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ABSTRACT

The overall aim of the project is the design and control of a reconfigurable structure,
achieving symmetrical and non-symmetrical forms with minimum actuation
requirements. The structure is also required to provide flexibility in regard to motion
planning and energy efficiency. Most buildings are designed as fixed-shape structures.
During the design process future conditions and needs are uncertain and may change
throughout use and time. Technological advances that took place in recent years have
enabled kinematics to be implemented and tested in functioning prototypes for
reconfigurable structures, which can adjust their shape. Moreover, reconfigurability of
structures establishes a framework that enables customization and optimization.
Compared to traditional fixed-shape structures, reconfigurable buildings provide unique
opportunities, including: optimization of occupants’ comfort by adjusting ventilation
and lighting conditions, reduction of aerodynamic loads on structure, optimization of
space utilization to serve different functional needs, optimization of performance of a
photovoltaic roof, shaking snow off the roof, and provision of unique aesthetic effects.
The research focuses on the design and control of a proposed multilink, articulated
reconfigurable structure and the investigation of its morphological and kinematic
behavior. Control is based on the dual ‘Effective Crank-Slider’ reconfiguration
approach, namely a kinematics approach that practically reduces a planar system to an
externally actuated 1-DOF system, through selective application of brakes installed on
the system’s joints. Two different actuation configurations are proposed related to a
horizontal and a vertical motion of a linear actuator, respectively. The structural body of
the system consists of aluminum bars, connected via rotational joints and one slider
associated with a linear actuator.

Initially, concepts and typologies of deployable and lightweight structures are discussed
in comparison with the case of non-reconfigurable structures. Kinematics analysis
focuses on the articulated system’s degrees-of-freedom to define the actuation
requirements. The study also includes the analysis of the singular configurations of the
mechanisms which impose constraints on motion planning and control. The analysis of

the system starts from the selection of appropriate forms for the structure, the analysis



of the construction design and proceeds to numerical studies. Main parameters that
influence the design refer to the ground supports of each linkage, the members and their
joint connections, as well as the actuation components that are integrated on the system.
In motion planning the alternative reconfiguration sequences are generated and their
feasibility is examined, also considering spatial constraints and singularities. Each
sequence involves the selective application of joint brakes and a corresponding motion
of the slider block via the linear actuator. Subsequently, the construction design of the
proposed structure is presented and simulation studies provide the required brake
torques and actuator effort. The methodology allows selecting an optimal sequence on
the basis of different criteria (brake torques, required actuated joints motion, etc.).

An alternative actuation method is proposed based on specially-designed aerodynamic
profiles installed on the proposed structure to exploit wind energy while realizing a
reconfiguration. A system is designed that adjusts the orientation of the profiles
according to the required control action. The feasibility of this concept is briefly
examined by considering the wind conditions in different geographical locations.

The selection of an appropriate building shape can be on the basis of external
conditions. The solar gain and lighting condition inside the building are factors that may
drive reconfigurations. The analysis of the solar gain and lighting condition in relation
to the motion of the sun will be investigated using software simulations in relation to the

proposed reconfigurable structure and its reconfiguration capabilities.



HEPINAHYH

O o16)0¢ ™G UEAETNG VTG lvar 1 avAmTLEN KO 0 EAEYYOG LOG AVASIOUOPPDOGIUNG
KOTOUGKELNG, EMITUYYOVOVTOG GUUUETPIKES KO 1] CUUUETPIKEG LOPPEG e EAAYIOTEG
amoltoelg evepyonoinone. H dopn amarteiton emiong va mapéyet eveMéio 0cov apopd
oV mpoypappatiopnd Kivnong kot v evepyelakn omddoon. Ta mepiocdTepo KTiplo
&xouvv oyeolaotel g dopég otabepod oyfuatog. Katd tn dibpkelo e dodikaciog
oYEOGLOV, Ol LEAAOVTIKEG GUVONKEG Kot Ol avdykeg gival aféfaieg Kot evogyetal va
aAldEovy Katd T OdpKrela TG YPNoNg Kot Tov xpdvov. Ot texvoroykés eEeMEES TOV
onuewdnkav ta teAevtaio ypoOVIOL EMETPEYOV TNV  E€QOPUOYN KOl OOKIUN NG
KIVNUOTIKNG G€ AETOVPYIKE TPMTOTLTO. Yl OVOOLUUOPPADOGIULEG OOUES, Ol OmOoieg
UTOPOLYV VO TPOGAPUOGOVY TO GYNUe Tovg. H avadiapopewon tov dopmv dnpovpyet
éva TAOIC10 OV EMTPENEL TNV TPOGAPUOYN Kot PeATioTONOINGT. Xe CUYKPION HE TIG
TAPOOOCLUKEG KATAGKEVES oTAfEPOD GYNUATOS, TO AVAIIOUOPPDOGILO KTipLo TapEyouy
HOVadIKEG gvkapieg, OTMG: PEATIOTOTOINGT TG AVECTG TOV YPNOTOV TPOSAPUOLOVTOG
TI cLVONKES OEPIOUOD KOl POTICUOD, HEIMOT TOV 0EPOSVVOUUIKDOV POPTIOV TNG OOUNG,
BeAtiotomoinon g xpNoNG XOPOL Yia TNV €ELANPETNOT OLOPOPETIKMOV AEITOVPYIKMOV
avayk®v, PeAtioTonoinomn tng amddoons o€ pio GOTOPOATAIKN) 0pOQT|, OTOUAKPLVOY|

TOV Y1OVI00 OtO TNV 0POPT| KOl TOPOYN LOVAIIKAOV a1GONTIKAOV ATOTEAECUATMV.

H épevva emkevipodveror o10 OYedOOUO Kol TOV EAEYX0 MOG TPOTEWOUEVIG
AVOSIOUOPPOGIUNG doUNG ToAAOmA®V pafowv pe apbpwtés ovvoécoelg Kol T
SlEPELYNON TNG LOPPOAOYIKNG KO KIVILLOTIKNG TNG cLUmeptpopds. O éleyyoc Bacileton
o€ (o KIVNUOTIKY TPOGEYYIoN TOV OLGLUCTIKG HEWDVEL Eva eMimedo apBpmTd cvoTNU
oe €vo ovotnua evog Pabpov ehevbepiag Omov evepyomoteiton eEmTeEpPIKE, HEGH
EQUPUOYNG PPEVOV EYKOTECTNUEVOV OTIG apBpdoelc Tov cvotiuatoc. [lpoteivovran
O00 JPOPETIKEG OLOUUOPPADGELS EVEPYOTOINONG OV oyeTilovTatl He o oplovTia Ko
K&OeTn Kivnom YPOUUKOD EvEPYOTOINTT, avTioTolyd. To SOUIKO GO0 TOL GLGTHLOTOG
amotedeiton amd paPoove aAOVUIVIOV, TOL GLVOEOVTOL LEGM TTEPIGTPOPIKDOV apHBpdGemV

KoL EVoL GOGTNL EAEYYXOV TTOV GUVOEETAL LLE EVOV YPOLUULIKO EVEPYOTOUNTY).



Apyikd, ot évvoleg Kol Ol TUTOAOYIEG T®V OLOUOPPOCU®V Kol EAAPPIOV dOUDV
ocu(NToLVTOL GE GUYKPIOT HE TIG U ovadlopopedcieg dopéc. H avdivon g
KWWNUOTIKNG EMKEVTIPAOVETOL 6TOVS Pabpovg elevbepiag Tov apHpwtod cLGTHUATOC Yid
Tov KoBoplopd towv amoutnoewv evepyomoinong. H pelétn mepilappdvel emiong v
avAALGN TOV OIOUOPP®V BECEMV TOV UNYOVICUOV OV EMPAALOVY TEPLOPIGUOVG GTOV
oxedlacd Kot Tov €heyyo g kivnong. H avdivon tov cvotmiuotog exvd amd v
EMAOYT] TOV KOTAAANA®V HOPPAOV NG OOUNG, TNV OVAALGCT TOV KOTOGKELOGTIKOD
OYEOIGOV KOl OTN GLVEXEW o€ oapluntikég peAéteg. Ov kVpleg TOPAUETPOL TTOV
emnpealovy 10 oYXESIOGHUO aVOPEPOVTAL GTA YELOUEVO OTNPIYHOTA KAOE GUVOEGHOL, TIG
papdovg kol tig apBpmoelg tovg, kabmdg Kol To oToyElo EvePyomoOinong mov &ivan
evoouatopévo oto cvomua. Kotd tov mpoypappatiopd kivnong dnpovpyovvtal 6ot
ot mBavol ocvvovacuol TV okolovbdv emavadopopewong kot egetaletor m
oKomudTTA TOVS, AopPdvovTag emiong VIOYN TOVE Y®PIKOVG TEPLOPIGHOVG KOl GAAES
wwutepotres. Kdébe axorovbio mepthapfavel v emMAEKTIKY] EQOPUOYT TOV QPEVOV
oT1G ApOpMOELS KoL Lo ovTioTOLYN KIVOT TOV YPOUUIKOD EVEPYOTOWNTH. XTI GUVEYELX,
TAPOLGLALETAL O KOTACKEVAOTIKOG GYEOAGUOC TG TPOTEWVOLEVNG OOUNG KOl Ol LEAETES
TPOGOUOI®MONG TOL  TOPEYOVV  TIC OMOUTOVUEVEC pOmEG, KOOMC emiong Kol TG
petakivinoelg tov gvepyomointn. H pebBodoroyio emrpémer v emdoyn g PéATIoOTC
akolovBiog pe Pdon  dwgopeTikd  kpuple  (POmES,  AmoTOLMEVN  Kivnom

EVEPYOTOMUEVAOV OPEVOV K.A.T.).

2 ovvERELn, TPoTEiveTal Pl EVOALOKTIKY HEB0dOG evepyomoinong mov Poaciletor oe
€101KA GYEOOGIEVO 0EPOOVVALKA TPOPIA EYKATEGTNUEVO GTNV TPOTEWVOUEVT] OOUN Y10
TNV EKUETAALELGN TNG OOAIKNG EVEPYELNG, KOOMG TPOyUATOTOlEL o avadidpBpwon.
‘Exer oyedlootel éva cHotua mov mpocsaprolel ToV TPOcAVATOMOUO TV TPOQIA
COUPOVO [E TNV OmOLTOLUEVT evépyela ehéyyov. H oxompodmta avtig e 10éag
e€etaleton Aapupdvovtag veoyn TIC GLVONKEG AVELOVL O OLUPOPETIKES YEMYPOUPIKES

tomofeoiec.

H emioyn evog katddiniov oynuatog ktipiov umopei va yiver Paoel eEwtepikdv
cuvinkov. To NAokd KEPOOG KAl N KATAGTAOT POTIGUOV GTO KTiplo gival Tapdyovteg
oL umopel va odnynoovv og avadapdpemon. H avdivon g katdotaong niakon
KEPOOVE KOl PMOTIGUOV GE GYE0T LE TNV KIVNOT TOL HAI0VL OEPELVATOL YPTCLULOTOIDVTOG
TPOCOUOIMGELS AOYIGHIKOD GE GXECN LE TNV TPOTEWVOUEVT] OVOSLUHOPPAOGIUT dOUT Kot

T1G SUVATOTNTEG TOV TTOPEYEL.
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Chapter 1

1 INTRODUCTION

1.1 Reconfigurable and Fixed Buildings

Most architectural theories and practices aim at designing unique, fixed and ideal
buildings solutions. The general goal is that the final shape of a building can be
achieved by analyzing present situations, and meet clients’ stated needs, demands and
desires. Likewise, this approach is based on descriptions and assumptions, which
consider future situations as invariable (Rosenberg 2010).

During the design process future situations are uncertain, since not only buildings face
unprecedented and unexpected situations, but also these situations evolve and change
through use and time. Suggest an indeterminate architecture, where in the building
remains in an open-ended process of definition and redefinition of the shape according
to clients’ needs. So, that defines two complementary design considerations: “Designing
the Range” and “Enabling the Choice”. While Designing the Range refers to
transformable buildings able to offer a variety of states, Enabling the Choice refers to
the users’ selection of states, within the range and according to emergent situations.
This intriguing architecture was envisioned from the Archigram movement in the
sixties, and aims at radicalizing the inventive and technical kinetic architecture
proposed by William Zuk and Roger H. Clark in the seventies (Rosenberg 2010; Anwvn
2017; Zakou 2016).

Figure 1.1: A structure case example shown in two possible target positions following
deployment and reconfiguration (Dimitriou, Phocas & Christoforou 2020)
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More and more architects, engineers and designers endorse to the notion of flexibility
and transformability, the belief that nothing stays fixed through time, that everything
evolves and changes. Unexpected events can change the future demands and functions
of a building. The sharp technological progress in mechanics, electronics and robotics
has been the main cause of the increasing growth of practical applications of adaptive
structures over the past years. The integration of all these technologies has led to
changes in the design approach, while it pushed the limits of structural feasibility
further. Reconfigurable architecture may be the answer to these concerns, as it’s an
open-ended process that offers the possibility of designing a range of situations and
enabling a variety of choices (Anastasiadou 2018).

The significance of buildings with variable geometry that adapt in response to external
loading, functional and environmental conditions, has been widely acknowledged. At
the same time, technological advances that took place in recent years have enabled
kinematics to be implemented and tested in functioning prototypes for reconfigurable
structures, which can adjust their shape. Reconfigurability of structures establishes a
framework that enables customization and optimization. In general, reconfigurable
structures combine two elements: the structural system that may assume different
geometrical configurations and the control system that implements the specified
transformations an example is shown in Fig. 1.2 (Matheou, Phocas & Christoforou
2015; Dimitriou, Phocas & Christoforou 2020).

Figure 1.2: The concept of a regonfigurable building, as a variable geometry structure
(Matheou et al. 2013)
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One problem in reconfigurable structures arises in case of natural loads including the
snow, temperature changes and wind, which can lead to extensive deformations.
Nevertheless, these structures have important characteristics that may contribute
towards a sustainable built up environment. Compared to traditional fixed-shape
structures, reconfigurable buildings provide opportunities, including: optimization of
occupants’ comfort by adjusting ventilation and lighting conditions, reduction of
aerodynamic loads on the structure, optimization of space utilization to serve different
functional needs, optimization of performance of a photovoltaic roof, shaking snow off
the roof, provision of unique aesthetic effects (Zakou 2016; Dimitriou, Phocas &
Christoforou 2020).

Problems such as natural load of snow can be treated by changing the shape of the
building. This is achieved with the drive mechanisms that they are integrated into the
joints of the structures to allow movement. This will modify the shape of structure so
that no snow loads are created and the structure is burdened. In a similar way can be
treated the temperature and wind problems. The structure may take different shapes
depending on the weather positions, so that, there is a constant temperature and proper

ventilation in the building and they do not cause deformations in the structural elements.

Sliding axis for the

intersection element

Figure 1.3: Reconfigurable Structures (Korkmaz & Akgun 2011)

1.2 Adaptive Structures

Adaptive structures respond to an external stimuli by adjusting their shape accordingly.
These building structures have a potential of superior performance and flexibility
compared to traditional fixed—shape ones. In fact, the shape—controlled buildings idea is

seen as a promising new application field for robotics. The reconfigurable building
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structures have the ability to perform shape adjustments. So, superior performance is
expected from buildings whose shape can be adjusted in order to accommodate
changing needs of human activity, as well as in response to varying environmental or

structural loading conditions (Muller, Christoforou & Phocas 2012).

.,-~r,_ — _lib -

T e | — — % Ay -v—_‘_\\=

Figure 1.4 An adaptive building, variable geometry structure (Muller, Christoforou &
Phocas 2012)
Building shape adjustments may be driven by the sun motion for the maximization of

sun protection, optimization of lighting conditions and heating performance, or improve
the energy efficiency of a photovoltaic roof (maximization of production energy from
sun). Among the environmental factors that could be accounted for is also the wind
condition. By varying the form of roof the pressure distribution around the building can
be adjusted resulting to improved natural ventilation of spaces or relaxing the
aerodynamic loading of the structure.

The adaptive structures may play a role in space applications. Also, such building
structures may cover humanitarian, military and commercial needs: temporary or
emergency shelters, seasonal storage spaces, helicopter and aircraft hangars, temporary

exhibition/exposition venues, etc (Matheou et al. 2013).

1.3 Structure Usage

Earthquakes, pandemics, conflicts, and environmental disasters have challenged
architects, planners, designers, and engineers. The goal is to find ways of creating
temporary structures adapted to the type of disaster (refugee migration, earthquakes,
pandemics, etc.) quickly, easily, efficiently, suiting both the circumstances and the
location in which they will be implemented. The crisis of epidemics is an increasing

risk.
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The proposed structure has been designed for emergency situations, like the COVID -
19 pandemic. The main usage of the structure would be to create a space for doctors and
community during the performance of Covid tests, vaccinations and to inform the
citizens about related measures taken during the pandemic. The size of the structure is
appropriate to follow all sanitary protocols, and encourage people to keep social
distancing measures. A clear threshold of sanitary protocols for both people and goods
will additionally reinforce the inside of the building as a clean zone. As COVID-19 can
be transmitted through airborne particles, proper quantities of fresh air in the interior
space must be ensured for the users. Thus, the operable openings of the structure can

supplement air dilution.

