sun path command
is specified and related with context parameters. Connecting the related parameters,
Ladybug displays the sunlight and radiation analysis of the given context through
graphical representation. The sun radiation (Figure 5.1.a) and sunlight analysis
graphics are displayed (Figure 5.1.b) and the Ladybug definition is explained in
Appendix 1.

The amount of solar radiation (Figure 5.1.a) and sunlight (Figure 5.1.b) are indicated
with colors in the analysis graphic: The surfaces with blue color on the geometry
receive the sunlight for 2 hours maximum and the radiation by approximately 600
kWh/m? maximum, on December 21%. The yellow surfaces receive the sunlight for
between 2-5 hours and the radiation between 600- 1000 kWh/ m2. The orange
surfaces receive the sunlight for between 5-7 hours and the radiation between 1000-
1450 kWh/ m?. The red surfaces get the sunlight for more than 8 hours and the
radiation between 1450-1600 KWh/ m?,
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Figure 5.1:Sun radiation (a) Sunlight (b) analysis graphic on the geometry.

Initial form generation

The form finding process is conducted through Rhinoceros program, which is used
as a descriptive tool. During the form configuration, the sunlight simulations on the
geometry are taken into consideration, as seen in Figure 5.2. In the basic Euclidian
geometric form (Figure 5.2.a), the simulation represents no difference in color. This
means that each surface receives the same amount of sunlight. As the geometry of
the form alters through extrusion from corners (Figure 5.2.b, c, d), the represented
colors begin to change in simulation. This means that the amount of the sunlight that
falls on the surface differs in parallel to the alterations in the geometry. The basic
geometry begins to transform into a curvilinear geometric model (Figure 5.2.e) by
intersecting the non-uniform curves via loft operation and generating a NURBS
(Non-Uniform Rotational Basis Spline) shape. The surface form will become more
complex as the curve control points change (Figure 5.2.f, g, h, i, j). Accordingly, the
simulation displays color changes as the curvilinear surface varies. By controlling the
curves, the basic curvilinear form (Figure 5.5.e) develops a complex parabolic form
(Figure 5.2.J). The resultant complex geometry is (Figure 5.2.j) selected for the
structure of the system, according to the evaluation of the simulation. The surfaces of
the complex form (Figure 5.2.) receive different amounts and durations of sunlight
in different hours, as seen in the simulation. The brighter surfaces receive sunlight
for more than 5 hours and solar radiation for over 800 kWh\m? in a day. These

surfaces are represented with orange and red color in the simulation.

63



Figure 5.2: The form finding process of the surface regarding to analysis.

The built environment that surrounded the form (context), is included in the
simulation. The built environment affects the amount of the sunlight and sun
radiation at the designed surface as seen in Figure 5.3 since it casts a shadow over the

surface.

Figure 5.3: The sunlight analysis of the surface without (a) and within (b) the
context.
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Form development

The form parameters are modified according to the attractor points, via Grasshopper.
The attractor point acts as a virtual magnet in Grasshopper, attracting object
parameters such as scaling, form, color or rotation, as per the defined relation (Akos
and Parsons, 2014). The sunlight analysis is used to determine the location of the
attractor points that attract the defined parameter of the objects. In sunlight
simulation, the surfaces that get the maximum amount of sunlight are represented in
red and orange colors. These surfaces are specified (Figure 5.4) in order to help
locating the attractor points. However, the interface of Ladybug does not allow
making changings on the simulation graphic. Therefore, the specified areas are
extracted from the model and turned into surfaces, as shown in Figure 5.5.a. The
surface centers and the attractor points are located in the centers (Figure 5.5.b).

attractor p()]]']l
location

Figure 5.4:The extracted area according to sunlight analysis.

a b

Figure 5.5: The extracted surfaces (a) and the attractor points located in centers of
the surfaces (b).

