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ABSTRACT

ABSTRACT

Deployable structures have been used throughout history, but it was not until the beginning of the
twentieth Century that there was an emergency of thought inspired by the speed and technological
advances of the Industrial Revolution. This type of structures is considered as a special case within
the broader class of adaptive and morphing structures, which are characterized by their ability to
change shape. In this context, adaptability, as a post-design reflection progress, refers to a
framework within which variable and fixed parameters are defined in such a way that

customization and optimization are enhanced at various levels.

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 stepwise 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. Two control system configurations are proposed following horizontal
and vertical actuation of the structure. The structure consists of aluminum bars, interconnected via
joints and sliders. At midspan the structural linkage is further supported on diagonals positioned
within the system to form a V- or X-shape according to the reconfiguration requirements of the
system. In the first alternative, the V-diagonals are rigidly supported on the structural grid at
midspan and pin connected with a horizontal member on the top. On the top of the structure, a
linear actuator and a sliding block are applied that allow movement of the structure. In the second
alternative, the X-diagonals are pin supported on the structural grid and connected with the beam
of the linkage at midspan. The diagonals consist of four telescopic round hollow sections with an
actuator attached to each one, that control the kinematics of the linkage. Each internal joint of the
linkage is equipped with brakes, whereas in each reconfiguration step, two joints are released.
Through movement of the slider in each step, the selected joint angles adjustment may provide

symmetrical or non-symmetrical configurations of the system.

Initially, the typologies of deployable and reconfigurable lightweight structures are presented. The

analysis of the proposed systems is based on the initial and target position of the corresponding
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planar linkages. In following, aspects of construction design of the proposed spatial structure are
presented, referring to the system supports, the members and their joint connections, as well as the
actuation components that enable horizontal or vertical reconfigurations. Subsequently, the related
control concept applied and motion planning alternatives are investigated. 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. The corresponding spatial structure
envelope consists of ETFE membranes with integrated thin photovoltaic films applied on two
longitudinal rows on each side. In a simulation analysis are derived the solar irradiance and the
energy production by the photovoltaic units in the initial and selected target positions of the system.
The case study refers to Larnaca, Cyprus, and Stockholm, Sweden, and the solstices occur

annually, on the 21st of December, March, June and September.

The overall aim of the study is the development and investigation of a reconfigurable system,
achieving specific symmetrical and non-symmetrical configurations with as few reconfiguration
steps as possible. The kinematics approach applied provides maximum flexibility and endurance
with minimum required actuation energy. The photovoltaic units integrated with the flexible
building envelope enable high levels of energy production, exceeding the performance of a

corresponding fixed shape building.
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INEPIAHYH

HEPIAHYH

Ot avantueodpeveg avaOITAOVUEVES OOUIKEG KATAOKEVEG £xovv ypnotlpomondel kad OAn v
TéPOJS0 TOL YPOVOL PEXPL CUEP, OAAG 1) VTLOPEN TOVG YIVETOL TTLO £VTOVT OTIG OPYEG TOV EIKOCTOV
alovae 0mov 1 teyvoroyia e&edocetan paydaio pe v Tpododo ¢ Blounyavikng Eroavdotaongc.
AVTOG 0 TOTOG SOPIKMV KOTACKEV®V Bempeitan ¢ pia 101KN TEPITTMON 6TV EVPVTEPT TVTOAOYINL
TOV TPOGOPUOCTIKOV OOU®DV, Ol 0moieg €yovv TNV wKavotnta vo oAAdlovv oynua. X
CLYKEKPIULEVN TTEPIMTOGT, 1| TPOCUPLOGTIKOTNTO, WG TPOOSOG OVTAVAKANONG LETA TO GYEOAGUO,
AVOQEPETOL GE VO TAOLG10 EVTOS TOV OTTO10V 01 PETAPANTEG Kol otafepég mapapeTpotl opilovion

LLE TETOL0 TPOTO MGTE 1 TPOGAPLOYN Kot 1) BEATIGTOTOINOT VA EVIGYDOVTOL GE d1APOpa EMITEDQ.

H mopovoa pelémn emkevipoveTol 610 GYeSOGUO Kol GTNV avAALON H0G OVOOUTAOVUEVNC
OOUIKNG KOTAOKEVNG KOl GTN OEPEVVNOT] TNG HOPPOAOYIKNG KOl KIVNTIKNG TNG GUUTEPUPOPAC.
YUYKEKPEVO avapEPETaL otV avadlapBpwon &vog evepyomomty Kivnong, omAadn pio
KIVILLOTIKTY TTPOGEYYIOT) TOV LEUDVEL GTOIOKA VOl EMIMEDO GLGTNILA GE £V GVGTNO VOGS BaBLoD
erevBeplag, OTov evepyonoteitan eEmTEPIKE TPOKEWEVOL VA Tpocaprdletal kdOe yovid chvoeong
TOV EMMEOOV GLGTNUATOS OO TNV APYIKN LopeT| Tov Popéa. H doun tov Tpmtevovta 6TaTIkoD
QOpEén. TOL GLOTHUOTOG OmoTeEAEiTOl amd PAPOOVG OAoVUWVIOL GE GEWPE, GLVOEUEVES e
UNYovic Lo ApBpmong Kot evepyomomtég Kivnong. 1o HEGO NG KATACKEVTG, O SOUKOG POPENG
vrootpileton Tepartépm pe dydvieg paPoovg gite o oynua V, gite oe oynuo X cOpeova e
TIG OTOLTNOELS TNG avadldpOpmOoNS TOV GLOTHUATOG. TNV TPOTN EVOAAOKTIKT, Ol V-dlay®dviol
ompilovror GKkaumto 610 SOMIKO TAEYHO OTO WEGO TOL OVOIYHOTOG TNG KOTOGKELNG KOt
ocuvoéoviar apBpmtd pe oplovtio PEAOG OTO GV WEPOG. LTV KOpuen epapuodletor €vag
YPOUUIKOG EVEPYOTTOUTNG Kot oTolXElo oAicOnong mov emtpénovy v Kivnon g OouNns. Xt
devtepn mepintmon, ot X-dtoymviot otnpilovrol apfpmtd 6To dOUIKO TAEYIA Kol GUVOEOVTOL LLE
M 00KO TOL CLOTHHOTOG O6Ta. PECH TOL oTotyeiov. Ot dy®Viol amoteAoHVTOL OO TEGGEPA
TNAEGKOTIKA GTPOYYVAEG, KOIAEG SLOTOUEG LE £VOL EVEPYOTOLNTI TPOCAPUOGHEVO GTO KaBEva yia
ToVv €Aeyyo G kivnong tng doung. Kabe ecwtepikn apBpwomn tov cuvdéspov givarl eEomAopévn