Figure 1.5: Proposed use of the structure for medical purposes

1.4 Design for X
While designing a reconfigurable system there are many issues to be considered. In

summarizing them the design for X concept becomes relevant. Redefining design
efforts to focus stakeholder requirements, and strive for innovative designs through
concurrent efforts, it is inevitable that some overlaps and gaps in total design quality
will occur. Without strict design standards there is a need for thought for the solutions
chosen and test them through a set of commonsense filters. Design for X can help to
provide these logical filters.

Design for X is a family of approaches generally denoted as Design for X (DFX). The
letter “X” in DFX is made up of life cycle processes. DFX techniques are part of the
Design for Six Sigma (DFSS) road map (see Fig. 1.6) and are ideal approaches to
improve life cycle cost, quality, design flexibility, efficiency, and productivity using
concurrent design concepts (Maskell, 1991). Benefits usually include improved decision
making with competitiveness measures and enhanced operational efficiency (El-Haik &
Roy 2005).
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Figure 1.6: Design for Six Sigma road map (El-Haik & Roy 2005)

In many fields X may represent several traits or features including: manufacturability,
power, variability, cost, yield, or reliability. This gives rise to the terms design for
manufacturability, design for inspection, design for variability and design for cost.
Under the design for X, a wide set of specific design guidelines are summarized. Each
design guideline addresses a given issue that is caused by, or affects the traits of, a
product. The design guidelines usually propose an approach and corresponding methods
that may help to generate and apply technical knowledge to control and improve of a
product (Wikipedia 2009).

User requirements eventually translate into corresponding design requirements.
Informed design will constitute solutions more usable and effective. Towards that
direction, the “design for X (design for excellence) concept becomes relevant and it
allows here to effectively summarize key requirements the X variable is associated to it
relates to different attributes of the system (e.g., safety) (Pahl and Beitz, 1996), (Bralla,
1996). The identified design parameters are collected in Table 1.1. This design
framework spans the whole life-cycle of relevant to the present design problem

buildings.
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Table 1.1: Design for X parameters

Life-Cycle X Design Parameter
Phase
Development Simplicity Modularity Upgradability
Safety Reprogrammability Integrability
Reliability Interchangeability Standards
Quality Expandability Regulations
Price
Production/ Manufacturability Testing Cost
Manufacturing Assembly Integration Materials
Use Usability Multi-Use Maintainability
e Human Factors e Maneuverability e Serviceability
e Ergonomics e Stability e Physical Safety
e Error-Resistance e Energy-Efficiency e Logistics
e Aesthetics e Cost Effectiveness e Cyber-Security
e User-Friendliness e User Privacy
e Customizability e Ethics
Disposal e Recyclability e Reusability e Sustainability

1.5 Structure of the thesis
The second Chapter, focuses on a proposed analysis of the mechanism and its degrees

of freedom (DOF), namely a dual crank-slider mechanism for horizontal and vertical
motion. Moreover, it refers to the effective links and brakes operation that simplify the
system to a 1-DOF (one actuator is required for the movement). Also, it is presented a
general equation for these type mechanisms to calculate the DOF, special cases of
locked joints, kinematic analysis and all cases of singularities that may occur during
shape change of the structure.

In Chapter 3 the focus is on the control sequences for implementing the required shape
adjustments of a reconfigurable structure (symmetrical and non-symmetrical) and the
investigation of its morphological and kinetic behavior. The steps required in order to
adjust each joint angle of the planar system from an initial to a target position are
defined. Among different feasible sequences, the ones with less required steps are

selected and future investigated.
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As part of Chapter 4, construction design and assembly of the structures are presented,
which they are based on the software Solidworks. Furthermore, it is referred to the
system supports, the members and their joint connections, as well as the actuation
components that enable horizontal or vertical reconfigurations.

Chapter 5 focuses on the proposed kinematic approach. The motion analysis studies use
the software Solidworks (motion analysis). Also, the simulations include the brake
torques analysis, based on the self-weight and the material stresses.

In Chapter 6, is proposed an actuation method based on wind forces. It refers to an
aerodynamic system where it assists the horizontal structure in moving the slider
sideways in a natural way. Also, results are presented for lift and drag forces based on
the shape of the fins and the mechanism developed using the software Solidworks is
presented.

Chapter 7, refers to a solar gain and lighting simulation analysis using the software
Design Builder. The simulation analysis includes in all reconfiguration steps of the
system from the initial to the target position. The case study refers to Larnaca, Cyprus
and the solstices that occur annually.

Finally Chapter 8 presents the conclusions of the thesis and the proposed future work.
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Chapter 2

2 STRUCTURAL AND RECONFIGURATION CONCEPT

A basic structural element of a shape-controlled structure to be considered here is
comprised of a dual crank slider mechanism (horizontal and vertical) of planar serially-
connected links. The ground of the building provides one link to the linkage, and the
remaining kinematic chain comprising of members is pivoted to the ground on either
side. Using an array of such interconnected closed—chain linkages formulates the
skeleton of the structure. Synchronized motion of the individual linkages will adjust the
overall shape of the building accordingly. One linear actuator is associated to the
motion of the slider and brakes are installed on the rotational joints.

The control system manages the operation of the motion actuator and the brakes while
implementing appropriately planned sequences in order to realize the required shape
adjustments. Before the proposed control approach is presented it is important to refer

the degrees of freedom for the proposed structure.

2.1 Mechanisms and Deqgrees of Freedom

Each independent motion variable will need some type of actuator to determine its
position. The multiple input (variables) will have to have their actions coordinated by a
controller such as a computer but can also be mechanically programmed into the
mechanism design. There is no requirement that every mechanism has only one Degree
of Freedom (DOF) but that is often desirable for simplicity and simplifying actuation
(Robert L. Norton 2008).

Mechanisms chains may be either open or closed:
e An open chain mechanism of more than one link will always have more than
one degree of freedom, thus requiring as many actuators (motors) as it has DOF
(see for example Fig 2.1a).
e A closed chain mechanism will have no open attachment points or nodes and
may have one or more degrees of freedom (see for example Fig 2.1b).
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Figure 2.1: (a) Example of Open mechanism chain (3-link planar manipulator),
(b) Example of Closed mechanism chain (4-bar mechanism)

To determine the overall DOF of any mechanism, we must account for the number of
links and joints, and for the interactions among them. The Degrees of Freedom of any
assembly of links can be predicted from the equation of Gruebler. Therefore, a system
of L not assembled links in the same plane will have 3L DOF, so the two unconnected
links, as shown in Fig. 2.2 have a total of six DOF: A61, Ayi, AX1, AB2, Ay, and AX;
(shown in Fig. 2.2 [a]) (Robert L. Norton 2008). When these links are connected
between them by a full joint, this removes two DOF. The Ay: and Ay» are done Ay and
Axy and Ax are done Ax ending up four with DOF as shown in the figure: Ay, AX, A0:
and A6z (shown in Fig. 2.2 [b]). The half joint removes only one DOF from the system,
leaving the system of two links connected by a half joint with a total of five DOF: Ay,
AX1, AXz, AB1 and A8z (shown in Fig. 2.2 [c]).

[a] Ay, Ay,
BN—s Ax, O> Ax,
AB; A6,
Ay
[b]
A Ax
A, A0,
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[c]

A9, Ax,

C — o,

A8,

Figure 2.2: [a] Two unconnected links DOF = 6, [b] Connected by a
full joint DOF = 4, [c] Connected by a roll-slide (half) joint DOF =5

Moreover, when any link is grounded all three of its DOF will be removed. This
reasoning leads to Gruebler's equation that is:
M =3L-2J] -3G

Where: M = degree of freedom or mobility

L = number of links

J = number of joints

G = number of grounded links
Note that in any real mechanism, even if more than one link of the kinematic chain is
grounded, the effect will be that there is only one ground plane (Robert L. Norton
2008). Thus G is always 1, and Gruebler's equation becomes:

M = 3(L-1)-2J

The value of J in equations represents the value of all joints in the mechanism that are

half joints and full joints. This way the equation Gruebler's can be adjusted as:

M = 3(L-1)-2J1-J2

Where: M = degree of freedom or mobility
L = number of links
J1 = number of 1 DOF (full) joints
J2 = number of 2 DOF (half) joints
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2.1.1Mechanism and Structures
The degree of freedom of an assembly of links completely predicts its character (Robert
L. Norton 2008). There are three possibilities:

- If the DOF is positive, it will be a mechanism and the links will have relative motion.
- If the DOF is exactly zero, then it will be a structure and no motion is possible.

- If the DOF is negative, then it is a preloaded structure, which again means that no
motion is possible.

Example of each case are given in Fig. 7.3. In our case we deal with mechanisms.

AN A

77777777 T7777777 JT7 77777

Figure 2.3: (a) Mechanism DOF = +1, (b) Structure DOF =0,
(c) Preloaded structure DOF = -1

2.2 The basic kinematic confiquration and motion
analysis

The mechanism chain below is the basic system used and it comprises four links and

one slider with horizontal movement. The links assembly includes joints between the
links and there are two joints pivoted to the ground, one on each side, as shown in Fig.
2.4.

6, .9y,

ANLAANY
(0]

4% : pivoted-to-the-ground locked joint, @ :locked joint, % s slider

Figure 2.4: Basic Dual Crank-Slider (Horizontal) Mechanism
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The DOF of this mechanism is calculated from Gruebler's equation with
L=6,J1=7,J2=0:
M = 3(L-1)-2J1-J2 = 3(5)-2(7) = 15-14 = 1 DOF

So one actuator is sufficient to control the system.

Then, a similar mechanism chain with four links is presented. It has one slider with
vertical movement and the rest of the chain is assembled as in the previous one, as

shown in Fig. 2.5.

4%: pivoted-to-the-ground locked joint, @ :locked joint, m: slider

Figure 2.5: Basic Dual Crank-Slider (Vertical) Mechanism

The DOF of this mechanism is calculated from Gruebler's equation with
L=6,)1=7,J,=0:
M = 3(L-1)-2J1-J2 = 3(5)-2(7) = 15-14 = 1 DOF

So one actuator is sufficient to control the system.

2.3 The multi-DOF system
If the mechanism chain has more than four links then, it has more than 1 DOF.

Therefore more actuators are required to control the system. For example, if the
mechanism chain has 3 DOF then are needed 3 actuators and control becomes more
complicated. With the help of the brakes the mechanism can be reduced to a 1-DOF
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system. This is the basis of the approach which will be explained below through an
example.

The mechanism consists of ten links, five links on each side, one slider and one actuator
with horizontal movement. Each link assembly includes rotational joints between the
links and there are two joints pivoted to the ground, one on each side, as shown in Fig.
2.6.

4% : pivoted-to-the-ground locked joint, @ :locked joint, %l : slider

Figure 2.6: Basic Dual Crank-Slider (Horizontal) Mechanism with many links

The DOF of this mechanism is calculated from Gruebler's equation with
L=12, J1 = 13, J=0:
M =3(L-1) - 2J: - J> = 3(11) - 2(13) =33 - 26 = 7 DOF

This mean that 7 actuators are necessary to control the system. By appropriated
applying the brakes, the system can be reduced to a system analogous to the mechanism
in Fig. 2.4, which has 1 DOF. This is achieved by activating six brakes, three on each
side of the slider since two or more links will function as one link (“effective link”). We

refer to this, as an “effective” dual crank-slider.

In the particular example there are activated brakes on the joints 62, 64, 05, 69, 611 and
012. In this way, the system is modified to a 1 DOF system and one motion actuator is
enough to control its position. The effective links in Fig. 2.7 show which links operate

as one (effective links) with the activation of specific brakes.
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% : Pivoted-to-the-ground unlocked joint,é% : pivoted-to-the-ground locked joint, @: unlocked joint, @: locked joint,

%l cslider, - = —-. : effective links

Figure 2.7: Effective Dual Crank-Slider (Horizontal) Mechanism with many links and brakes

Similarly, a mechanism chain with ten links is presented with one slider but with

vertical movement which is assembled as in the previous one, as shown in Fig. 2.8.

4%: pivoted-to-the-ground locked joint, @ :locked joint, H : slider

Figure 2.8: Basic Dual Crank-Slider (Vertical) Mechanism with many links
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The DOF of this mechanism is calculated from Gruebler's equation with
L=12,J1=13,)12=0:

M = 3(L-1) - 2J; - J2 = 3(11) - 2(13) = 33 - 26 = 7 DOF

This mean that 7 actuators are necessary to control the system. The mechanism chain
has 7 DOF. By appropriately applying the brakes, the system is reduced to a basic 1
DOF system. This is achieved by activating six brakes, three on each side since two or

more links will be function as one link.

In particular there are activated brakes on the joints 02, 03, 05, 69, 010 and 012. In this
way, this system is modified to a 1 DOF and one actuator is enough to control it. The
effective links in figure 2.9 show which links operate as one with the activation of

specific brakes (effective links).

4; : Pivoted-to-the-ground unlocked joint,é% : pivoted-to-the-ground locked joint, @: unlocked joint, @:locked joint,

%l cslider,  ———-. : effective links

Figure 2.9: Basic Dual Crank-Slider (Vertical) Mechanism with many links and brakes

In this way, the mechanism chain can be converted to 1 DOF using the brakes and the
use of many actuators can be avoided, that is an actuator is sufficient to control the
system. This makes the mechanisms chain simple and reduces cost. Locking the brakes

can be made differently depending on which effective crank-slider is required to define.
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2.3.1General Equation for DOF of the multi-link
structure

According to the above examples and based on the equation of Gruebler's can be
derived a general formula for such type of mechanism chains.

If there are n links
L = n (including ground)

Always in this type of systems the number of full joints are one more than the number
of links and there are not half joints. Therefore, J1=n+land J,=0
M =3(L-1) - 2J1 - J2=3(n-1) - 2(n+1) - 0=3n-3-2n-2=n-5

The general equation for the DOF of this type mechanism chains is:

M = n-5 (n includes the ground and slider block)

2.4 The Control Concept
By appropriately applying different brakes in the joints an effective 1 DOF system is

defined. This process must be done with a certain logic and not in a random way.
Initially, all joints are locked except those of the slider. The two joints unlocks one on
each side and the slider moves (right/left or top/down) until an angle is adjusted. This
angle stays locked for the subsequent steps. The procedure is repeated until the structure

reaches the target position.

2.4.1 Limitations on the distribution of locked
joints

In the following chain mechanism (Fig. 2.10) is observed a model with many links,

which has 7 DOF.
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4% :pivoted-to-the-ground locked joint, @ :locked joint,%I :slider

Figure 2.10: Basic Dual Crank-Slider (Horizontal) Mechanism with many links and brakes

The mechanism chain is shown in Fig. 2.11 with some brakes activated.

ALLLRAN

4% : Pivoted-to-the-ground unlocked joint,% : pivoted-to-the-ground locked joint, @: unlocked joint, @: locked joint,
% slider, ==--- . effective links

Figure 2.11: Basic Dual Crank-Slider (Horizontal) Mechanism with many links and more brakes
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In this way the modified system has in 1 DOF but the activated brakes were placed in
one basic crank-slider only. Now with this modification, the left side is uncontrollable
and the right side is a structure. When one side becomes structure then the
interconnecting element (slider) also loses its mobility. Therefore, for a chain
mechanism of this type to have controlled movement with one actuator it is not enough
to have 1 DOF but also the brakes must be placed in the correct position. It is required
to have applied brakes distributed on both basic crank-sliders as with the examples

before.

The same requirement applies to the vertical motion slider version of the mechanism as

shown in Fig. 2.12.

4% : Pivoted-to-the-ground unlocked joint,é% : pivoted-to-the-ground locked joint, @ : unlocked joint, @: locked joint,
H sslider, _ _ _ _. : effective links

Figure 2.12: Basic Dual Crank-Slider (Vertical) Mechanism with many links and brakes

In conclusion, the distribution of locked joints is important. So, the locked joints must
be equal on both sides of the system, to control the movement with one actuator and the

system not to become uncontrollable.

2.5 Sinqularity Analysis of a basic Crank-Slider

Singularities are positions for the mechanism where the system may not move any
further or there is ambiguity recording the direction of the motion. Therefore, it is

important to know the singular positions of a mechanism and consider this information
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as part of motion planning. The basic crank-slider mechanism encounters a singularity
in the following situations:

a) When actuator is acting on slider, singularities are in the fully-stretch and
fully-folded configurations.
b) When actuator is acting on ground joint, singularity occurs when the coupler

link becomes perpendicular to the slider’s motion direction.

These situations are explained below and also for the case of a dual crank-slider

mechanism. Fig. 2.13 shown a crank-slider with actuation only on the slider.

O _ O
/ /177777

4% :pivoted-to-the-ground locked joint, @ :Iockedjoint,%I :slider

Figure 2.13: Crank Slider

The first case of a singularity positions are determined by two collinear extended
moving links. That is, linkages AB and BC are in the same line, then with the
movement of the slider the links will not be able to move except with an external

intervention. If the actuator is at joint A there is no singularity and the links would move

normally. This singularity is shown in Fig. 2.14. d
A B
o\ l® oc

R

4% :pivoted-to-the-ground locked joint, @ :locked joint, %l :slider

Figure 2.14: Crank Slider (Singularity collinear extended)
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The second case of a singularity is when toggle positions are determined by the
overlapping collinear moving links. That is, linkages AB and BC are in the same line
but the linkages are on top of each other. With the movement of the slider the links will
not be able to move except with external intervention. If the actuator is at joint A there

iIs no singularity and the links would move normally. This singularity is shown in
Fig. 2.15.
d
B A |
0 A e
[\ o) o)
VIV,

4% :pivoted-to-the-ground locked joint, o :locked joint, % :slider

Figure 2.15: Crank Slider (Singularity overlapping collinear)

The third case is when the actuator is at the joint A. Then a “toggle position” is
determined by the linkage BC that is perpendicular with the slider. Then with the
movement of the actuator the links will not be able to move except with external
intervention. If the actuator is acting on the slider it is not caused any singularity and the

links would move normally. This singularity is in below Fig. 2.16.