65



The first stage of form development is subdividing the surface into units. The units
are then modified according to the attractor points. The attractors affect the scaling
parameter of the opening of each unit. The opening sizes vary according to the
distance of the unit to the attractor points. The attractor points are located on the
center of the brightest surfaces on the form, as shown in Figure 5.5. Figure 5.6
displays the effect of an attractor point on the openings’ scale. The scale of the
module openings depends to their distance to the attractor points: The units that are
located closer have bigger openings while the units that are located farther have

smaller openings. The relation between units’ scale and the distance to centers is

(

illustrated in Figure 5.6.

Figure 5.6:The relation between the scaling parameter and the attractor point.

The algorithms for the form development process are explained in Figure 5.8 and the
resultant form is displayed in Figure 5.7. The form development process is
accomplished through the definition made with Grasshopper, as displayed in

Appendix J. The algorithms are explained in steps and are itemized below:

1. Subdivide the surface into sub-surfaces,

2. Find the area and the center of each subsurface,

3. Determine the location of the attractor points,

4. Calculate the distance between the attractor points and the centers of the

modules,

o

Determine the distance value
6. Among the distances that were identified in Step 4, find the closest and

farthest ones,
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7. Modify the scale of each opening according to the distance value which was
determined in Step 5,

8. Define the opening of the modules by scaling the modules themselves from
the center

9. Assign the scaling factor to scale each opening according to the distance
between their centers and the attractor points. Then subtract the scaled

modules from the main module.

Figure 5.7: The final model of the structure according to attractor points
(from the top view and perspective).

Algorithms of the operations

1-subdivision

- A‘AV"V,

AVAVAVAVAVAV;‘\‘ \
VA‘A‘A‘A‘ NINIKIR e

5- scale the units acc. to 6- subtract the units for
Al-A2 the openings

Figure 5.8: Algorithm of the formal operations.
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In result of the above-mentioned processes, the scale of each opening changes due to
attractor point effect. The scaling rate varies according to the sunlight amount on the
surface, since the location of attractor points were determined on the basis of the
sunlight simulation. The brighter surfaces are located closer to the attractor points
and thus, these surfaces have larger openings. They receive more amount of sunlight
and they are affected more from humidity changes. The darker surfaces are located
farther to the attractor points and thus, these surfaces have smaller openings. They
receive less amount of sunlight and are affected less from humidity changes. The
darkest surfaces have the smallest openings. The sunlight simulation and the
resultant form are overlapped in Figure 5.9 in order to understand the relation
between the scale of the openings and the sunlight simulation.

Figure 5.9:Overlapped sunlight analysis simulation and resultant form.

5.2. Construction Process of the Responsive System Structure

The construction process of the structure progresses is three stages; (1) joint detail
design, (2) fabrication and assembly, (3) installation of the responsive panels into the
structure. The structure comprises of modules and each module is made up two parts,

as shown in Figure 5.10.
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the joints

the joints
of the module parts

Figure 5.10:The modules of the structure and the parts the modules.

Joint detail design

The modules are connected via joints. The joints are designed such as to minimize

the use of adhesive or supporting materials throughout the assembly process. In this

study, two joint alternatives are developed; puzzle joint (jigsaw joint) and finger

joint. Finger joint is selected for the connection of the modules since this option

involves more joints. The joints between modules are constructed (drawn and

fabricated) via digital tools. The Grasshopper definitions for puzzle joint and finger

joint are displayed in Appendix K and Appendix L, respectively. The design process

of the puzzle and finger joints are illustrated in Figure 5.11.

The knots and holes in finger joint
The knots in puzzle joint (part A)
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g / \ R
g / AN
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base unit circle for the
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base unit offset in the finger depth
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Figure 5.11:The design progress of puzzle joint and finger joint detail.
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Each triangular module is made up two parts that are connected through joints.
Dividing the modules into smaller parts facilitates the assembly, disassembly and
reassembly of the components. The partition renders the handling, transportation and

reusability of the structure easier.

The physical model of each joint alternative is manufactured with the intent of being
able to compare their connection durability, as displayed Table 5.2. According to
table (Table 5.2), Detail F, among all the presented joint details, is selected. This
joint type presents a more durable connection with more tails, as shown in the legend
in Table 5.2.