HE Ppéva, eV o€ KaOe Prina avadiapdppmong, arneievfepmvovtol dvo apbpmaoels. Te Kabe o
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0 EVEPYOTOMTNG Kivnong Umopel va ONOVPYNGEL GUUUETPIKESG KO 1) CUUUETPIKEG LOPPES TOV

OLOTNUOTOG AVAAOYO LE TIC EMAEYUEVEG pLOUICELS.

Apykd, avaAdoVToL 01 EVVOLES KOl 01 TUTTOAOYIES AVASUTAOVIEV®VY KOl EALAPPIOV KOTaoKEL®MV. H
avAALGON TOV TPOTEWVOUEVOV GUOTNUATOV PBaciletal oTNV apyIkn Kot TEAMKY LOPeN TOV YWOPLKOD
OUCTNUOTOG. XTI GLVEYELW, TOPOLGLALOVIOL TTTLYEC TOV KATOOKEVOGTIKOV OYEOOUOD TNG
YOPIKNG OOUNG, OOV YIVETOL OVOPOPE GTO. GTNPIYLOTO TOV GULGTHUOTOS, OTO UEAN KOl OTIG
OLVOEGELC TOVG, KAOMG Kol 6Ta GTOolKElD Evepyomoinong mov emTpEmovy opllovTieg N Kabeteg
AVOSLOHOPPDOGELS. TNV EVOTNTA aVTY), £&eTdlovTan 1 10€a EAEYXOV TTOL £XEL TOYEL EQPOPLOYNG KoL
EVOALOKTIKEG oevapimv Kivnong yuo TV emitevEn CLYKEKPIUEVOV LOPO®Y TOV HovTéAov. [ Tig
LOPOEC AVTES EMAEYOVTOL KOL OLEPELVMOVTOL TAL GEVAPLOL LE TOL AryOTEPO amantoVpeEVa Pripata Le
KPLTNPL0 TIG VYNAOTEPEG PEYIOTEG POTEG PPEVMV KOl LETATOMIGELS TOL gvepyomointh. To kEAVPOC
TOV QOUIKOV QOPEN TNG YWPIKNG Katookewng amoteheiton and pepPpaves ETFE ko Aemtég
peuppdves potofoArtaikdv, ta omoio epapudloviar oe dvo GeWPES amd Kabe mAgvpd. Baocet
avdAvoNg Le TPOGOUOIMOT), TPOKVITEL | NALNKT OKTIVOBOAID KO 1] TAPAY®YT EVEPYELNS OO TIG
QOTOPOATAIKES PEUPPAVES OTNV OPYIKN KO EMAEYUEVEG TEMKEG HOPQOES TOV cvoTthpatog. H
nepintwon peAétng avapépeton otnv Adpvaka, Kompo, ko otn Ztokyoaun, Xovndio, Katd to

nMootdoia etnoing, otig 21 AgkepPpiov, Maptiov, Iovviov kot Zentepppiov.

I'evikdtepo 61oY0 TG peAétng amotedel 1 avamTuén Kot 1 dlepedvnon €vOG TPOGUPLOGTIKOD
OUOTNUOTOG OOMKNG  KOTAOKEVNG, EMITLYYOVOVTOS GCUYKEKPIUEVEG GCULUUETPIKEG KOL UM
OLUUETPIKEG HOPQEC pHe OGO TO duvatd Aryotepa Pruota petacynuaticpov. H  pébodog
KIVIUOTIKNG EMPEPEL PEYIOTN gveMElR Kot avToyn HE €AAyLOTN duvaT OTOLTOVUEVT] EVEPYELL
gvepyomoinong g kKivnong. Ot @oToPoATATKES LOVAOES TTOV £IVOL EVEOUATOUEVES GTO EVKAUTTO
nepiPAnpa Tov Ktipiov emiTpémovy VYNAG emimedo mOpPAy®YNG EVEPYELNS, LITEPPaivovTag TNV

amdo0oN VOGS avTioTOOL KTIpiov 6Tafepov oYNUATOG.
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CHAPTER 1 INTRODUCTION

1.1 Reconfigurable Structures

The interactive relation of society, technology and architecture expanded the area of research,
design and application of static structures aiming at transformability and adaptability. The
necessity for an architecture that is not static, instead it has the ability to adapt in time through
systems with embedded kinetic mechanisms was initially demonstrated by Zuk and Clark [1.1].
Their respective classification was based on the technical processes to be followed for achieving
any implied transformations.

Furthermore, technological and conceptual advances that took place in the last 30 years have
enabled kinematics to be implemented in functioning prototypes for reconfigurable robotic
environments [1.2]. The significance of buildings and components with variable mobility, location,
or geometry that constitute timely adaptable systems as to differing external loading, functional
and environment conditions, is internationally acknowledged [1.3]. In this context, adaptability, as
a post-design reflection progress, refers to a framework within which variable and fixed parameters
are defined in such a way that customization and optimization are enhanced at various levels.
Building reconfigurations in particular are directly related to the properties of their integrative
parts, the structure and the building envelope. The development of the structure kinetic operability
is significant in two aspects; the structural mechanism that enables different geometrical
configurations of its components through among others, folding, sliding, expanding and
transforming in size and shape, and the control system that directs the structure towards specified
transformations, through pneumatic, chemical, magnetic, natural or mechanical processes. The
human body may be considered as the most representative example of dynamically interactive

living organisms.