B

'

o)

®c
@) Q
/117717

4% :pivoted-to-the-ground locked joint, @ :locked joint, %l:slider

Figure 2.16: Crank Slider Singularity

2.6 Sinqularities of the Dual Crank-Slider Mechanism

As an extension to the abovementioned discussion, the Dual Crank-Slider Mechanism
will encounter a singularity when the sub-mechanism on the Left-Hand-Side (LHS)
and/or (for this application to have singularity both side is less unlikely) the sub-
mechanism on the Right-Hand-Side (RHS) reaches a singularity. These situations are

explained below and illustrated with examples.
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The actuator is considered on the slider block that can move up, down or right, left. In
the figures below are shown the cases where there is singularity on one side and

involves collinear extended or overlapping collinear links (Fig. 2.17 — 2.18).

_4d

— O )
///////

4% :pivoted-to-the-ground locked joint, @ :locked joint, %l :slider

Figure 2.17: Dual Crank-Slider Mechanism (Singularity collinear extended)

d

—>

T O
/17777 /

4% :pivoted-to-the-ground locked joint, @@ :locked joint, %l:slider

Figure 2.18: Dual Crank-Slider Mechanism (Singularity overlapping collinear)

Below are shown the cases where there is a singularity at both sides either collinear

extended or overlapping collinear (Fig. 2.19 — 2.20).

. ad

O NENO)
/7777

4% :pivoted-to-the-ground locked joint, @ :locked joint, %l :slider

Figure 2.19: Dual Crank-Slider Mechanism (Singularity collinearity extended)
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4% :pivoted-to-the-ground locked joint, @ :locked joint, %l :slider

Figure 2.20: Dual Crank-Slider Mechanism

When there are more links and application of the brakes reduces the system to a dual
effective crank-slider, then singularities appear when two effective links are collinear
extended or overlapping. In this case, the same applies as above for the case where the
actuator is acting only on the slider. In the example shown in Fig. 2.21, one of its

singularities occurs when two effective links are collinear extended.

4% : Pivoted-to-the-ground unlocked joint,é% : pivoted-to-the-ground locked joint, @ : unlocked joint, @: locked joint,

% slider, _ _ _ _. . effective links

Figure 2.21: Effective Dual Crank-Slider (Horizontal) Mechanism
with six links and two brakes (singularity collinear extended)
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Chapter 3

3 MOTION PLANNING

The current research focuses on the design and analysis of a reconfigurable structure
and the investigation of its morphological and kinetic behavior. It refers to the Effective
Crank—Slider reconfiguration approach, namely a kinematics approach that reduces a
planar system to an externally actuated 1-DOF system, in order to adjust each joint
angle of the planar system from an initial to a target position. Through movement of the
slider in each step, the selected joint angles adjustment may provide symmetrical or
non-symmetrical configurations of the system. Two control system configurations are
proposed, following horizontal and vertical actuation of the structure, respectively.
Firstly, in the initial position of the system, the linkages and the joints of the structure
are locked. During the control of the sequences for implementing the required shape
adjustment, there are locked and unlocked brakes in joints. Also, the movement of the
slider, in each step achieves symmetrical and non-symmetrical forms. The adjustment of
two angles allow the symmetrical forms and the adjustment of one angle allow non-
symmetrical forms. At the same time, during each step, the angles are adjusted to
complete the target position. The first and the last joints of the structure are pivoted to
the ground. The left and the right joints of the slider are the only joints of the system
without brakes. The brakes are used for the activation and the deactivation of the joints.
There are many sequences that can accomplish the target position. After a joint is
adjusted, in the other steps will remain locked. In this case, singularities are possible to
appear and the target position is not able to achieve (they are not feasible). In the tables

below, all the sequences presented, whether they are achieved or not.

3.1 Motion Planning Procedure

The motion planning procedure includes the following steps:
1. Generation of alternating sequences. Production of scheduling tables.
2. Singularities checks should be done for all steps both for the initial and final can

figuring as for the intermediate steps. So when a peculiarity occurs in a step, the specific
sequence will be rejected as non-feasible.
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3. Checks for conflicts on the ground or neighboring structures (collisions). In
sequences where this happens, the specific sequence must be rejected, the order of the
steps modified, or if possible the construction modified.

4. Select the optimal sequence using criteria including the energy consumption, less
energy, less movements.

5. Perform simulation for verification.

3.2 Control sequences for implementing the required
shape adjustment

The can to sequences that will be using in our café studied are defined and the related
scheduling tables are produced. The Sequence 1 is a symmetrical form and the
movement of the slider is vertical. During the slider’s movement, there are two locked
joints and two adjusted angles, in each step. The target position is completed, after two
steps.

3.2.1 Sequence la (Sla):

All the joints in the Initial position (STEP 0) are locked and the height of the structure is
4.50m. The first and the last joints are locked. In the first step the slider moves the
structure by 0.5164m downwards, so the Joint 3 and 7 are currently adjusted. In the last
step, the Joints 1 and 9 are unlocked and the Joints 3 and 7 are locked. The slider moves
the structure by 0.7864m upwards, so we achieve the target position (STEP 2) (shown
in Fig. 3.1 and Table 3.1).

STEP O[B4, B3, B3, B4, H, Bg, 05, 85, 64 = [98°, 143.6°, 143.42°, 155°, Om, 155°, 143.42°, 143.6°, 98°]
STEP 1[04, B3, B3, B4, He, B, 05, 05, 64 = [98°, 149.08°, 120°, 172.92%, -0.5164m, 172.92°, 120°, 149.08°, 98°]

STEP 2 [B4, B3, 05, B4, Hg, B¢, B4, Bs, B8] = [67.32°, 203.02°, 1207, 149.66°, +0.7864m, 149.66°, 120°, 203.02°, 67.327]

) T
Sy S e S
7 e 6 t, b
.m a7 R )
ll-I"' o2 63 ‘ £ \ || I|
51 o9 . \ lf
Initial Position — STEP 0 STEP 1 Target Position — STEP 2

Figure 3.1: Structure reconfigurations for sequence la
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Table 3.1: Scheduling tables for sequence 1a

Ja J2 Js Ja Js Js J7 Js

N N HONNONNON ua JHONNONNO
sep2 [ /N | O | @ | © o © | ®|©
45},: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground locked ]oint,@: unlocked jornt;®: locked joint,

= = = : effective link, m s slider, @ : currently adjustment

@

In Step 1 where the Joints 1 and 9 are locked, the ground level is shifted between Joints
2 and 8. Also, in the Step 2, Joints 3 and 7 are unlocked, so the two linkages between

Joints 2 and 4 are move as one. The same happens with the Joints 6 and 8.

Initial Position — STEP 0 STEP1 Target Position — STEP 2

Figure 3.2: Selected feasible motion sequences to the system

3.2.2 Sequence 1b (S1b):
All the joints in the Initial position (STEP 0) are locked and the height of the structure is
4.50m. The Joints 2 and 8 are locked. In the first step the slider moves the structure
0.665m to the ground, so the Joints 3 and 7 are currently adjusted. In the last step, the
Joints 2 and 8 are unlocked and the Joints 3 and 7 are locked. The slider moves the

structure by 0.935m upwards, so we achieve the target position (STEP 2).

STEP 0 [B4, B3, Bs, s, Hs, 85, B85, 65, 85] = [98°, 143.6°, 143.42°, 155°, Om, 155°, 143.42°, 143.6°, 98°]
STEP 1[04, 03, B3, 04, Hs, Bg, 07, Bs, 84] = [100.77°, 143.6°, 120°, 175.63°, -0.665m, 175.63%, 120°, 143.6°, 100.77°]

STEP 2 [B4, 65, 85, B4, Hs, B¢, B+, B;, 85] = [67.32°, 203.02°, 1207, 149.66°, +0.935m, 149.66°, 120°, 203.02°, 67.32°]

;xﬁ%h
= N . e . P S
e o - "-.7:_. i r|
} g7 )
A o e My ” I|
|I:II! ?] a9 ._IIEI:'! ’I::I-I_.
Initial Position — STEP 0 STEP 1 Target Position — STEP 2

Figure 3.3: Structure reconfigurations for sequence 1b
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Table 3.2: Scheduling tables for sequence 1b

Ja J> Js Ja Js Js J7 Js Jo
sep1 | A | @ | © | © RO | O ® A
sep2 | A | O ®@ | ® R Ol ®@ | ® | A

,;’_:'\_;: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground locked joint, @: unlocked jcint,®: locked joint,

— — — :effactive link, H s slider, (:) - currently adjustment

In the Step 1, Joints 2 and 8 are locked, so the two linkages between Joints 1 and 3
move as one. The same happens with the Joints 7 and 9. In the final step, Joints 3 and 7
are locked, so the links between them move as one. The form is symmetrical, so the
same happens the other side of structure. The Joints 3 and 7 are locked, so the links

between them are move as one.

\

‘ :
{ .,\
é&b\ /o\ /o
7777777 77777, 7 A T77 7777777777 77777777777 7777 7777777777777,

Initial Position — STEP 0O STEP 1 Target Position — STEP 2

Figure 3.4: Selected feasible motion sequences to the system

3.2.3 Sequence 1c (Slc):
All the joints in the Initial position (STEP 0) are locked and the height of the structure is
4.50m. In the first step, Joints 3 and 7 are locked and the slider moves the structure by
0.649m upwards, so the first and the last joints are currently adjustment. In the second
step, the Joints 1 and 9 are locked and all others are unlocked. The slider moves the

structure by 0.935m downwards, so we achieve the target position (STEP 2).

STEP O[B4, B2, 63, B4, He, B, B4, B;, 85] =[98°, 143.6°, 143.42°, 155°, Om, 155°, 143.42°, 143.6°, 98°]
STEP 1[04, 83, 85, Ba, Hs, Bs, B7, Bs, Be] = [67.32°, 194.14°, 143.42°, 135.12°, +0.6487m, 135.12°, 143.42°, 194.14°, 67.32°]

STEP 2 [0y, B, B3, O4, He, B, B, B;, 85] = [67.32°, 203.02°, 120°, 149.66", -0.3787m, 149.66°, 1207, 203.02°, 67.327]
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s — g
/e o1 )\ '{/ \ I
.r-: "'-.‘-. .|l
A ez -
I;"’. " I|.|| }' |-!
!II \Ill \ __-::."
Initial Position — STEP 0 STEP1 Target Position — STEP 2

Figure 3.5: Structure reconfigurations for sequence 1c

Table 3.3: Scheduling tables for sequence 1c

| L | 3 [ Ja | Js | Js | Jr | Js | J
sepl | A | O ® | O O ® O] A
SR NI HONNONNON s JNONNONEON. N

&: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground Iockedjoint,@: unlocked joint, ®: lockad joint,

= — — :effective link, H s slider, @ - currently adjustment

In the Step 1, Joints 3 and 7 are locked, so the two linkages between Joints 2 and 4
move as one. The same happens with the Joints 7 and 9. In the third step, where the
Joints 1 and 9 are locked, the ground level is defined between to the Joints 2 and 8.

f . : A\
‘ < A \
”77/777777”7/77777}/2 ; 77777777777777707

Initial Position — STEP 0 STEP1 Target Position — STEP 2

77777,

Figure 3.6: Selected feasible motion sequences to the system

3.2.4 Sequence 1d (S1d):

All the joints in the Initial position (STEP 0) are locked and the height of the structure is
4.50m. In the first step, the Joint 2 and 8 are currently adjustment and Joint 1 and 9 are
locked. In the second step, the Joints 2 and 8 are locked and all others are unlocked. It is

not possible to complete the configuration because of the singularity.
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Table 3.4: Scheduling tables for sequence 1d

B | L | 3 | Ja | 3 | J6 | 3 | Js | Js
sept | A | O | O | O | © | © O |8
sep2 | LN | O | O | @O |l © | © | @ | L

;f:':;: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground locked joint, @: unlocked jcl‘nt,@: locked joint,

= = = :effactive link, m -slider, Q,\' - currently adjustment

3.2.5 Sequence le (Sle):

In this case, there two locked and two adjusted joints in each step, but it is not possible
to complete the configuration because of the singularity. If there are more steps, the

target position will be completed.

Table 3.5: Scheduling tables for sequence 1e

Bl L [ 3 [ Ja [ 3 [ J6 [ 3 ]| 3 [ Jo
sep1 | 4 | X | OO EEI OO QLA
sep2 | B | O | O | © 1o © OO |8

,;f:;: pivoted-to-the-ground unlocked jeint, &: pivoted-to-the-ground locked joint, @: unlocked jcint,@: locked joint,

— — — :effactive link, H - slider, Q) - currently adjustment

3.2.6 Sequence 1f (S1f):

All the joints in the Initial position (STEP 0) are locked and the height of the structure is
4.50m. In the first step, Joints 2 and 8 are currently adjustment and Joints 3 and 7 are
locked. In the second step, Joints 2 and 8 are locked and all others are simultaneously

adjusted. It is not possible to complete the configuration because of a singularity.

Table 3.6: Scheduling tables for sequence 1f

Ll | 3 dal 33| & 3 | 1
stepl | AN | O | @ | @O R O ® | © A
step2 | L | @ | O | @ Jptm © | © | @ | A

,;f:;: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground locked joint, @: unlocked jcint,@: locked joint,

= = = :effective link, u s slider, Q) s currently adjustment
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The Sequence 2 is a non-symmetrical form where the slider’s movement is horizontal.
In every step, there are two locked joints and one adjusted joint. They needed three

steps to complete the target position.

3.2.7 Sequence 2a (S2a):

All the joints in the Initial position (STEP 0) are locked and the height of the structure is
4.50m. In the first step Joints 3 and 8 are locked and Joint 7 is adjusted. The slider
moves towards the right, for 0.4786m. In the second step, the Joints 3 and 8 are
unlocked and the Joints 1 and 7 are locked. The Joint 3 is adjusted and the slider moves
to the left, by 0.9712m. In the last step, all the joints are adjusted and the joints 3 and 7

are locked. The target position is achieved.

STEP 0 [8y, B,, 83, 84, Hs, B¢, B4, Bs, 8] = [98°, 143.6°, 143.42°, 155°, Om, 155°, 143.42°, 143.6°, 98°]
STEF 184, B2, 65, Be, Hs, Bs, 85, Bs, B8:] = [84.53°, 156.85°, 143.42°, 155.2°, +0.4786m, 156.75°, 134°, 143.6°, 105.65"]
STEP 2 [0y, 0,, 83, B, Hs, B¢, B, 85, 8] = [84.53°, 172.18°, 105°, 162.65%, -0.9712m, 157.66°, 134°, 168.86°, 79.48°]

STEP 3 [0y, B,, 83, 84, Hs, B¢, B;, 8;, 8] = [62°, 218.19°, 105°, 154.81°, +0.377m, 158.38°, 134°, 156.32°, 91.3"]

o7 ) ; d ’]

Initial Position — STEP 0 STEP 1 STEP 2 Target Position — STEP 3

Figure 3.7: Structure reconfigurations for sequence 2a

Table 3.7: Scheduling tables for sequence 2a

Ja Ja Js Ja Js Je J7 Js Jo
sp1l | A O | Q| O] OO ® A
sep2 | B | O | OO (| OO A
sep3 | /N O | ® | O |2 O©® O | A

,;’3_';: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground locked joint, @: unlocked jcint,®: locked joint,

= = = :effactive link, m -slider, Q,\' - currently adjustment

Konstantinos Petrou M.Sc. Dissertation



31

In the Step 1, Joints 3 and 8 are locked, so the two linkages between Joints 2 and 4 are
move as one. The same happens with the Joints 7 and 9. In the second step, the Joints 1
and 7 are locked, the ground level is replaced to the Joints 2 and 9. Also, the links
between Joints 6 and 8 are act as one. In the final Step the Joint 3 and 7 are locked, so

the links between Joints 2 and 4 and Joints 6 and 8, are move as one.

>

0 e O

Oz V

|
(. \‘>-‘> ' O

“r' T >?/
ﬁ/;& T /;}_ /.< /o\
TITITPTPI7 77777V 77 777777777 777772777777.  T7P77720 777777777 7T ITI 7TV I7T 7777,

STEP 2 Target Position — STEP 3

Figure 3.8: Selected feasible motion sequences to the system

For each sequence there are many combinations, to reach the target position, but
sometimes there are singularities and the target position cannot be achieved. These
combinations were calculated manually without software and are presented in the
appendix. There are 144 alternative sections that can be checked if they can reach the

target position 2 or if any of them have singularities.

The Sequence 3 is a symmetrical form and the movement of the slider is vertical.
During the slider’s movement, there are two locked joints and two adjusted joints. So,

after one step the final position is completed.

3.2.8 Sequence 3a (S3a):
In the Step 1, all the Joints are currently adjusted expect the Joints 3 and 7 which are

locked.