Table 5.2: The joint detail alternatives.
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Fabrication and assembly

200 unique modules of the structure are prepared for digital fabrication and
fabricated with a laser cutter. The surface units are unrolled, number-labeled with via
Fabtools as displayed in Appendix M and arranged according to the dimension of the

balsa wood sheet (10x100 cm) to minimize material waste, as shown in Figure 5.12.
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Figure 5.12: The fabrication layout that arranged for balsa wood sheet.

The fabricated modules are assembled from their joint details and number labels
facilitate the assembly. The responsive structure model is constructed partially.
Figure 5.13 displays the assembling stages of a partial model of the structure. The
dimension of the structure is 10 meters in width and 10 meters in length while the
height ranges between 2.00 meters and 6.50 meters, depending on the curvilinear
form (Figure 5.14). The structure is consolidated with supportive footings as shown
in the section drawing (Figure 5.14). The supportive footings carry the structural
load.

Section AA
Figure 5.14:The section drawing of the structure.
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Hygro_Responsive Structure with responsive panels

The responsive composite, developed in Section 4, is experimented in the parametric
structure. The composite material is located at the responsive panels, which will in
response to humidity alterations. The structural system is made up of plywood
material and the panels are of composite material. The multi-layered structure of
plywood material prevents shrinkage-based deformations (Figure 5.15). The
geometry of the panels are arranged and the panels fabricated using composite
material. The fabricated panels are installed into module slits.

. Hygromorphic composite
S » design for humidity

<p0n5|ve panels

S N |/ ]
NS vy
\/__ T N \\ // //‘/"/ / \/ \
} Y )
‘ ; r’//;" 9,1 / !r

]\ i = Plywood selection
for the Structure
of the Hygromorphic panels

Figure 5.15:The used material of the structure and responsive panels.

The composite panels have different sizes due to the attractor points’ effect on the
scaling factor, as mentioned in Section 5.1. As the opening sizes change, responsive
panel sizes change, respectively. The increment in panel scales enhances the
curvature change of panels since longer panels will curl more in response to
humidity. Accordingly, brighter surfaces, receiving more sunlight and radiation, have
larger openings and consequently, larger responsive panels. As the panels get larger,
they curve more, in response to humidity. On the other way around, darker surfaces
possess smaller openings, and therefore, smaller responsive panels. The smaller the
panels get, the less they will curl less in response to humidity. The relation between

the sunlight, form development and material response is explained in Figure 5.16.
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Figure 5.16:The relation between the openings’ scale and panels’ response.

The responsive panels curl inward (in polymer direction) in humid air and the
openings get close. In dry air though, the panels curl outward (in wood direction) and
the openings get wider (Figure 5.16). As a result, airflow is regulated and natural

ventilation is attained through humidity-driven movement of the responsive panels.

Observing the humidity-driven movement of the panels, the user can become
knowledgeable on changes in humidity. Besides, the responsive behavior of the
panels can create an experiential effect on the user. The response of the panels
allows different forms of light penetration, as shown in Figure 5.17. As humidity
changes, the panels curl and the amount of the light to diffuse alters. Furthermore,
the structure has a potential for multifunctional utilization. It may present an
adjustable space to host a large variety of user activities.

Figure 5.17:The light penetration in the structure.
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6. CONCLUSION

The study presented in the thesis questions how the inherent properties of a specific
material can be used to develop a responsive material system that does not require
energy or mechanical support to work. The developed responsive composite material
is integrated with a computationally developed form to create a specific responsive
material system, which is named Hygro Responsive Structure. In this responsive
material system, humidity becomes the movement driver for the responsive material

and the sunlight acts as the design driver for form generation.