1.2 Prototype Developments
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In the 1950s, the aerospace industry took an interest in deployable structures, and today probably
dominates the research in this field. Deployable structures have found many uses in the industry.
Large structures such as satellites, telescopes and antennas have to be packaged in much smaller
volumes in spacecraft and once in space they are deployed. This type of structures can be
considered of being a special case within the broader class of adaptive and morphing structures,
which are characterized by their ability to change shape. They are converted from a closed compact
form to a predetermined expanded configuration, based on their geometrical, material and
mechanical properties. The kinematics of the system is usually based on a single degree of freedom

transformation.

The conception of deployable structures looks towards two different uses in two different contexts.
The first is the erection of the structure, i.e. kinematics, and the second is the static and functional

behavior when deployed, Fig.1.1.

In-Parallel Manipulator Platforms with Tensegrity Structures Self-Deployable
Compliant Legs with Ties Tensegrity Structures
with Elastic Ties

Figure 1.1 Evolution of self-deployable structures [1.4]

1.2.1 Scissor-like elements

Scissor-like elements comprise one of the most common types of deployable structures. This
technique is an evolution of the old history and technology knowledge from the history of the lever
mechanism. Many terms have been developed through the years, in order to describe scissor

structure units: From Pinero’s studies on this topic, the early term “Pantograph” in 1961, to Gante’s
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term “scissor-like elements”, until today’s researcher’s use of the term “Pivot-hinge structure unit”
[1.5]. Pinero invented a scissor mechanism, in which each rod has three pivot joints, one on each
end and one between the two ends; the center pivots are spread apart, thus lengthening the

mechanism, as a whole to a planar pattern, Fig. 1.2.

b)

Figure 1.2 Scissor hinge systems: a) Translational, b) curvilinear system

Pinero realized that, if the internal pivot point on a rod is not at the midpoint, then it is possible to
create a shell-shaped surface. Following Pinero, Gante’s work referred to the structural behavior
of the scissor-hinge structures in analytical and numerical way and the development of methods
for their combined geometric and structural design [1.5]. However, Gante’s research concentrated
on structures that are transformed between two predefined geometries, an open and a closed one,

without attempting to provide additional geometric flexibility in an intermediate shape state.
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One of the most important requirements of scissor-hinge structures is that the configuration is able
to be contracted into a compact shape. Fig.1.3 shows a basic scissor-hinge structure. In Fig.1.4, it
can be deduced that in compact shape, the three elements will have one dimension and Co, Bo, A1,
Ci, B1, Az, C2, B2, A3z, Cs3, B3 will be collinear. The application of the above condition, results to
the sum of the lengths of the bar segments on either side of any scissor-like element been equal to
the sum of the lengths of the corresponding bar segments of the adjacent scissor-like elements (aj-

1)+ (bi-1) = a; + b.

Figure 1.3 Simple form of scissor-like elements

By B, B;

Figure 1.4 Deployability condition for a scissor-like case system

The geometry of a scissor structure depends on the geometry and connection of the scissor
modules. Changes in the length of the bars or the location of the pivot points are some parameters
that affect the system’s shape as well. There are two categories of scissor-hinge structures, based

on the properties of the lines connecting their intersection points.
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The first category refers to translational scissor-hinge structures, which can only slide without any
rotation. This condition is met, if all axes connect the pairs of hinges between adjacent structures
and are parallel to each other. The second category consists of curvilinear scissor-hinge structures,
whereas the above axes intersect at one or more points and are rotated around their intersection
points during deployment. In both of these groups, it is possible to obtain contracted, deployed, or
some semi-deployed intermediate forms. Furthermore, in expanding the capabilities of planar
scissor structures, a new primary element has been proposed, i.e., the modified scissor-like
elements. The Modified scissor-like element is placed in-between the symmetrical scissors and

enables higher geometric transformation capability. The three categories are shown in Fig. 1.5.

a)
"
A
A — B 7 2 .
~~=D 1 l
' N\ ST
b x N Lr" / s
i B
: TN = e
4 = 1 :
c)

Figure 1.5 Scissor-like elements categories: a) Center scissor-pair, b) Off-center scissor-
pair, ¢) Angulated scissor-pair [1.1]
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By extension, scissor gridshells allow easy applications in different environments and functional
requirements. Scissor-like gridshells follow the same principles as linear scissor structures. The
final form of the shell is determined by the joint assemblage and position. The shell is constructed
as planar surfaces of various scissor modules connected to the hinges. The position of the pivots
and the length of the bars are important factors for the control of the final geometry of the shell.
Scissor-like gridshells can be related to the post-formed shell, as they are first designed and
constructed as flat surfaces, which later reach the final form through the scissors’ transformations.
Actuators in predefined points of the structure, control and provide the motion of the structural

surfaces.

In principle, spatial scissor structures are based on combinations of planar scissor modules
connected to each other in different ways. The prototype shown in Fig. 1.6 was defined as a cross
valut shape with four main frames, connected to the ground. There are four main connections
between the main vertical frames, which act as hinges in the plane of each frame. At the
intersection points, the scissors are replaced by the scissor-like elements and the actuators are
placed on these four points of connection. The spatial structure develops double curved shapes

with a minimum number of actuators increasing the feasibility of this kind of applications.

Figure 1.6 Double curved shape structure [1.5]
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1.2.1.1 Deployable Stage

The deployable stage shown in Fig. 1.7 was designed by the team SmiA in the frame of a research
in the Polytechnic University of Catalonia, in Barcelona [1.6]. The research describes the design
process for a deployable, movable stage that can be adapted to different spaces and uses, like

cultural events with the characteristics of lightness, adaptability, low energy and limited cost.