STEP 0 [0y, By, 03, 04, Hs, O, Oy, Bs, O] = [98°, 143.6°, 143.42°, 1557, Om, 155°, 143.42°, 143.6°, 98°]
STEP 1[0y, B, 83, B4, Hg, B¢, B;, Bg, 8] = [120°, 101.7°, 143.42°, 174.88°, -1.3445m, 174.88°, 143.42°, 101.7°, 120°]
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Initial Position — STEP O Target Position — STEP 1

Figure 3.9: Structure reconfigurations for sequence 3a

Table 3.8: Scheduling tables for sequence 3a

Ja Ja J3 Ja Js Js J7 Je Jo
Y TN Y -

sept | | O | @O RO | ® | O LA

;js}: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground lockad joint, @: unlocked joint, ®: locked joint,

= = = :effective link, H s slider, @ : currently adjustment

In Step 1, Joints 3 and 7 are locked, so the two linkages between Joints 2 and 4 move as

one. The same happens with the Joints 6 and 8.

P77 777777777777

Initial Position — STEP 0 Target Position — STEP 1

Figure 3.10: Selected feasible motion sequences to the system

3.2.9 Sequence 3b (S3b)

In Step 1, all the Joints are simultaneously adjusted expect the Joints 2 and 7 which are
locked. It is not possible to complete the configuration because of a singularity

Table 3.9: Scheduling tables for sequence 3b

Ja Jz Ja Ja Js Js Jz Js Jo

Step 1 ‘4% @ [:E;' (Ejl m [E;l @ t’\?;u '4:’;‘

Z_:\_b: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground Iocked]oint,@: unlocked jcint,@: locked joint,

= = = :effactive link, m - slider, @ - currently adjustment
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3.2.10 Sequence 3c (S3c):

In the Step 1, all the Joints are simultaneously adjusted expect the Joints 1 and 9 which

are locked. It is not possible to complete the reconfiguration because of a singularity.

Table 3.10: Scheduling tables for sequence 3c

LB [ L [ 3 [ 0 [ 3 [ J6 [ 3] J [ J
SCSH - NENONNONNON k& | ONNONNONE. N

,;f:;: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground locked joint, @: unlocked jcint,@: locked joint,

= = = :effective link, u s slider, ':-::,' : currently adjustment

There are many sequences to achieving specific symmetrical and non-symmetrical
configurations but it is reasonable to choose the sequences with as few reconfiguration
steps as possible. This happens, because of the kinematics approach that is proposed

provides flexibility in motion planning and control complexity is avoided.
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Chapter 4

4 CONSTRUCTION DESIGN

The current chapter refers to the structural and construction design of the planar and
spatial linkage structure and it is based on the software Solidworks. Main parameters
that influence the design refer to the supports of each linkage, the members and their
joint connections, as well as the actuation components that are integrated within the
system to enable horizontal or vertical transformations. In this framework, two
alternatives have been developed, based on the integration of a horizontal and four
vertical linear motion actuators, respectively. In both cases, the primary planar linkage
consists of seven hinge connected beams supported on a structural grid that serves as
the floor structure. At midspan the structural linkage is further supported on diagonals
positioned within the system to form a V-shape or X-shape according to the

reconfiguration requirements of the system.

4.1 Modeling in Solidwork Software

The system was modelled using the software Solidworks with precise dimensions,
laminates, pins, bolts and nuts and actuators. The two models were made separately, one

model with horizontal motion and the other with vertical motion (shown in Fig. 4.1) as

will be designed in detail.

5 - X i 8 H) [

Figure 4.1: Models with horizontal (left) and vertical (right) movement
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The beams in both cases were assembled in the same way. The models consist of six
beams, three on each side, with length of two meters from joint to joint. Moreover, the
beams of the linkage are interconnected through a steel plate inserted between the UPN
140/60 sections of the beam and two steel plates. They have at one end a single plate

and in the other, double plates for easy assembly between them (shown in Fig. 4.2).

(3] [4]

Figure 4.2: [1] Complete beams with plates, [2] Double plates at one end of the link, [3]
Single plate at other end of the link, [4] Assembly between the beams with bolts/nuts and pins

In the software Solidworks is used the subprogram "assembly", for the realization and
assembly of the models. In the subprogram assembly, the parts are entered using the
command "insert components" and the assembly of the parts are done by selecting the
appropriate "mates”. The connection of the plates on the beams is done with bolts and
nuts. The assembly is realized using the commands standard mates (“coincident” and

"concentric') and mechanical mates ("'screw").

@ Mate

v o x

Figure 4.3: Assembling bolts and nuts to the beams with commands from
standard and mechanical mates
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The beams connection between them is done using pins. The beams of each linkage are
hinge connected to the structural grid through a steel plate. Thus, the supports of the
linkages allow rotations of the members in span direction. For the placement of the pins
the command mechanical mates ("hinge") is used. The pins connecting the links are
made of material cast carbon steel, where it was set separately at custom material with
increased density to represent the weight of the brakes, which were not included on the
assebled system.

% Mate 4

v x = E

& Mates Analysis

Mate Selections S

Concentric Selections:
/ &0

Coincident Selections:

rs%‘l

[ specify angle limits

Standard Mates
Advanced Mates

4‘ Mechanical Mates

rd cam
Léj slot

[&] ceer

Figure 4.4: Assembling pins to the beams with commands from mechanical mates

At the top of the models there is a horizontal beam aluminum of 2.5 meters length,
where it is assembled in the same way as the rest with the difference that the weight of

the brakes is not included in the certain material of the pins since in the specific joints

there are not any brakes.

Figure 4.5: Assembly of a horizontal beam in the horizontal and vertical model

At the bottom of the models are placed UPN beams, where they form at specific
distances cross shapes (+). The UPNs are assembled together with the command
standard mates (“coincident™) with a gap between them, because the plates are placed
there. The plates at the intermediate points are " + " shaped while at both ends have

angle shape. These are assembled with the command from the standard mates
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("coincident" and "distance") for the correct placement and the exact distance from the

beams.

" ) é
[1]\L ¥ [4] ¥ "%3 B @

Ay ¢ 3 4 =
A ) A\ [3] = [3] [4]

 [4]

Figure 4.6: [1] Bottom central base of horizontal model, [2] Bottom central base of vertical
model, [3] Plate of base with angle shape, [4] Plate of base with cruciform "+" shape

4.2 Horizontal Motion Model
The horizontal model has centrally placed cylindrical pipes of shape "V" so that the

model has the desired height, namely 4.5 meters. The connection of the V-diagonals at
midspan of the system in the alternative with horizontal actuation takes place over two
horizontal steel plates, whereas the lower one is connected to the structural grid joint in
the central plate " + " and the upper one, welded to the diagonals. The way of assembly
in the software is done with the command standard mates (“coincident™) for the correct
placement of the plates but also of the pins and bolts/nuts. Furthermore, for pins and
bolts/nuts are used the commands mechanical mates ("hinge" and "screw") (shown in
Fig. 4.7).

[1] [2] [3]

©o
©@e

® 58

Figure 4.7: [1] Centrally cylindrical pipes of shape "V", [2] Connecting V pipes to
the bottom base, [3] Connecting V pipes to the top base of the slider
The base of the slider is "T" shape and are placed at the bottom the plates of the pipes
"V" and at the top is the rail where the slider moves. The actuator’s ends are connected
to the horizontal structural members through steel plates. The linkage beam may roll on

the interconnecting member with a section of T 140/140 mm over specially formed
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sliding elements. A linear motion actuator is positioned above the linkage beam using
standard mates and connected on one side with the latter and so that operation of the
actuator provides relative displacements of the linkage to its support elements.

The actuator is linear and is pin connected on either side. The pins are made of cast
carbon steel and the rest are made of aluminum. The assembly is done with standard
mates (“"concentric™) and advanced mates ("distance™) (see in Fig. 4.8).

The way the assembly is done in the horizontal model (shown in Fig. 4.9) can go
through the distances set so that the model can reach its final position through a number

of steps.

Figure 4.9: Complete model with horizontal movement
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4.3 Vertical Motion Model
For the second model with the vertical motion were centrally placed two cylindrical

telescopic X-shaped actuators to raise and lower the system so that reconfigurations can
be implemented. The telescopic system consists of two small cylindrical pipes each and
a central pipe of larger diameter. The way the movement is done in the telescopic is
with the use of actuators as in the model with the horizontal movement, that is, there is
an actuator in each small diameter tube of the telescopic that connects it to the central
tube of larger diameter. So there are a total of four actuators in the X-shaped telescopic
mechanism. It is assembled in the software Solidworks using the commands standard
mates (“concentric”) so that the telescopic tubes and the actuators can be placed one
inside the other. In addition, the command from the advance mates ("distance") is used
to adjust the maximum and minimum length that the tubes can travel through each other
in both the telescopic and actuators (shown in Fig. 4.10).

Figure 4.10: Centrally cylindrical telescopic X-shape with four
actuators and telescopic pipes small and large diameter

Generally, the length of the actuators and telescopic pipes is such that they can have the
desired travel length at each step. At the center of the X-shaped telescopic is a slotted
pin joint, so that the telescopic can operate without changing the mounting positions at
the top and bottom joints. The adjustment of the pin movement in the hole is done using

the command mechanical mates (""hinge") (shown in Fig 4.11).
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Figure 4.11: Central hole in X-shaped telescopes and adjusting
to the solidworks in mechanical mates

The X-shaped telescopic is connected to the base with the plates " + " and at the top
with plates at the base " T " of the horizontal bar with pin, bolts and nuts, similar to the
horizontal model. The assembly of these parts in the software Solidworks are done with
the commands standard mates (" coincident " and " concentric"). Furthermore, the pins,
bolts and nuts use the commands advanced and mechanical mates (" width " and " screw
"), respectively. Thus, in the base "T" are placed at the bottom the plates of the
telescopic and at the top the horizontal beam of the model with the help of the command

standard mates (“'coincident™) to join the beam with the base "T" (shown in Fig. 4.12).

Figure 4.12: Connecting [1] telescope pipes to the bottom base, [2] telescope
pipes to the top base of the horizontal bar, [3] horizontal bar

The vertical motion model (shown in Fig. 4.13) is assembled as described above and in

this way reconfiguration steps can be implemented and studied.
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Figure 4.13: Complete model with vertical movement

4.4 Spatial Models
After the models final dimensioning was done and their assembly, was completed the

above models are connected lay ether to create a spatial model structurein the form of a
building. The structure has active linkages (with an actuator) only at the two ends. The
intermediate planar linkages are passive.

Therefore, since actuators exist only at the ends, the intermediate bar linkages should be
connected in such a way that the slider activates, all the bars movement and they get the
desired shape throughout the spatial model. On the plates at the ends of the beams are
connected two cylindrical pipes in each beam and all the bars move together in parallel

with the ones at the two ends.

(1] (2]

Figure 4.14: [1] laminates to the ends of the bars, [2] two
cylindrical pipes connected in laminates of the bar
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The Rodans were used in the structures to reduce the stresses. These were assembled
diagonal to the cylindrical pipes with the help of plates. The materials of the cylindrical
pipes, laminates and Rodans are Aluminum 1060. Also, Rodan dimensions are from
standard tables (Dorma 2002), so for these models a choice were made of Rodan
RDA12 and the dimensions of the RDA12 are shown below in Table 4.1. The Rodans
are placed diagonally and alternately upwards and inwards, to function as a grid and
offer more stiffness to the model. This can be better understood with the help of the Fig.
4.15.

1. UPN 140/ 60
2. 5235t=5mm
3.076,1/10mm
4. DORMA Rodan Cable Fitting

[1] 5. © 20mm

Figure 4.15: [1] assembly of laminates and Rodans in the cylindrical pipes,
[2] rodan configuration on the model

Table 4.1: Standard dimensions of Rodan (Dorma 2002)

RDAS RDA6 RDAZ RDALO RDA12 RDA16 RDA20 RDA24 RDA27 RDA30 RDA36 RDA42 RDA48 RDAS2 RDAS6 RDAGO

r a8 9 12 15 18 24 29 s 39 43 51 60 69 75 81 a8

b+'ﬂﬂ.5 4.5 5 7 8 10 15 18 20 22 25 30 35 40 45 50 55
9355 14 16.7 21.3 2585 30 40 49 58 645 715 845 100 1le 124 1345 146

9235 14 18 21 28 33 42 b4 19 76 82 97 108 127 141 152 158
Ly 56 &5 75 95 115 145 185 215 245 265 30.5 355 425 455 505 525
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These components were assembled in Solidworks with the help of command mates
from the standard mates (“coincident”, "concentric”, "parallel™). The distance between
the beams in the spatial model is 2 m, as well as the cylindrical pipes that connect them.
Moreover, the spatial models in both cases consist of 10 planar linkages (see Fig. 4.16

and 4.17).

-y

l

Figure 4.17: spatial model with X-shapes

After the spatial models have been assembled, they can be reconfigured using by the
sequences and the final positions as defined before in the previous chapter. The
implantation of the sequences along with the steps from the initial to the final positions
appear below in spatial form.
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4.4.1 Sequence 1

Figure 4.18: Spatial models with all steps of sequence 1

4.4.2 Sequence 2

Figure 4.19: Spatial models with all steps of sequence 2
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4.4.3 Sequence 3

Initial Position - STEP O STEP1

Figure 4.20: Spatial models with all steps of sequence 3
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Chapter 5

5 NUMERICAL SIMULATIONS

The numerical analysis of the structure was based on its kinematics and the implantation
of the effective crank-slider reconfiguration approach. In the current stage, the analysis
focuses on the motion analysis of the structure using Solidworks. Following the
preliminary stage of determining the control sequences for implementing the required
shape adjustment and the construction design, a new model has been created, based on
the same geometric characteristics and dimensions of the basic system. New model
because it requires minimal "mates” the software to calculate brakes torques. In
addition, were entered the members and the materials of the structure. The model was
created twice, a model for the case of the horizontal and vertical actuation motion,
respectively.

The model was designed in the 3D drawing interface of the software and then all the
data needed for the simulation were entered into the database (input data). First of all,
was designed in the drawing interface the members of the structure and then with the
assembly method, the initial position was developed. The linkages were connected with
pins and the linkages and the steel plates, with nuts and bolts, according to the software
library.

Also, the linkage for the actuator’s position was created and with the assembly method
and motor type the actuator was selected, for the structure’s movement. The same
procedure was followed for the modelling of the horizontal and vertical actuation

system.

5.1 Configqurations Analysis

Following the modelling of the horizontal and vertical motion system, the joint angles
have been determined as below for the initial, intermediate and target positions of the
systems, according to the respective control sequences for implementing the required
shape adjustments. After the step of redefining the angles, the spatial models of the
structure were created within the software interface, and a motion analysis was

conducted.
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Sequence 1a (S1a)

STEP 0 [D4, Bz, B, B, He, B, 05, B3, 8] = [98°, 144.6°, 139°, 158.4%, Om, 158.4%, 139°, 144.6°, 98]
STEP 1[0y, 8y, B3, 04, Hs, B, B, Bg, 8] = [98°, 148.257, 118.5°, 175.3°,-0.5164m, 175.3%, 118.5°, 148.25°, 987]

STEP 2 [y, By, B3, 04, Hs, B, 67, Bg, B4] = [72.3°, 194.65°, 118.5°, 154.5°, +0.7864m, 154.5°, 118.5°, 194.65°, 72.3°]

kW AN

x)

8,

8,

X -]

Initial Position — STEP 0 STEP1 Target Position — STEP 2

Figure 5.1: Structure Configurations for sequence la

Sequence 2a (S2a)

STEP 0 [B4, B2, B3, Bs, Hs, B¢, 65, Bs, 6] = [98°, 144.67, 139°, 158.4°, Om, 158.4°, 139°, 144.6", 98°]
STEP 1 [84, 6z, Bs, 8., Hs, Bs, 65, 85, 8:] = [86.8°, 155.48°, 139°, 158.7°, +0.4786m, 159.85°, 131.13%, 144.6°, 104.4°]
STEP 2 [B4, B, B3, B4, Hs, B, B, Bs, B5] = [86.8°, 185.6°, 102°, 165.57°, -0.9407m, 160.2°, 131.13%, 171", 77.7°]

STEP 3 [B4, B, 85, 05, Hs, 86, 07, Bs, 85] = [71.65°, 203.94%, 1027, 162.4°, +0.377m, 161.2°, 131.13°, 157.8", 89.85"]

STEP 2 Target Position STEP 3

Figure 5.2: Structure Configurations for sequence 2a
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Sequence 3a (S3a)

STEP O[B4, ©,, 85, Bs, He, B¢, B4, B;, 65] = [98°, 144,67, 139°, 158.4%, Om, 158.4%, 139°, 144 6%, 98°]

STEP 1[4, 6,, 85, Bs, He, B¢, B4, B;, 85] = [116.8°, 107.6°, 140.15%, 175.5%, -1.15m, 175.5°, 140.15°, 107.6%, 116.8°]

O
U A TR

Initial Position — STEP 0 Target Position - STEP 1

ps
4

Figure 5.3: Structure Configurations for sequence 3a

5.2 Motion Analysis

The torques determination in the joints throughout the transformation process, is crucial
for the reconfiguration of the structure. This stage is divided into three sub-stages. First,
the calculation process includes the definition of the angles of the joints for the initial
and target positions, then the positions of the linkages that need to be locked by the

mates list.

v x =[]

§ Mates Analysis

Mate Selections o

A ]
Reference entity

-]

Standard Mates 2

Coincident

Parallel

Perpendicular

Tangent

Concentric

ok

152.30158085mm

98.00deg

AN L[a[H B[]
[efmmm

A4y

Figure 5.4: commands “Angle” and “Lock” from standard mates list
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The second stage is to select the type (servo motor) of the linear actuator from the

library and the direction of the model (e.g., gravity). The direction of weight is defined

based on the X, y, z axes, where as in this model the direction is downwards,

corresponding to the y-axis.