The responsive material development is conducted through experimental studies. The
methodology of this study relies on learning by experiment. The outcomes of the
experiments are analyzed and evaluated through empirical and numerical methods. It
Is worth to mention that the practice and evaluation of the material experiments is
specific to this study within the simplified humidity box. In this study, passive layer
of the composite becomes anisotropic through the addition of fibers. Another
contribution of this study is composite production, effectuated through the
manipulation of material properties. Material experiments will be enhanced in
furtherance of the study. In the readily conducted experiments, changes in humidity
are taken as basis. These experiments can be improved by taking temperature
changing and its relation with relative humidity content into consideration. Different
wood and polymer types might be experimented to ensure improved material
behavior. Moreover, a bilayer material structure will be produced with two different

materials, such as a metal type with a wood type.

This experimental study contributes to other studies by encouraging collaborative
work. A specific set of experiments is conducted in collaboration with a designer and
an engineer who are specialized in material studies. It can therefore be set forth that
the experimental study is supported by designing and engineering disciplines. The
responsive composite and the simplified humidity box are produced with the
contribution of material scientists, each of whom is an expert in their own branch.
The evaluation of the conducted material experiments is made through collaborative
study: The empirical evaluations are made by the designer and the empirical analysis

is justified with the calculations effectuated by the material scientist. The
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collaborations form a foundation for further progress of experimental studies in the

future.

The responsive material offers many opportunities to design responsive building
systems. In this study, a composite material is utilized in the structure, the design
process of which is accomplished through computational tools that take
environmental parameters as basis. The composite panels are installed in the
openings of the structure, the scaling factor of which is modified by attractor points.
The variations of the openings’ scales affect the size of the panels and therefore
influence the responsive behavior. The aim of designing a parametric structure is to
change the responsive behavior of the composite material by modifying the form of
the structure. The panels respond to changes in humidity, curling inward in humid air
and outward in dry air. The construction of the responsive system structure is open to

discussions in further studies.

The humidity-driven movement of the panels provides airflow and enables the
structure to have natural ventilation without consuming any energy since these
results are achieved by utilizing the inherent responsiveness of the wood material.
Therefore, the responsive material system can be referred to as an energy efficient
system which requires neither energy nor mechanical components to work. The
responsive material system presents an easily affordable and maintainable alternative
with an energy efficient design against the adaptive systems that are activated via
mechanical components. In further studies, the material system can be compared to
mechanical responsive systems in terms of maintenance, construction costs and
energy consumptions. The implementation of responsive material system will be

discussed in further studies.

The further research of the study intends to focus on material computation. The
material experiments will be expanded. On the ground of the results, the obtained
material parameters will be conveyed and material behavior will be simulated in
computational environment. The study can be furthered to develop a material
computation plug-in to present the material parameters to the user. The user can
therefore take initial design decisions based on the material behavior. The

computation of material response enables the user to design according to material
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parameters. Material and design will have a mutual interaction and become two parts

of an integrated system rather than distinct concepts.

Recently, a wide range of researches and numerous experiments were conducted on
material system design and computation. The study conducted in the thesis deals
with how the inherent properties of material can be explored and employed to
achieve. Material is used as a performative object rather than a concept with
formative purposes in this study. The main objective is to encourage thinking in the
material behavior in responsive design. The thesis study promotes to design a
material system integrated with form and environment and enhanced with material

computation.
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APPENDIX A

EXPERIMENT-1: Oak wood tangential

Figure A.1:Experiment to test shape transormation process of oak veneer sample.
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Wood type: Teak wood (Hardwood) Grain direction: Radial
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Figure A.2: Experiment to test shape transormation process of oak veneer sample.
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APPENDIX B
int led=11; // location of the pin of the fan which we connect
void setup()//

{
pinMode(fan,OUTPUT);

¥
void loop() //to start the loop

{

digitalWrite(fan, HIGH); //to activate the fan
delay(5000); //to activatethe fan in 5000ms
digitalWrite(led, LOW);//to stopthe fan

delay(30000); //to delay the activation of the fan in 3000s

}
I

Figure B.1: The fan connection with Arduino components.
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APPENDIX C 4.1