The research was based on the study of scissor systems, folding, and in particular, the design of
folding-membrane deployable structures. The project consists of a half-circle platform that folds
horizontally with the help of structural link bars. The main elements of the structure are the floor
elements, the folding floor mechanism, the scissor arches and the membrane. The shell of the stage
is divided in five sections attached to the deployable scissor arches, forming a hemispherical dome
when lifted. In addition, the overall structure is a half-circumference, radially divided into five
equal parts that generate six axes, made of the main beams that support the floor and the arches.
The articulated scissor system, which connects the six beams causes the floor to unfold. Each axis
is articulated by scissors that allow the rotation of the main axes, from the central point following

the trajectory of the half circumference, resembling the opening of a fan.

Figure 1.7 Construction stages of the deployable stage [1.6]
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The specific characteristics of the system used in this structure corresponds to ten articulated
straight eccentric scissors. This type of system generates curves that depend on the eccentricity
between each bar that composes the scissors. Every two scissors articulate one of the major axes
of the stage in plan. These axes are the beams that support the arches; the beam is articulated by

hinges on the ends, allowing the rotation movement to achieve the opening.

The arches on the six axes consist of four double scissor modules, where three of them are
asymmetric. The symmetrical scissor is placed at the base of the arch, containing the joint for the
support base and the wheels. On the side axes, rolling of the scissors is enabled for inducing
bending of the arches. The membrane unfolds and closes through the zip attached to the two

sections with the help of the hydraulic cylinder.

In the deployment process, the stage is transported and unfolded to the site and then fixed to the
floor, Figs 1.8, 1.9. The six main beams carry the wheels underneath that allow the movement of
the stage from one place to another. The beams turn radially with the help of two hydraulic
cylinders and the joints between. On the other hand, when the beams are fixed to their position,

the unfolding of the arches takes place along with the assembly of the membrane.

Figure 1.8 Deployable structure of the stage floor
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Needbis )

Figure 1.9 Construction details of deployable stage

1.2.1.2 Rolling Bridge

The Rolling Bridge was designed by the award-winning Heatherwick Studio, and was completed
in 2004 at Grand Union Canal Paddington Basin, London [1.7]. The studio was commissioned to
design a pedestrian bridge to span an inlet of the Grand Union Canal and provide an access route

for workers and residents. Also, the bridge needed to open to allow access for the boats.

The concept of the design was inspired by the dinosaur Apatosaurus from the film Jurassic Park.
The animators simulated the animal’s flesh by using steel mechanisms covered in silicon rubber
to imitate the natural movement and flexibility. It is a twelve-meter bridge and was made from
eight triangular segments, which fold towards each other, forming an octagonal sculpture that

stands on one side of the canal towpath as shown in Fig. 1.10.

Figure 1.10 The Rolling Bridge, Grand Union Canal Paddington Basin, London [1.7]
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As the rams open out of their vertical posts, they extend to the hand rails upwards. The pivoted
sections are drawn toward each other and they create a slow curling motion. The bridge has the

advantage to stop at any interval.

1.2.2 Tensegrity Structures

The term tensegrity was first introduced by the American inventor and engineer Richard
Buckminster Fuller in 1962, referring to the combination of tensional and integrity [1.1].
Tensegrity systems consist of continuous elements in tension, like cables, and discontinuous
elements in compression, i.e., bars. Buckminster Fuller described tensegrity structures in a more

romantic approach as “islands of compression in a sea of tension”.

While Fuller was the first inventor of the term, the sculptor Kenneth Snelson was claiming the lead
with his novel structure X-Piece, Fig. 1.11 [1.1]. Snelson played an essential role in the
development of the structural systems, working with pieces composed of rigid and flexible
components. In 1976, Pugh developed a more precise definition. A tensegrity system is
established, when a set of discontinuous compressive components interacts with a set of

continuous tensile components to define a stable volume in space [1.8].

Feb. 16, 1965 K. D. SNELSON 3,169,611
[ —— CONTINUOUS TENSION, DISCONTINXUS COMPRESSION STRUCTURES
Filed March 14, 1960 9 Sheeto-Sheet 1

a) b)
Figure 1.11 Tensegrity patents: a) Fuller's patent [1.1]; b) Snelson's patent [1.1]

Computational technology advances have provided appropriate tools for the study of these

structures and the definition of the geometrical and mechanical principles governing them.
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Tensegrity structures are impressive, rigid, particularly durable and extremely interesting, because
of their integrity resembling a cluster of floating rods. These lightweight systems have a very lively
behavior, despite the requirement for high pretension of the tension-only members for stability.
When the structures are deployed from a closed form, the systems reach an open form, with the
least minimum energy, offering optimized conditions in the mass and load transfer. Also, these
systems are efficient, because of the energy reserved in the tendons in the form of tension. In these
systems, only small amounts of external energy are required to activate their movement. However,

despite their flexibility, tensegrity systems have very limited practical use.
Tensegrity prism (T—prism)

The T-prism was invented by Karl loganson in Moscow in 1921 [1.9]. It is the simplest and one
of the most instructive members of the tensegrity family. The T-prism has 9 tendons and 3 struts
and belongs to a subclass of prismatoids. It has been called tensegrity prism or T-prism as it can
be considered as a twisted prism consisting of two triangular faces twisted with respect to each

other.

Tensegrity structures are designed by keeping the lengths of tendons and struts constant, and
determining the lengths of another set of tendons. When one end of the prism is twisted relative to
the other, the rectangular sides of the prism become non-planar quadrilaterals. Thus, two opposite
angles of each quadrilateral become obtuse and acute. For the structure to be stable and prestressed,
the prism is twisted in such a way that the distance between the obtuse angles is least (an

intermediate stage of twisting) and hence, a completely stable T-prism is formed [1.10].