—[7] Motor

v X

Motor Type

Ratary Maotor

Linear Motor (Actuator)

Path Mate Mator

Component/Direction

@ |

|

sl |

Motion

-~

| Servo Motor

e |

[1] Displacement

i

-~

o Gravity
v X

Gravity Parameters

|
Ox
| 9806.65mm/s 2

@y

[2]

Figure 5.5: [1] definition of motor, [2] definition of gravity

The last step is about the actuator’s displacement. According to the timeline data, the

actuator is activated, and the steps of the displacement and the respective time are
defined.

Motion Analysis

il @orizontio (Default<Disgp

v B
[v]® @& @ B

Ve - -%isl@

|l 2% & o B @&

{f Orientation and Cam

Lights, Cameras and

:ﬂ LinearMotor2
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@8 (f) Assem vasi V 3<1
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C% (-) piros 2<1> (Defal

@ (-) piros 2<2> (Defal
& (-) ravdos gia ropes |

@& (-) ravdos gia ropes |

@ () ravdos gia ropes |

& (-) ravdos gia ropes |
@& () piros 2<3> (Defal

Tasks Triggers Actions Time
Name | Description Trigger Condition |Time/Delay Feature Action Value Duration (Profil| Start| End
Task1 @ Time = 0s|-B] LinearMotor2 =1|0n 0s |0s
Task2 Taskl1 1| Task Start <Mone> —E LinearMotor2 :=| Change 478 4mm 10s u Os 10s
Task3 Task2  :=|Task Start <MNone> @@ (2) =[On 0s |[0s
Taskd Task2 =l|Task Start <Monex @@ (10) =l|of 0s Os
Taskb Task2 =1|Task End <Mone> —E LinearMotor2 :=| Change -940.7mm 10s u 10s |[20s
Taské Taskf  :=|Task Start <MNone> @@ (2) =[On 10s  |10s
TaskT Tasks =l|Task Start <Monex @@ (10) =l|of 10s |[10s
Taska Taskh =1|Task End <Mone> —E LinearMotor2 :=| Change 377Tmm 10s u 208 |30s
Task9 Task8  :=|Task Start <MNone> @@ (2) =[On 205 |20s
Task10 Tasks =l|Task Start <Monex @@ (10) =l|of 205 |20s
= Click here to add

Figure 5.6: Specifying the model steps in the timeline view
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The actuator’s movement to the top or to the right of the structure is signed with the
symbol "+", in contrast of the movement to the bottom or the left side of the structure
that is signed with the symbol "-". The velocity of the actuator movement is defined as
the ratio of displacement over time (Dx/Dt). In addition, all the steps of the structure
have been defined, so that all the torques on the joints are calculated and presented in

the Results interface of the software in graphs.

Results

vox Plotd4 B
N =
Result E .
Farces 4 g
3 24125
. =
Reaction Moment d =
T 18083
3
Magnitude b £
= e
B
T
o 0
o

0.00 3.00 6.00 9.00 1200 15.00 18.00 21.00 2400 27.00 30.00
‘ Time (sec)

|

Figure 5.7: One example for calculation of torque graph using the "result” command

5.3 Numerical Results

The system configurations, as well as the brake torques and the displacements of the
actuator have been determined, for both on the horizontal and the vertical actuation
systems. Among different feasible sequences, the ones with less required steps are
selected and investigated with regard to the highest maximum brake torques and slider
displacements. Figs 5.1-5.3 illustrate the reaction moments on the joints, in each

sequence. The reconfiguration steps have a duration of 10 seconds.
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Sequence 1
Torques of Sequence 1
T 008 -
= [
= - I Joint 81
S 006 I
S 006 .
& | Joint B2
§ 0.05 I e Joint B3
!
.5 0-04 I - = = Joint 87
C |
= 002 RN ;i
' : o / — - =Joint 69
0.01 F RS
e, ~ ,"..‘
O — S e— e S—  S— b _e* I
0 2 4 6 8 10 12 14 16 18 20 Time (sec)
Graph 5.1: Brake torques of all Joints in Sequence 1
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Graph 5.2: Brake torques of all Joints in Sequence 2
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Sequence 3
Torques of Sequence 3
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Graph 5.3: Brake torques of all Joints in Sequence 3

Table 5.1 shows the maximal brake torques on the joints, in each sequence. The
maximum brake torques are registered in Sequence 2 and the minimum, in Sequence 3.
The respective highest maximum value in Sequence 1 is about 7.7 KN-cm. In Sequence
2 and 3, the highest values amount to 108 kN-cm and 4.3 kN-cm, respectively.
Moreover, in Sequence 2 is present the highest value of braking torques.

Table 5.1: Maximal brake torques

Joint 1 Joint 2 Joint 3 Joint 7 Joint 8 Joint 9 Max
91 92 93 97 68 69 Torque
[kN.cm] [kN.cm] | [kN.cm] | [kN.cm] | [kN.cm] | [kN.cm] [kN.cm]
Seq. 1 0.0756 0 2.475 7.734 0 0.199 7.734
Seq. 2 107.944 10.220 3.111 0.913 0 107.944
Seq. 3 0 0 1.331 4.269 0 0 4.269

The required displacements of the sliding block have been recorded in Table 5.2. The
maximum displacement in Sequences 1 and 2 is around 80 cm and 95 cm, respectively.
In Sequence 3, the respective value amounts to 115 cm. Thus, Sequence 3 has the
highest value of the sliding block displacement, in contrast to Sequence 1, which has the

lowest.
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Displacement Displacement Displacement Maximum
STEP 1 STEP 2 STEP 3 Displacement
[cm] [cm] [cm] [cm]
Seq. 1 51.64 78.64 - 78.64
Seq. 2 47.86 94.07 37.70 94.07
Seq. 3 115 - - 115
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Chapter 6

6 ACTUATION USING WIND ENERGY

The Dual Crank-Slider Mechanism with the actuator on the slider moves horizontally or
vertically. The operation of the actuator requires power consumption to achieve their
target positions. For reduced use of fossil fuels is proposed an idea to move the
mechanism with a more energy efficient and environmental finally system. The
movement of the mechanism is suggested to be done with a wind system with the help
of fins. An aerodynamics analysis is followed with same basic equations to perform

control in the case of the horizontal movement of the actuator.

6.1 Aerodynamics Backaground

Drag is the aerodynamic force that opposes motion through the air. It is generated by
the difference in velocity between the solid object and the fluid. The drag is define as
aerodynamic friction, and one of the sources of drag is the friction between the

molecules of the air and the solid surface (Hall 2015a).

Drag depends on the density of the air, the square of the velocity, the air's viscosity and
compressibility, the size and shape of the body, and the body's inclination to the flow. In
general, the dependence on body shape, inclination, air viscosity, and compressibility is
very complex, so it is simplified with an equation with dependence by a single variable.
This variable is called the drag coefficient, designated "Cd" and it is almost always
determined experimentally. For given air conditions, shape, and inclination of the
object, we must determine a value for Cd to determine drag. The drag equation is:

p*V?

D=2Cd =+ = A

Where,

D: drag, Cd: coefficient, p: density, V: velocity, A: reference area
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The area (A) in the drag equation is given as a reference area. The drag as being a
resistance to flow, a more logical choice would be the frontal area of the body that is
perpendicular to the flow direction. And finally, if compared with the lift coefficient,
should be used the same wing area used to derive the lift coefficient. In practice, drag
coefficients are reported based on a wide variety of object areas. In the report, it must be
determined which area is used, since it may need to convert the drag coefficient using
the ratio of the areas (Hall 2015b).

The relationship between drag coefficient and Reynolds number is shown in the

diagram below.

10% 10° 107

102 100 10t

anﬁu,hn!-:!

Graph 6.1: Diagram of the relationship between drag coefficient and Reynolds number
Frank M. White, Fluid

Lift acts perpendicular to the flow direction. It contrasts with the drag force, which is
the force parallel to the flow direction. Lift conventionally acts in an upward direction
in order to counter the force of gravity, but it can act in any direction at right angles to
the flow. Lift occurs when a moving flow of gas on a solid object according to Newton's
Third Law (action and reaction). For lift to be generated, the solid body must be in
contact with the fluid (Hall 2015c¢).

Lift depends on the density of the air, the square of the velocity, the air's viscosity and
compressibility, the surface area over which the air flows, the shape of the body, and the
body's inclination to the flow. In general, the dependence on body shape, inclination, air

viscosity, and compressibility is very complex, so it is simplified by an equation with
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dependence by a single variable. This variable is called the “lift coefficient”, designated
"CI" and in general, this coefficient is determined experimentally. The lift equation is:
2

LV
L=cl+2

Where,

L: lift, CI: coefficient, p: density, V: velocity, A: wing area

For given air conditions, shape, and inclination of the object, we must determine a value
for Cl to determine lift. For some simple flow conditions and geometries and low
inclinations, aerodynamicists can determine the value of Cl mathematically. The lift
coefficient is a dimensionless coefficient that relates the lift generated by a lifting body
to the fluid density around the body, the fluid velocity and an associated reference area.
The Cl is a function of the angle of the body to the flow, its Reynolds number and it’s
Mach number. The relationship between section lift coefficient and angle of attack and
shown in the diagram below (Hall 2015d).
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Angle of attack (ApA)

Graph 6.2: A typical curve showing section lift coefficient versus angle of attack
(Wikipedia 2020)

Chord
S~ ~—Stalled

e

Figure 6.1: Angle of attack (Hall 2018)
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6.1.1 Proposed Solution for reduced Energy
Consumption

It is proposed a construction solution based on similar examples applied on ships that
use sails (fins) for assistance in their horizontal motion in a natural way. Then, it will be
checked whether the specific hybrid example can be applied in this construction study
of the Dual Crank-Slider Mechanism for its horizontal movement with the help of air in
Cyprus and Europe. The wind helps the movement of the structure and electrical energy
(motor) is used to rotate the fins, in order to change the direction of movement of the

slider. A preliminary analysis is performed and a conceptual design is presented.

6.1.1.1 Example of Wind System

Wind assisted propulsion is the practice of decreasing the fuel consumption of a
merchant vessel through the use of sails or some other wind capture device. The design
of the specific wind system features four vertical rotating cylinders driven by electro
motors which, together with the wind, provide 10 times the thrust of conventional sails.
Thus, this system can also be implemented in the study mechanism. That is, with the
help of the wind the mechanism will be a more energy efficient system.

Figure 6.2: Wind-assisted shipping (Seaspout 2012)

6.1.2Meteorological Data

Initially, a review was made in the regions of Cyprus and Europe for wind speeds which
exist at an altitude of ten meters. This way a check was made if the proposed solution
can be supported and in which regions. The map of Cyprus in Fig. 6.3 highlights mean
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annual wind speeds at an altitude of ten meters. From the map can be identified the
velocities with the highest percentages that exist and the maximum speeds. With these
data were calculated the lift and drag forces for specific angles of the fins to check

whether is feasible to apply the proposed wind system.

(Sari, Karaduman & Firat 2015)

Figure 6.3: Mean annual wind speeds at an altitude of ten meters in Cyprus

Next to the legend is the speeds by colour, with the highest speeds being in light blue
and the smaller ones in green colour. Speeds are calculated in meters per second (m/s).
For most areas (red area) in Cyprus it seems that the speeds are about 3-4 m/s. In
Limassol dominates mainly the blue and to a lesser extent the yellow color, that is 4-5
m/s and 5-6 m/s, respectively. In general, the green appears in some areas near Morphou

and pink least in Kyrenia, while the light blue is not visible in any area.

The map of Europe shows the wind speed in kilometers per hour (km/h) at an altitude of
ten meters. According to the colors in the caption to the right of the map, it seems that a
large percentage in Europe has wind speeds from 5-45 km/h. Also, it is noticed that
there are more intense colors, in certain areas and therefore higher speeds. Converting
velocities to the same units (m/s) so that they can be compared, common wind speeds in
Europe are in the range of 1.4 — 12.5 m/s.
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Figure 6.4: Mean annual wind speeds at an altitude of ten meters in Europe
(Meteoblue 2020)

It is therefore observed that in general, in areas in Europe the winds reach higher speeds
than in Cyprus. Studying the two maps of Cyprus and Europe, lift and drag forces are
calculated for a range of speeds and a comparison is made in which regions this system
can be applied. The speeds used to calculate the forces are 3.5, 4.5 and 5.5 m/s, where
are the highest percentages prevailing in Cyprus and 15, 30 and 45 km/h (4.2, 8.3 and
12.5 m/s) for Europe.

After the meteorological review of Cyprus and Europe maps for the air speed, the Drag
and Lift forces can be calculated. At first, the speeds presented in higher percentages in
each map are selected for the calculation of the forces. Subsequently, it is calculated the
projection area that the air is directed to for specific angles. The angles that were used
for the calculation of the areas and forces are 5° 15° and 25°. So, the speeds and its
angles of the fin were determined and the coefficient of drag and lift can be calculated
with the help of graphs. The lift coefficient was calculated based on the angle as shown
in Fig. 6.1, while the drag coefficient was calculated based on the Reynolds number.
After calculating the Reynolds number, the Graph 6.1 was used to calculate the drag
coefficient. In Graph 6.2 is used the shape of the corresponding fin as used on the
proposed wind system. So, the coefficients of drag and lift were determined for each
speed and then the corresponding forces were calculated. Below, the Lift and Drag
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forces are shown for three different angles (Nancy Hall 2015e; Wikipedia 2020; Nancy
Hall 2018).

Table 6.1: Forces Lift and Drag in Cyprus and Europe for each fin, for three different angles

Lift (N) Drag (N)

Velocity | Angle Angle Angle Angle Angle Angle

(m/s) 5° 15° 25° 5° 15° 25°

3.5 5.67 13.12 16.00 0.35 0.50 0.72

Cyprus 4.5 9.38 21.69 26.43 0.45 0.64 0.91
5.5 14.00 32.40 39.48 0.60 0.86 1.23

4.2 8.17 18.89 23.02 0.47 0.67 0.95

Europe 8.3 31.90 73.78 89.90 1.22 1.74 2.48
12.5 72.35 | 167.34 203.91 2.62 3.74 5.34

Also, after the forces were calculated based on the speeds with the highest percentages

on the maps, the maximum speeds that exist in both Cyprus and Europe were checked.

Table 6.2: Maximum forces Lift and Drag in Cyprus and Europe for each fin, for three
different angles

Lift (N) Drag (N)
Velocity | Angle Angle Angle Angle Angle Angle
(m/s) 5 15° 25° 50 15° 25°
Cyprus 7.0 22.69 52.48 63.95 0.86 1.23 1.76
Europe 23.6 257.90 | 596.50 | 726.80 9.30 13.30 19.05

Based on the above results, it is clear that as the air velocity increases, the forces are
greater. Also, as the fins angle increases, the forces seem to increase. This is expected
since with the increase of the angle, the projection area increases. Still, it is observed
that the Lift forces are much larger than the Drag forces. This is positive as the Drag
force does not contribute towards the movement of the structure. These remarks are

clearly demonstrated in the diagrams below.
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Graph 6.4: Forces Lift and Drag in Cyprus for each fin, for three different angles
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Graph 6.3: Forces Lift and Drag in Europe for each fin, for three different angles

Observing tables and graphs, the best scenario to move the structure is when, the fins
angle is 25° since it provides the biggest lift forces. Nevertheless, this angle has given
the biggest drag forces, but the drag forces are much smaller than lift forces. Also,
greater force result when the structure is located in the areas with the biggest speeds.
Therefore, the wind system would give better results for the movement of the structure

in the mountainous areas of Cyprus and in north Europe with fins angle 25°.

After the forces were checked for different projection areas (depending on the angle of
the fin) of the fins, follows the construction of a 3D model in Solidworks of the
proposed system. Initially, the fin was made with symmetrical shape with a ratio of

dimensions of length and width equal to five, as shown in Graph 6.1.
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Figure 6.5: Type of fin

Then, the proposed mechanism was designed which allows the fins to rotate. One
central axis was placed where it is connected to bearings with the fin and a gears system
under the base. Four fins were included in the construction, so that the lift force
increases by four times and the structure can move with the help of the wind (shown in
Fig. 6.6).

Figure 6.6: Assembly of four fins on the central base

Each fin is connected to a central axis according to the above and it is connected
between them with gears, so that with the movement of one, to move all the rest in
parallel. The movement to change their angle is done with a motor that it is placed on
one of the fins. The consumed energy of the motor is negligible, since the movement of

the fins angles are minimal.
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The connection at the bottom of the base (see in Fig. 6.7) can be done in different ways.
That is, the fins not only can be rotated using gears, but they can be connected with a
combination of chain and sprockets or with a belt and pulleys. The base of system has a
base at the bottom for the mounting of the motor (shown in Fig. 6.8).

Figure 6.7: Gear connection for parallel drive, motor for fins drive and base connections

Figure 6. 8: Aerodynamic system assembled in the construction (conceptual design)
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Chapter 7

7 SOLAR GAIN AND LIGHTING SIMULATIONS

The selection of an appropriate building shape can be on the basis of external
conditions. The solar gain and lighting condition inside the building is one of the factors
that may drive reconfigurations.