Experiment 1: Testing different polymer types

t thickness passive L. e elasticity coef. passive L.
ta thickness activel. ' eq lasticity coef. activel. '
6(1 +m)?
fim,n) =

3(1+m?2)+ (1 + m.n) (m2 +ﬁ)

0,8mm 2,9 Gpa
For Py (Petg+beech) my =————=1,78mmni= L 0,19 Gpa
0,45mm 15Gpa
6(1+1,78)2
ForP1f(m,n) = . 2,1\ 148
3(1+1,78 )+(1+1,78.0,19)(1,78 +m)
0,65mm 3,25 Gpa
For P2 (Pvc+beech) ma-= = 1,44mmnz- =—-2% = 0,22 Gpa
0,45mm 15Gpa
6(1+1,44)?
For P f(m, n) = 1 =144
3(1+1,442)+(1+1,44.0,22)(1,442 +m)
0,95mm 2,2 Gpa
For P3 (Pc+beech): ms =————=211mm  ns- === 0,15 Gpa
0,45mm 15Gpa
6(14+2,11)2
ForPs f(m,n) = T_\=149
3(1+2,112)+(1+2,11.0,15)(2,112+m)
The experiment result:P3< P1<P;
Experiment 2: Testing different wood types
m = tp __ thickness passivel. __ep __ elasticity coef. passivel.
" t,  thickness activel. " eq lasticity coef. activel. '
6(1 +m)?
fmn) =

3(1+m?)+ (1 +m.n) (m2 +ﬁ)

0,15mm _ 3,25 Gpa _
For 1P, (maple+pvc) my = pyp— 0,25 mmni= “1z6pa 0,27 Gpa

6(1+0,25)2
3(1+o,252)+(1+o,25.0,27)(o,252+

f(m,n) =

1 )=0,457 50,46

0,25.0,27
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0,15mm 3,25 Gpa

For 2P, (ash+pvc)my = =0,25n2= =0,271= 0,27
0,6mm 12,2Gpa
6(1+0,25)2
f(m,n) = T =0451=0,45
3(1+0,252)+(1+o,25.o,27)(o,252+0 — 27)
0,15 325G
For 3P, (beech+pvc) ms =————— = 0,33n3- P2 - 0.217=0,22
0,45mm 15Gpa
6(1+0,25)2
f(m, n) = 1 :0152550,52
3(1+0,252)+(1+o,25.o,22)(0,332+0 — 22)
0,15 325G
For 4P, (0ak+pVC) M4 ~——— = 0,25n,- P2 = 0,273= 0,27
0,6mm 11,9Gpa
6(1+0,25)2
fm,n) = (1+0.25) ——-0,46
3(1+0,252)+(1+0,25.0,27)(0,252+m)

The experiment result:3P,>1P; >2P, >4P;

The radius of curvature of the composite which has optimum material parameters;

1 Aa. f(mn).AMC 1
R ttotal RO

Apeecn = %11.9 = 0.119Aa = @pech — Apye = 0.119 — 0 = 0.119

AMC = %80 — %40 = %40 = 0,4 Ro=o— =+ =0

Ro (o)

theech= 0.6 mm tpvc:O.lsmm tiotal= 0.75 mm

0,15 3,256
For 3P2 (beech+pvc)ms = il 0,33n3= L 0,22

0,45mm 15Gpa

6(1+0,33)?
f(m,mn) = (1+033) 052
3(1+0,332)+(1+0,33.0,22)(0,332+033.022)
(o L_BafGmm.aMC' 1 011905204 .o
R teotal Ry 0,60 -
0,041253 = 1 R = 1 = 24,24066 = 24,2
’ R " 0041253 7 -
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APPENDIX D

15 15:26 16 15.30

Figure D.1: Experiment 1 for testing different polymer types (P2 (PVC)>P1(PETG)>P3(PC)).