The simplest example of the rhombic configuration is the "simplex" as shown in Fig. 1.12, which
is obtained when three compressed members of equal length are inserted in a prismatic unit of nine
tensioned members of equal length. Simplex gives birth to the "icosahedric tensegrity system",
Fig. 1.13, by coupling two of these systems. The icosahedric tensegrity consists of six struts and
twenty-four cables. The struts are parallel to one another, two by two. The equilibrium geometry

depends on the distance between two parallel struts [1.11].
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Figure 1.13 Icosahedric tensegrity system: a) Side view; b) Top view [1.11]

Circuit cells were originally used by Fuller, who called the system, "basketry tensegrity". The
essential characteristic of this second pattern is the existence of continuous compressed
components. Its construction can be derived from a rhombic configuration system with three layers
each composed of four struts, when an opposite pair of cables are forced towards one another.
Consequently, the resulted system consists of discontinuous compressed circuits and its cable set
geometry fits with a cuboctahedron, Fig. 1.14. Other circuit systems can be derived from known
polyhedral geometries. In these systems, the number of cables ensures the stability of a node. They
comprise four connections by node. According to Pugh, a circuit system is more rigid than a

rhombic one with the same number of struts [1.11].
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Circuit systems can be related to geodesic tensegrity systems. The geometric generation of these
systems relies on the division of triangular or square faces of polyhedra. This breakdown is
characterized by the number of generated segments of the edges of the initial polyhedron, which
is called "breakdown frequency". The edges of each triangle are divided into equal numbers of
equal parts and the lines drawn between the points define a grid on each face. A circuit system can
be based on a geodesic system in which the faces of the initial polyhedron are subdivided to a

frequency, which is a multiple of two.

Figure 1.14 Cuboctahedric circuit tensegrity system [1.23]

Diamond tensegrity

Diamond tensegrity, also known as T-icosahedron, is depicted in Fig. 1.15. These tensegrities are
characterized by the fact that each triangle of tendons is connected to the adjacent one via a strut
and two interconnecting tendons [1.10]. It was first exhibited in 1949 by Buckminster Fuller [1.9]
and is one of a few tensegrities which have mirror symmetry. This structural type is classified as
a ‘diamond’ because each of its struts is surrounded by a diamond form of four tendons, which are

supported by two adjacent struts.
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Figure 1.15 Diamond tensegrity

Diamond tensegrity has 6 struts and 24 tendons with tendon to strut lengths ratio of 0.612 [1.11].
If the quadrilaterals nested with struts are changed to squares, then the tendons form a
cuboctahedron network. Fig. 1.16 illustrates the change on a system of tendons, from an octahedral
arrangement to a cuboctahedron and backwards. Small arrows indicate the direction of movement
of the struts and of the corresponding pair of opposite points of the quadrilateral as the tendon

system goes through transformations [1.10].

Figure 1.16 Corresponding transformation from and back to doubled-up octahedron

Opening the octahedral structure carefully from one end gives a single layer diamond structure as
depicted in Fig. 1.17. New tensegrity structures with spherical symmetry can be generated by
addition of new layers of struts and tendons and joining both ends of each layer. Planar views of

tensegrity systems based on this approach are depicted in Figs 1.18 and 1.19.
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Figure 1.17 a) Octahedral structure b) planar view of corresponding 3-struts single layer
tensegrity system
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Figure 1.18 Planar view of 6-struts two-layer tensegrity system
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Figure 1.19 Planar view of 9-struts three-layer tensegrity system

Zig-zag tensegrity

The zig-zag is counterpart of the diamond T-icosahedron, Fig. 1.20. Although both structures have
6 struts, the major difference is that T-tetrahedron has four tendon triangles, whereas the T-

icosahedron has eight of them. In general, zig-zag structures with Z type configuration are simpler
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and less rigid, due to their lower number of tendons than their diamond counterparts with rhombic

configuration [1.10].

a)

Figure 1.20 Zig-zag structure, Z type configuration: a) Side view; b) Top view

The spatial definition of individual tensegrity modules, which are stable by themselves, permits an
exceptional capacity to create systems by joining them together. This connection implies the option
of the endless extension of the assembled piece. By extension, tensegrity gridshells are considered
to be closer to the category of lattice gridshells, as the assembly and erection of the structure takes
place directly on site. It’s easier for tensegrity surfaces to be constructed in modules and
interconnected, in order to create the surfaces of a shell. This is achievable with the use of actuators
that control the structure’s behavior, in order to adapt to changing environments. Also, they
develop a system of interconnections between compression and tension members; thus a nonlinear
analysis of form-finding methods is important to be carried out, in order for the optimal form to

be designed.

1.2.2.1 Transformable tensegrity-ring footbridge

The aim of the development of a transformable tensegrity-ring footbridge is the shape
transformations of a multiple-degree-of-freedom (DOF), "4 scale tensegrity footbridge system
using continuous active cables and springs [1.8]. Shape transformations such as deployment and
shape corrections are conducted using the same remote actuation scheme. During the complexity

of the shape transformation task and the large solution space, a stochastic search algorithm is
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combined with a modified dynamic relaxation algorithm to identify the right actuation steps for

each active cable, in order to obtain the desired shape transformation.

The structure is composed of steel struts that are hollow tubes with a 28 mm diameter and 1.5 mm
thickness, steel cables with a cross sectional area of 11 mm? and spring steel elements with stiffness
of 2 kN/m at the support and 2.9 kN/m at other locations. The structure contains two types of
cables, non-continuous and continuous cables. Non-continuous cables are composed of one
segment and they end at the joints that define the segment. A continuous cable has at least one
intermediate joint between its two end joints. Intermediate joints allow cable sliding. The end of
the continuous cable located at the support, is rolled and attached to drums. The length is changed
through winding or unwinding the cable on the drum. The end nodes are placed on rail-supports,
where the supports are blocked in the three directions, when the two bridge halves are connected

and prestressed.

Spring elements, have maximum length, when the structure is folded. Deployment is controlled
through increasing length of continuous cables; springs contribute since they progressively release
their elastic deformation energy during deployment. The combination of continuous cables and
springs is an actuation scheme that reduces the number of actuators required for deployment and

has the advantage of actuators located only at the supports.