Solar gain is the increase in thermal energy of a space or structure as it absorbs incident
solar radiation. The amount of solar gain a space experiences is a function of the total
incident solar irradiance and of the ability of any intervening material to transmit or
resist the radiation. Objects struck by sunlight absorb its visible irradiation, increase in
temperature, and then re-radiate that heat. The transparent building materials, such as
glass, allow visible light to pass through almost unimpeded, once that light is converted
to long-wave infrared radiation by materials indoors. The trapped heat thus causes solar
gain via a phenomenon known as the “greenhouse effect”. In buildings, excessive solar
gain can lead to overheating within a space, but it can also be used as a passive heating
strategy when heat is desired. Passive solar heating is a design strategy that attempts to
maximize the amount of solar gain in a building when additional heating is desired.
Reconfigurable buildings have the potential to take a form for maximum solar gain in
winter and minimum solar gain in summer (Wikipedia 2021a).

The source of all daylight is the Sun. The proportion of direct to diffuse light impacts
the amount and quality of daylight. Daylighting is the practice of placing windows,
skylights, other openings, and reflective surfaces so that sunlight can provide effective
internal lighting. Particular attention is given to daylighting while designing a building
when the aim is to maximize visual comfort or to reduce energy use. Energy savings
can be achieved from the reduced use of artificial lighting or from passive solar heating
(Wikipedia 2021b).

The analysis of the solar gain and lighting conditions in relation to the motion of the sun
will be investigated using software simulations in relation to the proposed
reconfigurable structure and its reconfiguration capabilities. This further high lights the
importable of reconfigurable buildings.

The structures were first checked for their functionality. The systems are closed

everywhere with metal plates of thickness 2 mm and between them there is an
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insulating material, of thickness 90 mm. The structure floor is wooden and there are two
single clear windows, of thickness 3 mm, one on each side.

Firstly, the analysis results take place in the climatic conditions of Larnaca, Cyprus with
latitude: 34.923 and Longitude: 33.634, where for almost eight months of the year the

sky is clear and there is high solar radiation.

According to the Department of Meteorology of Cyprus, the region of Larnaca has mild
winters and warm to hot summers, with temperatures ranging from 7 °C to 33 °C,
respectively. Also, the sunhours do not touch rates under the 180 hours during the
winter months (Weather and Climate 2021).
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Graph 7.1: Average min and max temperatures in Larnaca, Cyprus
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Graph 7.2: Average sunhours over the year in Larnaca, Cyprus
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The model was designed in the 3D drawing interface in the dynamic simulation
software Energy Plus through the platform Design Builder and then all the data needed
for the simulation were entered into the database (building materials, location). All
HVAC systems and artificial lighting were deactivated. First of all, was designed in the
drawing interface the initial position of the model and then the three target positions.
Through the simulation analysis, solar gain measurements and lighting results are
presented. The incidence of solar radiation in the structures affect both measurements.
After the meteorological analysis of the area, the diagrams of the incidence of solar
radiation in the structures (initial position and in three target positions) are presented in
the morning (8:00 am), at noon (12:00 pm) and in the afternoon (15:00 pm). The case
study refers to the solstices that occur annually, on the 21st of December, 21st of
March, 21 space June and the 21st of September (see Fig. 7.1 — Fig. 7.16).

Figure 7.2: Incidence of solar radiation in the initial position on the 21% of March
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Figure 7.6: Incidence of solar radiation in the target position 1 on the 21 of March
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Figure 7.10: Incidence of solar radiation in the target position 2 on the 21% of March
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Figure 7.14: Incidence of solar radiation in the target position 3 on the 21% of March
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Figure 7.16: Incidence of solar radiation in the target position 3 on the 21% of September

Furthermore, the structures were checked as above in a vertical orientation (0° site
orientation) and when they are in horizontal orientation (90° site orientation). Shown
below are the diagrams of the incidence of solar radiation in the structures (initial
position and in three target positions) in the morning (8:00 am), at noon (12:00 pm) and
in the afternoon (15:00 pm). The case study refers to the solstices that occur annually,
on the 21% of December, 21% of March, 21% of June and the 21 of September and when

the structure is in horizontal orientation (see Fig.7.17 — Fig 7.32).

Figure 7.17: Incidence of solar radiation in the initial position on the 21% of December
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Figure 7.21: Incidence of solar radiation in the target position 1 on the 21% of December
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Figure 7.25: Incidence of solar radiation in the target position 2 on the 21 of December
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Figure 7.29: Incidence of solar radiation in the target position 3 on the 21% of December
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Figure 7.32: Incidence of solar radiation in the target position 3 on the 21% of September

7.1 Solar Gain Results

Clearly, the selection of an appropriate building shape can be on the basis of external
conditions. One of these conditions as mentioned above is the solar gain in the building.
Reconfigurable buildings have the potential to take a form for maximum solar gain in
winter and minimum solar gain in summer. Thus, the results of the Design Builder
software were studied, so that a suitable position is chosen for each period, winter

(December — February), summer (May — September) and intermediate (March — April
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and October — November). The check was performed for all four orientations (site
orientation 0°, 90°, 180° and 270°).

Observing the Table 7.1 and graph 7.3, the most favorable position of the structures for
winter with maximum solar gain is the initial position. In summer the minimum solar
gain corresponds to the target position 1 and in the intermediate period the best forms
are target positions 2 and 3, except in November where it is the target positions 1 and 3.
In the intermediate period can be selected one of the two forms that they were

mentioned depending on the needs of the building.

Table 7.1: Annually solar gain results for all positions (site orientation 0°)

Position Solar Gain [kWh] - Site Orientation 0°
January |February| March April May June July August |September| October |November|December
Initial 3466 4083 5753 6968 8162 9023 9201 8672 7272 5551 3913 3273
Target 1 2761 3219 4344 5162 5871 6449 6584 6305 5439 4261 3089 2611
Target 2 2713 3193 4437 5282 6090 6680 6814 6460 5504 4285 3065 2564
Target 3 3359 3994 5821 7157 8549 9484 9668 9018 7413 5543 3816 3168
Fa":"o‘::LIe Initial | Initial | 20r3 | 20r3 1 1 1 1 1 20r3 | lor3 | Initial
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Graph 7.1: Annual configuration of solar gain in the structures
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From the Table 7.2 and Graph 7.4, the best position of the structures for winter with
maximum solar gain is the initial position and summer with minimum solar gain is the
target position 1. In the intermediate period for months March and April the most
favorable forms are the initial position and the target position 2 and in the months
October and November are the target position 2 and 3, depending on the needs of the
building.

Table 7.2: Annually solar gain results for all positions (site orientation 90°)

" Solar Gain [kWh] - Site Orientation 90°
Position
January |February| March April May June July | August |September| October |November|December
Initial 4369 4481 5326 5668 6437 6912 6966 6493 6135 5800 4790 4389
Target 1 3914 3806 4042 3740 3378 3113 3210 3585 4355 4749 4240 4008
Target 2 3978 4053 4768 4938 4924 4843 5090 5464 5691 5348 4400 4016
Target3 | 3661 3909 5359 6611 8070 8938 9070 8276 6614 5196 4023 3620
M
ost Initial Initial |[Initial or 2|Initial or 2 1 1 1 1 1 2o0r3 20r3 Initial
Favorable

Site orientation - 90°
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Graph 7.2: Annual configuration of solar gain in the structures

Studying the Table 7.3 and Graph 7.5, the best position of the structures for winter with
maximum solar gain is the initial position and summer with minimum solar gain is the
target position 1. In the intermediate period the best form for month March are initial

position and target position 1, April are initial position and target position 2, October
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are target position 2 and 3 and November are the target position 1 and 3, depending on

the needs of the building.

Table 7.3: Annually solar gain results for all positions (site orientation 180°)

Position

Solar Gain [kWh] - Site Orientation 180°

Graph 7.3: Annual configuration of solar gain in the structures

January |February| March April May June July August |September| October [November|December
Initial 3466 4083 5753 6968 8162 9023 9201 8672 7272 5551 3913 3273
Target 1 2761 3219 4344 5162 5871 6449 6584 6305 5439 4261 3089 2611
Target 2 2722 3174 4330 5226 6030 6667 6804 6480 5511 4244 3039 2573
Target 3 3359 3994 5821 7157 8549 9484 9668 9018 7413 5543 3816 3168
Most Initial Initial |Initial or 1|Initial or 2 1 1 1 1 1 2o0r3 lor3 Initial
Favorable
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From the Table 7.4 and Graph 7.6, the most favorable position of the structures for

winter with maximum solar gain is the initial position and summer with minimum solar

gain is the target position 1. In the intermediate period the best form for month March

and April are the initial position and the target position 1. In the months October and

November are target position 1 and 3. In the intermediate period can be selected one of

the two forms that they were mentioned depending on the needs of the building.
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Table 7.4: Annually solar gain results for all positions (site orientation 270°)

. Solar Gain [kWh] - Site Orientation 270°
Position
January |February| March April May June July | August |September| October |November|December

Initial 4369 4481 5326 5668 6437 6912 6966 6493 6135 5800 4790 4389

Target 1 3914 3806 4042 3740 3378 3113 3210 3585 4355 4749 4240 4008

Target 2 3339 3200 3274 3012 3414 3755 3576 2970 3185 3803 3553 3425

Target3 | 3661 3909 5359 6611 8070 8938 9070 8276 6614 5196 4023 3620

Most Initial Initial |Initial or 1|Initial or 1 1 1 1 1 1 lor3 lor3 Initial
Favorable

Site orientation - 270°
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Graph 7.4: Annual configuration of solar gain in the structures

Observing the solar gain measurements and the above tables, all the options (initial and
targets) are useful because they are the most favorable positions for different periods.
Also the symmetrical positions have the same measurements in the site orientation 0°
and 180° and in the site orientation 90° and 270°. Moreover, the target position 2 is a
different structure from target positions 1 and 3, so they were studied separately. So it
was studied the horizontal structures (initial and target 2 positions) and vertical
structures (initial, target 1 and 3 positions) separately to identify the most favorable
positions for each period.

Konstantinos Petrou M.Sc. Dissertation



79

7.1.1 Horizontal Structure

Firstly, the measurements of the horizontal structure were checked for all orientations
(site orientation 0°, 90°, 180° and 270°), since it is a non-symmetrical form.

In horizontal structure there are two options for each period, the most favorable position
of the structure in site orientation 0° for winter with maximum solar gain is the initial
position. The summer with minimum solar gain is the target position 2. In the
intermediate period the best form are initial position and target position 2 that can be
selected one of these forms that they were mentioned depending on the needs of the

building.

Table 7.5: Annually solar gain results for horizontal structure (site orientation 0°)

. Solar Gain [kWh] - Site Orientation 0°
Position
January |February| March April May June July August |September| October |November|December
Initial 3466 4083 5753 6968 8162 9023 9201 8672 7272 5551 3913 3273
Target2 | 2713 3193 4437 5282 6090 6680 6814 6460 5504 4285 3065 2564
Most Initial Initial |[Initial or 2|Initial or 2 2 2 2 2 2 Initial or 2| Initial or 2| Initial
Favorable

Site Orientation - 0°

10000
9000
8000

[kWh]

7000 /
6000
5000

Solar Gain

4000 Initial position

3000
2000
1000

Target position 2

Graph 7.5: Annual configuration of solar gain in the horizontal structure

Observing the table and graph, the most favorable position of the structures for winter
with maximum solar gain is the initial position. The summer with minimum solar gain

is the target position 2. In the intermediate period the best form are initial position and
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target position 2. In the intermediate period can be selected one of the two forms that
they were mentioned depending on the needs of the building.

Table 7.6: Annually solar gain results for horizontal structure (site orientation 90°)

. Solar Gain [kWHh] - Site Orientation 90°
Position
January |February| March April May June July August [September| October |November|December
Initial 4369 4481 5326 5668 6437 6912 6966 6493 6135 5800 4790 4389
Target 2 3978 4053 4768 4938 4924 4843 5090 5464 5691 5348 4400 4016
Most L L . . L . .
Initial Initial |Initial or 2|Initial or 2 2 2 2 2 2 Initial or 2|Initial or 2| Initia
Favorable

Site Orientation - 90°

8000
7000
6000

5000 \

[kWh]

4000

Initial position

3000 Target position 2

Solar Gain -

2000

1000

Graph 7.6: Annual configuration of solar gain in the horizontal structure

From the table and graph, the most favorable position of the structures for winter with
maximum solar gain is the initial position. The summer with minimum solar gain is the
target position 2. In the intermediate period can be selected one of the two forms (initial
position and target position 2), if the building needs heating selected the initial position,

if it needs cooling selected the target position 2 so that there is thermal comfort.
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Table 7.7: Annually solar gain results for horizontal structure (site orientation 180°)

Solar Gain [kWh] - Site Orientation 180°

Position
January [February| March April May June July | August |September| October [November|December
Initial 3466 4083 5753 6968 8162 9023 9201 8672 7272 5551 3913 3273
Target2 | 2722 3174 4330 5226 6030 6667 6804 6480 5511 4244 3039 2573
Most Initial Initial |Initial or 2|Initial or 2 2 2 2 2 2 Initial or 2| Initial or 2| Initial
Favorable
Site Orientation - 180°
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Graph 7.7: Annual configuration of solar gain in the horizontal structure

Studying the table and graph, the most favorable position of the structures for winter

with maximum solar gain is the initial position and the summer with minimum solar

gain is the target position 2. In the intermediate period the best form are initial position

and target position 2 where it can be selected one of the two forms that they were

mentioned depending on the needs of the building.

Table 7.8: Annually solar gain results for horizontal structure (site orientation 270°)

Position

Solar Gain [kKWHh] - Site Orientation 270°

January [February| March April May June July August |September| October |November|December
Initial 4369 4481 5326 5668 6437 6912 6966 6493 6135 5800 4790 4389
Target 2 3339 3200 3274 3012 3414 3755 3576 2970 3185 3803 3553 3425
M
St | Jnitial | Initial |Initial or 2[Initial or 2| 2 2 2 2 2 |initial or 2|Initial or 2| Initial
Favorable
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Graph 7.8: Annual configuration of solar gain in the horizontal structure

7.1.2 Vertical Structure
Subsequently, the measurements of the vertical structures were checked for two
orientations, site orientation 0° and 90°, since it is a symmetrical form and it had same

values with site orientations 180° and 270°, respectively.

In the vertical structures there are more options such as initial position, target position 1
and 3 for each period. The most favorable position of the structure in site orientation 0°
for winter with maximum solar gain is the initial position. The summer with minimum
solar gain is the target position 1. In the intermediate period the best forms are initial
position for months March and April and target position 3 for months October and
November. These are the options for each period, so that there is thermal comfort.

Table 7.9: Annually solar gain results for vertical structures (site orientation 0°)

Position Solar Gain [kWh] - Site Orientation 0°
January |February| March April May June July August |September| October |November|December
Initial 3466 4083 5753 6968 8162 9023 9201 8672 7272 5551 3913 3273
Target 1 2761 3219 4344 5162 5871 6449 6584 6305 5439 4261 3089 2611
Target3 | 3359 3994 5821 7157 8549 9484 9668 9018 7413 5543 3816 3168
Fa"::':::)le Initial | Initial | Initial | Initial 1 1 1 1 1 3 3 Initial
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Graph 7.9: Annual configuration of solar gain in the vertical structure
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From the table and graph, the most favorable position of the structure in site orientation

90° for winter with maximum solar gain is the initial position. The summer with

minimum solar gain is the target position 1. In the intermediate period the best forms

are initial position for months March and April, target position 3 for month October and

target position 1 for month November. Annually, for each period selected one of the

forms of the vertical structure depending on the needs of the building.

Table 7.10: Annually solar gain results for vertical structures (site orientation 90°)

Position

Solar Gain [kWh] - Site Orientation 90°

January |February| March April May June July August |September| October |November|December
Initial 4369 4481 5326 5668 6437 6912 6966 6493 6135 5800 4790 4389
Target 1 3914 3806 4042 3740 3378 3113 3210 3585 4355 4749 4240 4008
Target 3 3661 3909 5359 6611 8070 8938 9070 8276 6614 5196 4023 3620
Fax::ﬂe Initial | Initial | Initial | Initial 1 1 1 1 1 3 1 Initial
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Graph 7.10: Annual configuration of solar gain in the vertical structures

Generally, all of the positions can positively affect the comfort in side a building
depending on the season. Initially observing the overall comparison but also separately
of the structures, the vertical structure gave better results than the horizontal structure.
This is due to the fact that the vertical structure is the best form during the summer
period which it is the lengthiest period annually in Cyprus. In the winter period the best
form is the initial position, which it exists in both structures (vertical and horizontal
structures). Finally, the vertical structures have a third option with an intermediate solar

gain value suitable for the intermediate periods.