91



ARG ewi em vl emu e e deed e e sed eme sem e Gme ees eme

112 15:54

110: 15:46

92



Figure D.2: Experiment 1 for testing different polymer types (P2 (PVC)>P1(PETG)>P3(PC)).
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Figure D.3: Experiment 1 for testing different polymer types (P2 (PVC)>P1(PETG)>P3(PC)).
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APPENDIX E.1
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Figure E.1: Experiment 2 for testing different wood types (3P2(beech)>1P,(maple)>2P, (ash)> 4P,(0ak)).
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Figure E.2: Experiment 2 for testing different wood types (3P2 (beech)>1P2(maple)>2P, (ash)> 4P»(0ak)).
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APPENDIX F
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Figure F.1: Experiment 3 for testing polymer types (3D (perpendicular) >3D; (parallel) >3D3 (diagonal).

98



APPENDIX G
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Figure G.1: Experiment 4 testing fibered polymer (3G (dist. 2.5mm)>3G; (dist. 5 mm)>3Gs(dist. 10mm)).
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Figure G.2: Experiment 4 testing fibered polymer (3G: (dist. 2.5mm)>3G; (dist. 5 mm)>3Gs(dist. 10mm)).
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Figure G.3: Experiment 4 testing fibered polymer (3G (dist. 2.5mm)>3G; (dist. 5 mm)>3Gs(dist. 10mm)).
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APPENDIX H

Bending arch Boundaries of rotated object

Define curve and rotation angle

rotating axis

\|
BoxRed]
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AND CURVATURE
VALUE

Cur

Figure H.1: Bending (curving) simulation of the composite material.

The algorithmic process in Grasshopper: Finding hinge line and top points of the curve/ Rotate curve on the line/ Draw an ach to define
rotation axis/ Find the start and end points of the curve/ Draw rectangle box to identify the rotating borders/ morph the surface in these borders.

The maximum curvature (K) is obtained by bending approximately 125° through component analysis component’.

"Reference for Grasshopper code: http://www.designcoding.net/bend/
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APPENDIX |

Sunlight hours analysis
on (o

Draw the sunpath
and assign the analysis
fime period

Open ladybug EPW file

(i

i

Figure 1.1: Ladybug definition for the Sunlight Analysis.
The algorithmic process in Grasshopper: Import EPW Files (Energy Plus Weather) for climate data of desired context (Istanbul)/ Draw the
Sunpath of Istanbul/ Arrange the hours (24 hours)/ Draw Sunlight hours analysis/ Link the Sun vector data with sunlight hours analysis/ Define
the Brep (the designed geometry) by linking the geometry parameter/ Define the context (surrounding buildings) by linking the context
parameter/ Make legend and recolor the analysis according to sunlight hour.
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APPENDIX J

mMumj

dividing the surface and
explode subsurface for

vertex e - S
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IE
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attractor point A

Figure J.1: Form development according to attractor points through Grasshopper definition.

The algorithmic process in Grasshopper: 1-Determine the location of attractor points: Extract the areas, which gets sunlight more than 7
hours from the sunlight analysis simulation/ Define the extracted areas as surface/ Find the center of the extracted areas/ Calculate the average of
the centers/ Determine these points as attractor points (Attractor point A and B). 2-Modify the modules in the effect of attractor points:
Subdivide the surface into modules/ Find the center of the modules/ Find the distance between the center of the modules and attractor point A
and B/ Make a sort list of the distance value /From the list find the maximum and minimum distance with list item/ Construct domain with the
minimum and maximum distance value/ Construct another domain for the scaling factor/ Remap the scaling factor with distance value/ Scale the

units according to the results that come from remapping the scaling factor and distance value.
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APPENDIX K

Figure K.1:Grasshopper definition of puzzle joint detail®.
Cluster 1: Draw a circle and scale for each edge.

8Reference for Grasshopper code: http://www.designcoding.net/puzzling/
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APPENDIX M
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Figure M.1: Unrolling and labeling the geometry.

The algorithmic process in Grasshopper:Unroll the subdivided units /Arrange
geometry/ Make e a list for unrolled surface and series them to count/ Explode the
surface make a list and series from these faces/Number this faces with list length/
Represents lists of text tags.
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