The pentagonal tensegrity-ring module is deployable, if the cable lengths can be adjusted. During
deployment, the length of the x-cables controls folding, while the layer cables control unfolding.

However, actions on both cable groups are required to obtain stable configurations, Fig. 1.21.
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Figure 1.21 Top view of tensegrity structure: a) Folded structure showing the numbering of mid-
span nodes; b) Deployed structure connected at mid-span as well as x, y and z conventions

The design and control of the tensegrity system with continuous cables and spring elements are
employed resulting in a 5-actuator system, Fig. 1.22. Actuators can thus be placed on the supports
since continuous cables run through the boundary nodes. Springs allow length changes without
requiring any actuation devices. Also, spring length changes are driven by actions on other
elements. In this study, springs replace layer cables, so the length changes are driven by actions of
the continuous active x-cables. On the other hand, springs are elongated in the folded configuration
and contracted in the unfolded configurations allowing spring energy to be used for unfolding.
Springs are thus in low energy state in the unfolded configuration reducing the risk of energy bursts

under service.
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Figure 1.22 Deployment motion and actuation components of the tensegrity-ring footbridge
system [1.9]

Although the shape transformation for deployment of the tensegrity-ring system involves
modifying several DOF, it is found feasible with the same length change applied in all 5 active
continuous x-cables. A single actuator connected to the 5 active cables is sufficient for the
deployment of each half of the tensegrity footbridge system. Single actuator configurations do not

allow adjustments in the shape of the system, unless the actuator controls individually every cable.

The experimental testing of the prototype verified that the actuation scheme with active cables and
spring elements is applicable for both, large transformations such as deployment, as well as small
shape changes, such as deployment corrections, Fig. 1.23. Actuation steps differ according to the

desired shape changes. In all cases, the efficiency of using advanced computing methods for shape
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control of active deployable tensegrity systems has potentials in the shape control of other

tensegrity systems as well.

Figure 1.23 Y4 scale ring-module tensegrity footbridge system [1.9]

1.2.2.2 Tensegrity gridshell, EPFL

A full-scaled adjustable tensegrity prototype was designed and built for the Swiss National
exhibition, by the Applied Computing and Mechanics Laboratory at EPFL, supervised by lan
Smith [1.10]. The structure is based on a tensegrity typology and consists of three modules creating
a surface made of struts and cables. Each module is made of 6 struts and 24 cables, Fig. 1.24. There
is a central joint for the reduction of the buckling length of compression members, thus allowing
a smaller cross-section of the struts. Also, telescopic struts are used to control the geometry.
Stainless steel cables of 6 mm diameter used to form a double layered structure and lateral cables
for the connection of two layers. Two different cable lengths are in each layer, the first one forming
three isosceles triangles and the other one, forming an isometric triangle in center. The 6 struts in
each module meet the central joint, due to assembly requirements. The end of the specific struts
consists of a nut rod system, to enable length changes in the strut. Fiberglass reinforced polyester
tubes are used for the struts offering a minimal diameter for the movement of the threated rod and

sufficient buckling strength.
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b) c)

Figure 1.24 5-module tensegrity structure: a) Experimental setup; b) 3-module structure
center joint; ¢) 5-module structure center joint

The assembly method of the structure requires building the modules individually and then
connecting them depending on the desired configurations and self-stress value, Fig. 1.25. The selt-
stress value is controlled by changing the telescopic struts length. The assembly method is
considered difficult, due to the non-equilibrium state of the structure. For that reason, the modules
are assembled independently and connected afterwards creating the final form. The sequence of
the struts lengthening is very crucial, as the asymmetrical sequence can lead to imbalance and

cause the collapsing of the system. Also, is used a dynamic simulation, to check the cable’s optimal
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tension values. The main factors that affect the structure’s adjustability are the number of the

telescopic struts and the range of movement individually.

Area of slope maintenance
L

L | NPl <1

- | ® k“&
A=)

- Bars
— Cable in plane
== Cable out of plane 3
MW Two bars unconnected
Displacement measured

@ Node loaded and displacement measured

Figure 1.25 Plan view: Geometric principle of tensegrity modules

1.2.3 Bar Linkages

Bar linkages are highly effective in creating structures that deploy or transform, allowing
flexibility and low energy consumption during motion. In structural terms, closely related to
deployable and reconfigurable modular structures are linkage-based systems. In previous years,
the kinematics of reconfigurable rigid structures composed of a series of n-bar linkages, with either
direct and cable-driven actuation have been investigated in simulations and experimentally [1.3].
The transformations of the systems were based on the use of only one or two actuators at the
supports of each n-bar linkage using a sequence of motion steps through selectively releasing a
number of joints of the primary members, in order to reduce the system to a 1-DOF mechanism

and thus adjust the system joints to the desired values.
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A linkage is a collection of interconnected components, called links. The physical connection
between two links is called a joint. This definition is general enough to encompass gears and cams,
where the joint is formed by direct contact between two gear teeth or between a cam and follower.
Bar linkages have two elementary joints, the rotary hinge and the joint and the linear or rotating
actuator. These joints allow 1-DOF movement between the two links that they connect. The

configuration variable for a hinge is the angle measured around its axis between the two links.

1.2.3.1 Effective 4-bar mechanism

The ‘effective 4-bar mechanism’ is an alternative control approach that requires only one motion
actuator along with electromagnetic or hydraulic brakes installed on each joint. The members
connected between them by locked joints form an ‘effective link’. Alternatively to a rotational or
linear actuator attached on the pin support, the actuation system may include two actuators and
two corresponding independent continuous cables that generate control torques at the joints when
tensioned, as well as brakes installed on the joints. The four joint angles defining the mechanism’s
configuration are not independent and the 4-bar mechanism is effectively a 1-DOF system. One
joint is adjusted in each reconfiguration step, while the rest 3 unlocked joints remain passive, Fig.