7.1.3Air Temperature

The average temperature of the zone air for each month is presented below for the four
positions (initial, target 1, 2, and 3 position), in four orientations (site orientation 0°,
90°, 180° and 270°). The location is Larnaca, Cyprus and the simulation was done

through the software Design Builder.
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Table 7.11: Annually average air temperature (site orientation 0°)
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. Air Temperature [°C] - Site Orientation 0°
Position
January|February| March April May June July August |September| October |[November |December
Initial 14.68 15.08 17.28 21.86 25.97 30.6 32.77 33.03 29.94 24.62 19.75 15.94
Target1 | 14.65 14.09 16.97 21.38 25.23 29.62 31.87 32.24 29.41 24.38 19.69 15.96
Target2 | 16.56 16.9 18.16 20.78 23.28 26.16 27.69 27.83 25.85 22.55 19.55 17.27
Target3 | 16.49 16.88 18.43 21.35 24.22 27.29 28.72 28.69 26.4 22.78 19.51 17.13
Table 7.12: Annually average air temperature (site orientation 90°)
. Air Temperature [°C] - Site Orientation 90°
Position
January|February| March April May June July August |September| October |[November |December
Initial 15.12 15.18 16.92 20.98 24.93 29.21 31.41 31.66 29.13 24.68 20.21 16.46
Target1 | 15.26 15.2 16.61 20.37 23.7 27.39 29.79 30.48 28.58 24.57 20.33 16.68
Target2 | 17.03 17.12 18.13 20.48 22.65 25.11 26.76 27.2 25.8 22.95 20.12 17.82
Target 3 | 16.59 16.77 18.17 21.03 23.95 26.96 28.37 28.26 2591 22.54 19.58 17.3
Table 7.13: Annually average air temperature (site orientation 180°)
. Air Temperature [°C] - Site Orientation 180°
Position
January|February| March April May June July | August [September| October [November|December
Initial 14.68 15.08 17.28 21.86 25.97 30.6 32.77 33.03 29.94 24.62 19.75 15.94
Target1 | 14.65 | 14.09 16.97 21.38 25.23 | 29.62 | 31.87 | 32.24 29.41 24.38 19.69 15.96
Target2 | 16.54 16.85 18.12 20.78 23.28 26.18 27.73 27.87 25.86 22.54 19.54 17.26
Target3 | 16.49 16.88 18.43 21.35 24.22 27.29 28.72 28.69 26.4 22.78 19.51 17.13
Table 7.14: Annually average air temperature (site orientation 270°)
. Air Temperature [°C] - Site Orientation 270°
Position
January|February| March April May June July | August [September| October [November|December
Initial 15.12 | 15.18 16.92 20.98 2493 | 29.21 | 3141 | 31.66 29.13 24.68 20.21 16.46
Target1 | 15.26 15.2 16.61 20.37 23.7 27.39 | 29.79 | 30.48 28.58 24.57 20.33 16.68
Target2 | 16.78 16.78 17.54 19.69 22.05 24.67 26.19 26.11 24.64 22.27 19.71 17.6
Target3 | 16.59 | 16.77 18.17 21.03 23.95 | 26.96 | 28.37 | 28.26 25.91 22.54 19.58 17.3
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Graph 7.14: Annual configuration of air temperature in the target positions 2 and 3
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7.2 Lighting Results
Another external condition for the selection of an appropriate building shape is the

lighting. Reconfigurable buildings have the potential to take a form that has the best
lighting depending on the use of space. Thus, the results of the Design Builder software
were studied, so that a suitable position is chosen for each use. The check was
performed for all four orientations (site orientation 0°, 90° 180° and 270°) in the
horizontal structure and for two orientations (site orientation 0° and 90°) for vertical
structure because it is symmetrical.

Climate-based daylight modelling (CBDM) is the prediction of illuminance on the
working plane using realistic sun and sky conditions based on standardised climate data.
In Design Builder, CBDM evaluations are carried out for a full year at a time-step of an
hour in order to capture the daily and seasonal dynamics of natural daylight. The
daylight illuminance map shows the distribution of natural daylight availability for the
floor plan of the building for the sky conditions selected (location Larnaca, Cyprus).
The daylight levels are shown in Lux and as percentages % daylight factors.

The lux is the SI derived unit of illuminance, measuring luminous flux per unit area.
Daylight Factor is a ratio that represents the amount of illumination available indoors
relative to the illumination present outdoors at the same time under overcast skies. In
this case, the scale displays specific colours for maximum and minimum lighting areas,
red and dark blue respectively (Advanced Buildings 2021; Wikipedia 2021c).

S

DF lux

s l 3982 - 3985

3185 3188
2389 2391

15.93 1594

Figure 7.33: Configuration lighting of the initial position (site orientation 0°)
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DF lux
38.37 3840
30.70 3072
23.02 2304
15.35 1536

7.67 768

non n

Figure 7.34: Configuration lighting of the initial position (site orientation 90°)
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Figure 7.35: Configuration lighting of the target position 1 (site orientation 0°)

Konstantinos Petrou M.Sc. Dissertation



90

DF lux
28.40 - 2841
2272 2273
17.04 1705
1136 1137

5.68 569

non n

DF lux
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non n

Figure 7.37: Configuration lighting of the target position 2 (site orientation 0°)
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Figure 7.38: Configuration lighting of the target position 2 (site orientation 90°)

DF lux
3273 3276
26.18 2621
19.64 1966
13.09 1311

6.55 656

non n

Figure 7.39: Configuration lighting of the target position 2 (site orientation 180°)
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Figure 7.40: Configuration lighting of the target position 2 (site orientation 270°)
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Figure 7.41: Configuration lighting of the target position 3 (site orientation 0°)
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DF lux
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Figure 7.42: Configuration lighting of the target position 3 (site orientation 90°)

Observing the figures above, each position provides different lighting inside of the
structure. Firstly, the initial position has bright lighting at the right and left of the
structure on the large sides, where there are openings and seems to diffuse centrally. As
to target position 1, the lighting dominates centrally inside of the structure. Concerning
the target position 2 there is bright lighting only on the right and diffuse to the center. In
the other side (left), the available lighting is minimal since the coloring is intense blue.
Finally, the target position 3 presents lighting in the two sides, right and left, as in the
initial position but in this case the lighting non diffuse centrally.

In the structures, the site orientation did not affect significantly the way the lighting is
displayed internally. The orientation affected only the maximum illumination that
occurs in the structures.

Based on the above, each position can be used for a different mode of the building and
for a different configuration of the space. For example, the target position 2, where the
lighting was only on the right side, it can work in events, theaters where they need
lighting only for the speaker or the theater performance, respectively and not in the
audience. Another example is in the case of an office where the office spaces will be
configured peripherally or centrally, then it can be used target position 3 or initial

position and target position 1, respectively.
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Chapter 8

CONCLUSIONS

The thesis focuses on reconfigurable buildings which provide many advantages
compared to traditional fixed-shape ones. It focuses on the design and control of a
proposed multilink, articulated reconfigurable structure and the investigation of its
morphological and kinematic behavior. The reconfiguration approach refers to the
“effective dual crank-slider” mechanism concept with horizontal or vertical actuation.
In fact, a number of these planar linkages are used, which are connected together to
create the building volume. Such structures can be used as temporary buildings for
various uses. One of the design characteristics is modularity, which allows increasing
the volume of the building. More members can be included in each planar linkage while
more planar linkages can be used to increase the volume in the longitudinal direction.
The structural concept was presented and construction details were created using 3D
CAD models (Solidworks). The models were also used for simulation studies to
demonstrate the applicability of the concept and highlight relevant issues. The proposed
control approach allows to modify the building structure to a 1-DOF system, which is
done with the use of brakes on the system’s joints. This allows to adjust each joint angle
of the planar system from an initial to a target position. The reconfiguration procedure is
multistep and allows flexibility in motion planning. It can be performed using
alternative sequences and it is possible to select an optimal one to meet certain
objectives, including energy efficiency. As part of kinematic investigations, the basic
mechanisms were analyzed and their singular configurations were identified. These
configurations need to be carefully considered in motion planning, along with other
limitations that apply (e.g., limitations to motion due to neighboring structures in order
to avoid collisions).

Two different actuation configurations were proposed related to a horizontal and a
vertical motion of a linear actuator, respectively. These mechanisms may allow for
symmetrical and non-symmetrical target positions. As part of the simulation studies, the
brakes torques were calculated together with the actuator motions, providing an
estimation of their required capacity and travel ranges. For the simulation studies all

members were considered to be perfectly rigid. A further improvement to the model
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would be to include structural flexibility, calculate static deformations and consider
their effect on the shape and the kinematics behavior of the mechanisms. The modeling
of the joints may also become more accurate by considering friction, which in practice
will affect the required control action and the energy consumption during
reconfigurations. Energy consumption calculations during motion would also provide
useful information in regard to the cost of operation of the reconfigurable building.
Comparisons between the energy consumption and the potential energy gains, as well as
other benefits due to reconfigurability will be more systematic.

An energy-efficient method for actuation was proposed, which allows exploitation of
wind energy for actuation purposes. A preliminary concept was presented and its
feasibility was investigated considering realistic wind conditions in Cyprus and other
locations in Europe. Using basic aerodynamics, the generated lift and drag forces were
considered.

Building reconfigurations may also be used towards improving the energy performance
of the building and also improving the comfort levels. This was demonstrated using
simulation studies on solar gain and lighting conditions inside the building, while
considering the motion of the sun. For this purpose, the software Design Builder was
used.

Future work may include a definition of the range of possible configurations and
corresponding building envelopes, which will provide useful information while
selecting appropriate configurations for the building. Further work is also required in
relation to motion planning and specifically to the automated generation of the
reconfiguration sequences. This may then be extended to the generation/ selection of
optimal reconfiguration sequences, resulting to low energy consumption and reduced
actuation effort. In terms of structural design, important issues to be further investigated
include the modular design, foldability, transportability and self-erectability of the
structure. Another direction for further investigations is the solar energy production
with a photovoltaic system installed on the structure. System reconfigurations may
significantly improve their efficiency by adjusting the orientation of the solar panels.
Some other parameters related to occupants’ comfort can also be investigated including
shading and ventilation.

Perhaps a most important future step will be the experimental implementation to
demonstrate the applicability of the proposed approaches and their benefits.

Reconfigurable architecture is a new but very promising field.
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APPENDIX

Appendix | — Senarios of Sequences 2 (Motion planning and scheduling tables)

Sequence 2a (52.):

Ji Ja J3 Ja Js Je J7 Jg Jg
stepl | N @O OO E| O] ®© | @ A
2| | ® | O | OEIO©|® ] ®| A
s | A | O I R®|O|=O|l®| 6| A

Ji Ja J3 Ja Js J7 Jg Jg
Stepl | SN O | O | @ ® ] ©®© | @ | L
S NN ONNONNO! ® @ | ®| 4L
Step 3 -f,?% ® '@ '® '@ @ '@ ,,/E\,,

Ji Ja J3 Ja Js Js J7 Jg Ja
sepl | AN O || O OO ® | A
step2 | AN @ | O | OO ® | ® | A
sz | AN D [ @ OIE] 0| ®© | A

Ji Ja J3 Ja Js Js J7 Jg Ja
stepl | AN @O | @ | O] O © | @ | A
sep2 | A | Q| O OE| O] O A
sz | BN O | OO =] 0| oA
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Sequence 2b (Sx):

Ja

Js

Ja

Jz

Ja

Ja

Je

©1 0 |®

ONNONNONW: N

J7

=
=

Jg

© 1 O0|®

ONNONNONW. N

Ja

-

Js
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Ja

©

€
3OO
SIOOO
SO OO

=
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Jz

3| <}| €| €l
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SO OO
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H|1O B 6
& | O

Ja

Step 1

Step 2

Step 3

Ji

LH 1O Q| O

Step 1

Step 2

Step 3

3| OOI©
S8 O
SO’ G
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SRISIE

Konstantinos Petrou

M.Sc. Dissertation



100

Sequence 2c¢ (Sao):

Jg

frorrarry
ey

Jg

Jo

oy

PN

J7

Js

Jg

ey

Jg

ey

PN

Js

©O®

®© | ®
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®

Jg

© | &
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.

-
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©| O ®

©

J7

J7

=

Js

©® 90| ®

©
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ON O,
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® | ©
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® | ©

J3
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Step 1

Step 2
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¥
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Step 2

Step 3

J1
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f&’;&‘
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Step 2

Step 1

Step 2
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Sequence 2d (Sgq):

Jg

Jg

Jg

Jg

M.Sc. Dissertation

Jg

'@ &
i

Js

ORI

Js

Js

o | &

J7

J7

J7

©1O |48

J7

Js

©1lO | ®| A

® | ®
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®
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©1O |4

©
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®©| O

L

-

-

s
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©
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©
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PN

J1

AlO|I®|O
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Step 1

Step 2

Step 3

Step 1l

Step 2

Step 3

Step 1l

Step 2

Step 3

Step 1l

Step 2

Step 3
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Sequence 2Ze (Sg):

Jg

frarororry
rarororry

Jg

Jg

:é.w.v

A

Jg
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Jg
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Sequence 2f (S29):
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Sequence 2g (S2):
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®

Jg

®

Jo

Erorrrra

Jo

Erorrrra
Errerorr
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Sequence 2h (San):
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Sequence 21 (52):

LT
Errerorr

Jo

Errerarr

£

Jo

P

Jg

Errerorr

Jg

Ja

Jg

® | &

M.Sc. Dissertation

J7

J7

J7

Js

©lO &
® | ®

Js

©| O ®

©

Js

©| O ®

©

S ISIRO]IS:
SIO@O|®
~HEOJIOJNO;

=

=

Jg

Jg

Ja

Ja

J3

ORNO.

J3

ORNO,

J3

ORNO.

J3

© 6

Ja

OO 6

Ja

DO 6

Ja

QO] ®

Ja

O

Ji

Erorrarr

Ji

Erorrarr

Ji

Erorrarr

Ji

Erorrarr

A

Step 1 @

Step 2

Step 1 @

Step 2

Step 1 @

Step 2

Step 1 @

Step 2

Step 3

Konstantinos Petrou
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Sequence 2] (S2):

Jg

Jg

Jg

Jg

Jg

Jg

o &

Jg

ORI IFAN
AN

Jg

o &

M.Sc. Dissertation

J7

O ORI

®

J7

J7

J7

Js

OO ®|A

©

Js

OO ® | A

©1©

Js

©| Ol ® | A

©O1 ®

Js

©lO0|® | A

©

=
o

o
=

S
e

S

Ja

Ja

Ja

J3

© @

Js

ORNO,

J3

oo

Ja

Ja

Ja

J1

S OO©

2O

ST OO©
<

Ji

Al ®| 6

J1

| O 10O

J1

A0’ 6

Step 1 & @

Step 2

Step 1 @ ®

Step 2

Step1

Step 2

Step 3

Step 1 @ ®

Step 2

Konstantinos Petrou
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Sequence 2k (Sa):

Jo

ey

frorarrry

Jo

ey

frorarrry

Jg

Erorrarry
oy

Jo

ey
frorararry

Jg

®

Jg

®

Ja

®

Jg

®

M.Sc. Dissertation

J7

J7

J7

J7

Js

©

ORI ENO.

Js

©

©1® |

Js

©

©O1® O

Js

©

©1®|®

]

]

]

o

=
-

Ja

O

Ja

Ja

©

Ja

©

J3

J3

® | ©

J3

©

J3

Ja

Ja

Ja

Ja

®

J1

J1

Errrrry

Ji

PN

Ji

Errrrry

Step 1 @ O] ® | ®

Step 1 @ O] ® | ®

Step 2

sep1 | | O | @ ®

Step 3

Step 1 @ @ ® ®

Step 2

Konstantinos Petrou
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Sequence 21 (521):

M.Sc. Dissertation

Jg

o &

Js

Jg

© | &

Jg

o &

J7

J7

J7

J7

Je

©

ONNCANORW:

Js

©

ON NOCANORW:

Je

O

©lOlo | A

Je

O,

ORNCANORN- Y

o

=

Ja

Ja

©

Ja

O,

Ja

J3

©©

J3

J3

Jz

Ja

Ja

Ja

Ja

Ol ®|©

J1

frorrarry g

Ji

J1

J1

frarorary

Step 1 ;@ ® ® | ®

Step 2

Step 1 @ @ @ @

Step 2

Step 3

Step 1 ;@ ™ @ @

Step 2

Step 3

Step 1 ;@ O O O

Step 2

Step 3

Konstantinos Petrou
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Sequence 2m (Sau):

Jg

Jg

Jg

Jg

Js

Jg

o &

o &

Jg

O, JON
ot

M.Sc. Dissertation

Jz

J7

J7

J7

Js

© 0|60 |4

©

Je

©| 0|60 |4

©

Je

Jg
QOO | A

©

Je

©lO0|0 | A

ORI

o
—

=

J

—

L

o

Ja

Ja

Ja

Ja

J3

J3

J3

J3

Ja

ORNCANO.