1.26.

A typical application of the 4-bar mechanism in machine design involves a single motor actuator
constantly rotating link-1. Its motion is transferred via link-2 to link-3 that performs a back-and-
forth rotation. In this case, the three moving links are termed ‘crank’, ‘coupler’ and ‘rocker’,
respectively, and link-4 is the ‘ground’. The rotational motion characteristics of the 4-bar linkage
members are specified by a simple formula called ‘Grashof’s condition’ and depend on the relative

lengths of the links [1.3].
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Figure 1.26 The basic 4-bar linkage mechanism

Reconfigurable Bar Linkage Structure

The basic reconfigurable bar linkage structure can be appropriately configured to implement a
direct or cable-driven actuation method based on the effective 4-bar mechanism [1.16]. In the
direct actuation method, one linear motion actuator is connected to the ground and the first bar of
the pin supported linkage. In the cable-driven method, on either side of the structure, there are two

linear motion actuators connected to the cables, whose base is attached to a rotational ground joint.

Two symmetric postures were selected for the initial and final configurations of the system. The
initial configuration is 0; = [102, 168, 144, 144, 144, 144, 144, 168, 102]" degrees and the target
configuration is 0,=[124, 144, 120, 168, 148, 168, 120, 144, 124]" degrees (internal n-bar angles).
Usually, a reconfiguration between an initial and final position can be realized via alternative
sequences. An optimal one may be selected based on specific criteria, like maximum brake
torques, cable length variation etc. Fig. 1.27 shows the reconfiguration steps of two sequences

applied for the linkage system.
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Sequence |

{

Sequence Il

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

Figure 1.27 Stepwise reconfiguration of the 9-bar system. Direct actuation approach
(Sequence I) and Cable-driven actuation approach (Sequence II) [1.16]

In the experimental setup, the operation of the actuators is based on a 12 V DC motor and a lead-
screw mechanism that generates the linear motion, Fig. 1.28. The brake system includes a
cylindrical aluminum block with a symmetrical array of holes on its curved surface for locking the
joint when the two stopper pins are inserted in the holes, Fig. 1.29. The main drawback of this
approach is that locking the joint is limited to a set of fixed, discrete positions (120°, 144° and 168°
internal joint angles) and introduces an extra motion planning constraint. All the joints are installed
with brakes except the base joints. The spring-loaded pins of the brake system maintain a joint at
a locked position and they are released upon activating their electromagnets. This ensures a fail-
safe operation of the brakes system. On each joint, the pair of electromagnets is wired in parallel
to lock/release the joint simultaneously with the same control signal. The controlled operation
involves a set of corresponding relays that receive control signals from the controller. The sensors
are potentiometer type, providing absolute measurements of the joint angles. There is no need for
initialization through a homing procedure during system start-up or following a power failure. The

positions sensors are installed on every joint except of the two at the base.
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Figure 1.28 Experimental setup of direct and cable-driven actuation method of the bar-linkage
[1.16]

Figure 1.29 Joint connection of experimental setup

Reconfigurable Hybrid Bar Linkage Structure

The reconfigurable hybrid linkage structure developed in [1.11] refers to a primary system
consisting of hinge-connected beams, stabilized through a strengthening system of struts and

continuous diagonal cables with closed circuit. Fig. 1.30 shows the spatial system. The structure
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may obtain different geometries that define different configuration states, through modification of

the cable’s length.

Figure 1.30 Isometric view of the 3-dimensional hybrid reconfigurable structure [1.17]

The proposed reconfiguration concept of each planar linkage system based on the effective 4-bar
mechanism requires only two single motion actuators per basic component linkage tensioning each
corresponding cable at the structural supports, as well as hydraulic brakes at the joints.
Transformations of the n-bar linkage take place through appropriate control of shape sequences,
such that for each individual intermediate motion step involved, a 1-DOF, 4-bar mechanism is
realized through selective locking of (n-4) joints. Motion planning of the structure is concerned
with generating appropriate motion patterns and selecting the most appropriate one according to
specific criteria as for example the braking torques in the primary joints, the cables axial forces
and the required size of cable adjustments involved in each motion sequence. The integrative
development of the kinetic structure, the construction design of the components and their
connections and its control mechanism have been conducted following nonlinear processes of

design and optimization while aiming at sustainability and effective use of resources, Fig. 1.31.
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Figure 1.31 Horizontal structure of two adjacent linear prototype units and members connections

design [1.17]

1.2.3.2 Effective Crank Slider mechanism

In this control approach, the basic and kinematics element is again a planar linkage comprised of
serially connected rigid links with pivot joints between them. All joints are equipped with
electromagnetic or hydraulic brakes. One end of the chain connects to the ground through a pivot
joint and the other side is pinned to a linear sliding block, constituting the mechanism a closed
kinematic chain. A linear actuator is considered acting on the sliding block. An alternative or

supplementary rotational actuation can be considered with regard to the base pivot joint.

During the stepwise adjustments, each step involves selectively releasing one intermediate joint,
by releasing the corresponding brake of the linkage in addition to the pin joints at the supports,
constituting the mechanism a generic 1-DOF system, namely an ‘effective crank-slider’ system,
Fig. 1.32. An appropriate control sequence can be used for stepwise reconfigurations induced by

the linear actuator.
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Figure 1.32 Effective crank-slider approach, which is the basis for the stepwise deployment and

reconfigurations of the n-bar linkage

Deployable and Reconfigurable Bar Linkage Structure

The deployment and reconfiguration approach of a linkage structure developed in [1.12], refers to
the ability of a system to erect from an initial to a target position and further adjust its shape
through its motion control with computational assistance. This study presents a conceptually
analogous approach for deployment and reconfiguration purposes compared to the effective 4—bar
approach, applied to a different class of modular linkage structures with one of the pin supports

connected to an actuated sliding block.