Ja

ORNOINO,

Ja

ORNOINO)

Ja

© 0|6

J1

HI 0| OO

Ji

R NORNO.

o ®| O 6

Ji

Al 0|6
AN

<o

Step 1 @}

Step 2

Step 3

Step1 @

Step 2

Step 3

Ji
Step 1 @

Step 2

Step 3

Step 1 @;

Step 2

Step 3

Konstantinos Petrou
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Sequence 2n (Sa):

Ja

Jg

Jg

Ja

Ja

A

Jg

ORI

Jg

o &

Ja

J7

J7

J7

J7

Js

©| 0|60 |4

© | ®

Je

©|O|e |8

®

Js

©| 0|0 |4

©

Js

©| 0o | &

O,

-
L

-

L

.
e

Ja

Ja

Ja

Ja

J3

©1 O

J3

©l®

J3

©1 O

J3

ol e

Ja

Js

Ja

Ja

Ji

O ®| 6

J1

Al O ® 6

J1

A0 OO

Ji

SO0 ®| O

Step 1 ,;@ O

Step 2

Step 1 ;;@ O

Step 2

Step 1 ;@3} @

Step 2

Step 1 @; O

Step 2

M.Sc. Dissertation

Konstantinos Petrou
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Sequence 20 (S2):

Jo

Jg

Jo

Jo

Js

Js

Jz

Jz

M.Sc. Dissertation

J7

©|O | &

J7

ORNCHN:

J7

OO | &

J7

ORECHN:

Js

©

©| @O | A

Js

©

ORI ANOCRIFON

© | ®

Js

©

© 1l ® O | A

Js

©

ORI A NOCRIFON

o
S

-

-

_—
—

Ja

Ja

®

Ja

©

Ja

J3

©1©

J3

Js

Js

Ja

Ja

Ja

Ja

©1 0O

Ji

ol ®

Ji

A

J1

Ao 6|6

J1

Frorororry

Step 1 @ @ @ @

Step 2

Step 3

Step 1 g@ ® ® @

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1 )@ @ @ @

Step 2

Step 3

Konstantinos Petrou
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Sequence 2p (Syp):

Jg

Jg

Jg

Jg

Js

© | &

Js

© | A

Js

© | A&

Js

M.Sc. Dissertation

J7

J7

J7

J7

Js

© O

©lO0| A

Js

®|©

ON ORI NP

Js

© O

OO0 Q|4

Js

©]

©lO0|® A

—
=

!

L

L

.
S

Jg

Jg

©

Jg

O,

J3

J3

J3

Ja

ORN“ENO,

Ja

Ja

Ji

Frrerrry

Ji

Ji

S| OIO©
SOOI
SO ©
</ €| |

Step 1 @ ™ O ®

Step 2

Step 3

Step 1 @ ® ® ®

Step 2

Step 3

Step 1 @ @ @ @

Step 2

Step 3

Step1l

Step 2

Konstantinos Petrou



114

Sequence 29 (Szq):

Ja

Ja

Jo

Ja

Jg

S

Jg

Jg

Jg

M.Sc. Dissertation

J7

J7

J7

J7

Js

ONNORNORIN-Y

© | ®

Js

ORNONNOR-N

®

Js

OO | A

©

Js

©lO0|o | &

©

=

=

Jg

©

Jg

©

Ja

©

Jg

©

J3

©

J3

©

J3

O,

J3

Ja

Ja

Ja

Ja

A

Al O Ol

A

AlO| OO
PN

A

A1 Ol 0|6
PN

S|l O OO

Step 1

Step 2

Step 3

Step 1l

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Konstantinos Petrou
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Sequence 2r (Sar):

Jg

Errerrry

Jg

Jg

Jg

Frrerrry

Jg

®

Jg

Jg

Jg

J7

J7

J7

J7

Js

ORNORNORIN-N

©

Js

ORECRECRIF-N

©

Js

ONNCRNCHIN:N

©

Js

OO | A

©1®

-
=

L

L

h

-

L

Ja

©

Ja

©

Ja

Ja

©

J3

J3

J3

©1©®

J3

Ja

®

Ol® | ©

Ja

®

©1® | ©

Ja

®

O ® O

Ja

®

O|® |

J1

Frrrrr
frrrrr

J1

Frrrrr
Frrrrry
VAN

J1

Frrrrr
frrrrr

Ji

Frrrrr
frrrrr

Step 1

Step 2

Step 1

Step 2

Step 3

Step 1

Step 2

Step 1

Step 2

M.Sc. Dissertation
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Sequence 2s (Sys):

Jg

Jg

Jo

Jo

Jg

Jg

Jg

Jg

J7

J7

Jz

J7

Je

SR ECHECHE-)
© Q|| L
OI®|e A

Je

ORECRECRE->

QIO AL

Je

O ECRECRE-

QIR L

Je

O ECRECRE-

QIO L

—
=
—

L

L

L

i

=

e

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

Al®|O |6

AlOI®|O®

AI®| OO

Ja

Al® OO

AlO|O|O

Ja

Al®|I OO

AlO|IO|IOIR|O|I®|60| A

pHO | ® | ®

J1

Al®|O |G

AlO|IOI0I=EIOI®| 60| A

AHI®|O|6

Step 1

Step 2

Step 3

se02 | A | O ® | O || O|®| 60| A

Step 1

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

M.Sc. Dissertation
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Sequence 2t (Sgr):

Jo

A
o

Ja

PN

e

Ja

e

Jg

Errerry

Jg

Js

Js

Jg

M.Sc. Dissertation

J7

J7

J7

J7

Js

©©

©l 0 ®

Js

©1 O

OO ®

Js

©1 0O

ool

Jg

© | ©

OO ®

]
]

=
=

L

=
=

Ja

Jg

©

Ja

©

Ja

J3

©1 O

J3

J3

Js

® | O©

Ja

YA NORNO,

Ja

A NONNO,

Ja

®|© |6

©

Ja

YA NORNO,

Ji

ey

n

Ji

ey

A O

Ji

ey

N

J1

ey
ey

Step 1

Step 2

Step 3

Step 1

Step 2

Step 1

Step 3

Step 1

Step 2

Konstantinos Petrou
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Sequence 2u (Sau):

Jg
28,

ErorErry

Jo
28

Jo

e

Ja

PN

e

Js

Jg

Js

J7

J7

J7

RO
SNEOHONO
2l @OO®

Js

©1©

©l O ®

Js

©1©

© 0 ®

Js

©1 O

OO ®

Js
=

Js
-
-

=
=

=
=

Ja

©

Ja

©

Ja

©

Jg

©

J3

J3

©1 0O

Ja

Js
ORI N NO.

Ja

J3
ORNCNINO

®

Ja

©Ol® |6

Ja

©O|1® |G

J1
A

N

Frrerrry
ey

Ji

ey

A ©

Ji

ey

Step 1

Step 2

Step 3

Step 1

Step 2

Step 1

Step 2

Step 1

Step 2

M.Sc. Dissertation
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Sequence 2v (Sav):

Jo

Jo

Jo

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

@ e|0|A
OO AL
Q| ®| O A

Je

ORNOCRNCHR-
QI® | L
CI®| 0| A

Jé

ONNORNOCRN-.
I ®| 0| A
O ®| 0| A

Je

@0 |4
| ® || A
I ®| A

e

—
=

—
]
.

—
Gl
e

(e
—
]

Ja

Ja

Ja

Ja

J3

HE

J3

J3

J2

J2

J2

Ja

J1

HlO|I® |G

AlO|O|6

A ®|O|6

J1

H|1O|I® |6

A|lO|IO|G

AlO|I®|O

J1

H1 O ® |6

AHIR®| OO

AlO|O |6

J1

H|IOI® |6

HI OO G

HlOI®| O

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

M.Sc. Dissertation
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Sequence 2w (Saw):

Jo

Jg

Jo

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

Q@ @A

Je

©|0|0 A
OI® O | A
©|lO|O0 |4

Je

SR ECREOAR-

ONNONNONW:

Js

OO ]| A
©|®| ®©| A

Js

—

e

.
—

L

—

Js

-
-

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

AHAlIO|O| 6

Al I O|IO|IE| O] O|®| A

J1

DO |I®| O

O N ORI O]

A ®|O|O

Jq

H|IO|I®| 6

Al® O O|IR| OO0 QA

Al®I OO

J1

A O| O

AH|I @O |6

sl | A | Q| Q| O |H| Q|00 A

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

sl | A | O | ® | O|=HR| OO0 A

Step 2

Step 3

M.Sc. Dissertation

Konstantinos Petrou



121

Sequence 2x (Sz):

Jo

Jo

Jo

Jo

M.Sc. Dissertation

Js

Jg

Jg

Jg

J7

J7

J7

J3

Je

©®| O A

Je

©|lO0|®|A
SNECAECAN.

J§

@ 0|0 &
O ®|6|A
©|O| 0| A

Js

ONECRECRN:N

Js

-

Js

L
e

L

=
e

o

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

AlOI® || R 0|00 |4

AlO|O|O

J1

AlOI® |0 |R| 0|00 |4

Aol

AlO|O|6

J1

AHIO IR 6

AlO|O|06

AlO | OO

J1

AHIO|I® |6

AlO|IO|O|R|O|O|®|A

Step 1

se2 | A O | OO O O] @A

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Stepzﬁ;QG)@g@@@@

Step 3

Konstantinos Petrou
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Sequence 2y (Syy):

Jg

Jg

Jg

Jg

Jg

Jg

Ja

Jg

M.Sc. Dissertation

J7

J7

OO A

J7

J7

Js

OO O L

ol o

Js

Q|| O A

©

© | ®

Js

Ol | O A

®

Js

O ®| ©| 4L

©

—

¢

—

—

Jg

©

Ja

©

Ja

©

Jg

©

J3

Js

J3

J3

Ja

J2

Ja

o

Ja

N

£

£

N

Step 1

step2 | /M O ® | ®

Step 3

Step 1

step2 | /B O ® | ®

Step 3

Step 1

step2 | @\ ™ ) ®

Step 3

Step 1

sep2 | A | © | ® ®

Step 3

Konstantinos Petrou
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Sequence 2z (S52.):

Jo

Jo

Jo

Jo

Jg

Jg

Jg

Jg

M.Sc. Dissertation

J7

J7

J7

J7

Je

©|®| O A

O|I®|0|A

Je

©I®|O|A
|0 |®|A

Js

SR ECRECRE:
©|O|®|A

Je

OO |A
| 0| |4
©|®|O|H

—

e

-
-

Js

=

—

L

o
L

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

Al O O|=HIO|O|®|A

Al®|IO|O

J1

AlI®|IO| G

J1

AI®|IO|6

AI® |0 |6

J1

AR OO

Al®IO| O

Step 1 ,4% @ ® @

Step 2

Step 3

Step 1 é; @ ® @

Step 2

Step 3 ,& ® @ @ Q @ @ @ &

Step 1 4% @ ® @ g @ ® @ %

Step 2

Step 3

Step 1 @ ® & @

Step 2

Step 3

Konstantinos Petrou



124

Sequence 2aa (Sgaa):

Jg

Frrarrrg

Frormrr
/i\.
ooy

Jg

Frrarrrg

g

Jg

Frrarrrg

g

Jg

Frrarrrg

g

Js

®

Jg

Js

Jg

M.Sc. Dissertation

J7

J7

J7

J7

Js

® | ®

01O ®

Je

©®

OO ®

Je

©|®

OO ®

Js

©|®

OO ®

L

=
L

L

C

L

Ja

©

Jg

©

Ja

Ja

J3

®

J3

J3

OREO,

J3

©©

Ja

©O1® O

Ja

OI® O
®

Ja

O ® | O

Ja

©O1® | ©

J1

Frrerrry

A

Ji

Frrerrry
ey

Ji

ey

-NO,

<n

Ji

ey

A

Step 1

Step 2

Step 3 &

Step 1

Step 2

Step 1

Step 2

Step 3

Step 1

Step 2

Konstantinos Petrou
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Sequence 2ab (Saab):

Jg

Jg

© &

Jg

Jg

J7

J7

J7

J7

Js

©

Ol O|O|A

Js

©

Ol OO | A

Js

©

OO ECH -

Js

SR ECRECHF->

L

L]

=

{1

Ja

Jg

Ja

©

Ja

J3

J3

oloe

J3

J3

©le

Ja

OO 6

Ja

Ja

Ja

Ji

AlO|I®| o
VN

Ji

AlOI® |6
A ©

J1

AlOI®| 6

Al O

J1

frrrrr X

Step1

Step 2

Step 2

Step1

Step 2

Step 3

Step1l

Step 2

Step 2

Step 1l

Step 2

M.Sc. Dissertation
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Jg

Jg

Jg

o &

Jg

J7

J7

J7

J7

Js

©

ORNCRECAN-

Je

O

ORNONNORY. N

®

Je

©

ONNONNORY.:N

Js

©

©lO0|O|A

L

U

Ja

Ja

©

Ja

Ja

J3

Js

®

Js

J3

Ja

O ® ®

Ja

Ja

Ja

OO 6

J1

Al®l O

J1

Al ® O

A

J1

S0 0|6

VN BONNONNO
Al OB

Ji

Al OO 6

A

Sequence 2ac (Szac):

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Stepl

Step 2

Step 3

Step 1

Step 2

Step 3

M.Sc. Dissertation

Konstantinos Petrou
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Sequence 2ad (Szaq):

Jg

Frrrrry
e

Jg

ey
e

Jg

e
Errrrry

Frrrrry
e

M.Sc. Dissertation

Js

Jg

©

Js

Js

J7

J7

J7

J7

Je

® | ®

ORENORI

Je

®©|®

®|O|®

Js

®|®

©| O &

Je
ORI

®|O|®

-
]

—

L

L

Js
—

L

Ja

Ja

©

Ja

©

Ja

J3

©1 O

J3

J3

®

® | ©

Ja

®| OO

Ja

®| OO

Ja

WANOCRNO,

Ja

J3
D OO

Ji

e

£

Ji

Erorrrry

O,

Ji

e

A

Ji

e

Step 1

Step 2

Step 1

Step 2

Step 1

Step 2

Step 1

Step 2

Konstantinos Petrou
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Sequence 2ae (Sze):

Jo

Frrarrg

Jo

ey

Jg

e

N

Jg

Frrarrg

rrarmrry

Jg

®

Js

© | &

Jg

Jg

®

M.Sc. Dissertation

J7

Jz

J7

J7

Js

ORI“BEO,

©1 O

Js

ORIR“BNO,

©

Js

ol®|oe
©

Js

©|®| O

©

L

-
=

L

L

-

Ja

©

Jg

©

Ja

©

Ja

©

J3

Js

J3

®

J3

Ja

®

Ol ¥ ©

Ja

®

Ol ©

Ja

®

©®| O

Ja

®

Ol ¥ ©

Ji

e

Erorrrry

J1

Erarrrry

e

Ji

e

ErorErry

Ji

e

ErorErry

Step 1

Step 2

Step 1

Step 2

Step1l

Step 2

Step1l

Step 2

Konstantinos Petrou
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Sequence 2Zaf (Sgaf):

Jg

Jg

Jg

Jg

Jg

Jg

Jg

Jg

M.Sc. Dissertation

J7

J7

J7

©lO | A

J7

Js

OO A

©

Js

Q|D| O A

®

Js

OO A

©

Js

OO O] A

©| O

=

L

L]

Jg

©

Ja

Ja

Ja

Js

©

J3

J3

Js

Ja

Ja

Ja

J2

e

Al OO0 6

. ONNORNO
PN

O NOREO

- ONNORNO

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3
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Sequence 2ag (Szag):

Jg

ST

Jg

Jg

Erorrarry

J7

Jg

Ja

oy

£

Js

©1®| O
©| O

J7

ORNORY:

Jg

Jg

ooy
SEFEIE

L)

Js

O|® | O

®

J7

Jg

®

Jg

-

Js

©|®| O
©

J7

J3

OB O,

Jag

=

Js

©|®| O

©

Ja

®| O ©

J3

OB NO.

Ja

=
=

Ji

ey

Ja

®| O

J3

©1©

Ja

Step 1

Step 2

J1

Errrarry

Ja

®| O

J3

ORNO;

Step 1

Step 2

Ji

Erorrarry

Ja

®| O

Step 1

Step 2

Ji

SEFTIE

Step 1

Step 2

M.Sc. Dissertation
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Sequence 2ah (Szan):

Jo

e

Frr=rrry

Jo

e

Jo

e

Jo

e

Js

®

Jg

Jg

® | &

Js

M.Sc. Dissertation

J7

J7

J7

J7

Js

©| O

©

Js

©|®|O
©

Js

©|®| O

O,

Js

©| OO
ORNO,

L

L

L

=
—

=
o

Jg

©

Jg

©

Ja

©

Jg

©

J3

J3

J3

J3

Ja

Ol ®| ©

Ja

Ol ®| ©

Ja

O ®|

Ja

Ol ®| ©

Ji

A O

Ji

A ©

Ji

A O

Ji

O,

Step 1

Step 2

Step 1l

Step 2

Step 1

Step 2

Step 1

Step 2

Konstantinos Petrou
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Sequence 2ai (Szi):

Jg

Frrerrry

Frrerrry

Jg

Frrerrry

Frrerrry

Jg

Frrerrry

Frrerrry

Jg

Frrerrry

Frrerrry

Js

Jg

Js

Js

J7

J7

J7

J7

Js

©|®

ORNOINY

Js

© | ®

ORNORN‘

Js

© 1 ®

ORNOINY

Js

© 1 ®

ORNORN‘

-
-

L

-

=
-

Jg

©

Jg

©

Ja

©

Jg

J3

J3

J3

J3

®| ©

Ja

®

Ja

Ja

Ja

Ji

Al O OO

Frrerrry

Ji

Al O OO

Ji

Al O 0|6

Ji

N CHNOINO

Frrerrry

Step 1

Step 2

Step 1

Step 1

Step 1

Step 2
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Sequence 23] (Szj):

M.Sc. Dissertation

Js

o4&

Jg

Js

o &

Js

o &

J7

J7

J7

J7

Js

©

®© 0| |4

Js

©

© 0| |4

Js

©

®© 0|o |4

Js

©

®| 0|6 |4

L

Jg

Jg

©

Ja

©

Jg

J3

J3

J3

®

J3

©©®

Ja

OB IANO.

Ja

Ja

Ja

Ji

Al Ol O|6

ey

Ji

- NORNOINO,

PN

Ji

Al O 0|6

PN

Ji

Al Ol 0|06
o ®

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1l

Step 2

Konstantinos Petrou