Motion planning requires to consider the kinematics of the basic crank-slider mechanism and its
singular configurations. The specific mechanism when fully extended or retracted reaches its limit
positions, where the slider may not move any further. The linear motion actuator performs the
actual reconfiguration, while the controller receives feedback information from the sensors
regarding the current position of the joints. In the experimental setup, actuation of the system is

based on an electric linear actuator (12V DC, 150 cm travel) connected to the sliding block.

The investigations conducted involve simulation of the system kinematics and experimental
verification of selected motion sequences with a prototype model in scale 1:10. Figs 1.33-1.35
show the experimental deployment and reconfiguration of a linkage based on the effective crank-
slider approach. The results demonstrate the feasibility of the proposed concept and reveal the
potential of transformable structures.
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Figure 1.33 Experimental deployment of the linkage to the first target position [1.15]

INITIAL POSITION STEP1 STEP 2 STEP3
STEP 4 TARGET POSITION

Figure 1.34 Experimental reconfiguration of the linkage from the first to the second target
position [1.15]

INITIAL POSITION STEP 1

i, i it

STEP 4 STEP S STEP 6 TARGET POSITION

Figure 1.35 Experimental deployment of the linkage to the second target position [1.15]

1.3 Motivation and Thesis Structure

Transformable systems rely on embedded computation and the replacement of primary members

with actuators. Unavoidably, the employment of actuation components on the primary structure
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often leads to increased structural weight, complex mechanisms and energy-inefficient operation.
Furthermore, deployable structures developed and implemented so far, are limited to specific
target configurations. In this respect, linkage-based systems, which comprise continuous series of
I-dimensional, rigid bars interconnected by lower-order pairs, constitute promising systems
towards the development of reconfigurable modular structures with enhanced shape flexibility and
controllability. Along these lines, the present Thesis aims at the development and investigation of
a reconfigurable system that is capable to achieve numerous symmetrical and non-symmetrical
configurations with as few reconfiguration steps as possible. The kinematics approach applied
based on the effective crank—slider method provides maximum flexibility and endurance with
minimum required actuation energy. The photovoltaic units integrated with the flexible building
envelope enable high levels of energy production, exceeding the performance of a corresponding

fixed shape building.

Initially, the typologies of deployable and reconfigurable lightweight structures are presented. The
kinematics of the system is usually based on a SDOF system transformation. The analysis focuses

on three structural typologies, namely, scissor-like, tensegrity systems and rigid-bar linkages.

The second chapter, focuses on the design and analysis of a reconfigurable structure and the
investigation of its kinetic behavior. The effective crank—slider reconfiguration approach is applied
in the system’s motion planning, which stepwise reduces the planar system to an externally
actuated 1-DOF mechanism, in order to adjust each joint angle of the planar system from an initial
to a target position. Among different feasible sequences, the ones with less required steps are

selected and investigated.

In Chapter 3, the construction design of the structure is presented. The design refers to the system
supports, the members and their joint connections, as well as the actuation components that enable
horizontal or vertical reconfigurations. The Chapter deals also with the building envelope that
consists of ETFE membranes and thin photovoltaic films applied on two longitudinal rows on each

side.
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Chapter 4 focuses on the kinematics of the reconfigurable structure. The analysis includes the
motion analysis of the structure using the FEA software Solidworks. The results obtained refer to

the maximum brake torques and slider displacements in the selected reconfiguration sequences.

In the last Chapter, a simulation analysis provides the solar irradiance and the energy production
by the photovoltaic units for the initial and three target positions of the building. The case study

refers to the solstices annually with regard to Larnaca, Cyprus, and Stockholm, Sweden.

The final chapter of the Thesis includes the conclusions of the study.
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CHAPTER 2 DUAL RECONFIGURABLE SYSTEMS

The current research focuses on the design and analysis of a reconfigurable structure and the
investigation of its kinetic behavior. It refers to the Effective Crank—Slider reconfiguration
approach, namely a kinematics approach that stepwise 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.

Firstly, in the initial position of the system, the linkages and the joints of the structure remain
locked. During the sequences for implementing the required shape adjustment, there are locked
and unlocked brakes in the joints. Also, the movement of the slider, in each step induces
symmetrical and non- symmetrical forms. In the specific dual kinematics mechanisms
investigated, the adjustment of two angles in each step provides symmetrical system forms and the
adjustment of one angle in each step, non-symmetrical forms. At the same time, during each step,
the angles are adjusted to complete the target position. The first and the last joint 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 provide the target position. Once a joint has been adjusted, the respective
joint will be locked in the following steps of the reconfiguration. In the tables below, all feasible

and non-feasible sequences investigated are presented.

2.1 Control sequences

Sequence 1 leads to a symmetrical system 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.
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2.1.1 Sequence 1a (S1a)

All the joints in the Initial position (STEP 0) are locked and the height of the structure is 4.50 m.
The first and the last joints are locked. In the first step, the slider moves the structure by 51.64 cm
to the bottom, so that 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 78.64 cm to the top, so
that the target position is achieved (STEP 2), Fig. 2.1, Table 2.1.

STEP 0 [61, 82, 03, 64, Hs, 86, 07, 05, 80] = [98°, 143.60°, 143.42°, 155°, 0m, 155°, 143.42°, 143.60°, 98°]

STEP 1 [81, 02, 03, 04, Hs, 06, 07, 03, 69] = [98°, 149.08°, 120°, 172.92°, -0.5164m, 172.92°, 120°, 149.08°, 98°]
STEP 2 [81, 0, 03, 04, Hs, 06, 07, 83, 09] = [67.32°, 203.02°, 120°, 149.66°, +0.7864m, 149.66°, 120°, 203.02°, 67.32°]

/5 /"m 06 ‘ ::?f:‘»\\‘ “‘,/'.‘:_ ) »""ﬂ.y |
//;l‘ 03 o7 \ ‘ ‘
‘ 02 o] :5:; ¢ | |
) I | f \
\\ o1 09 /' \‘ / \
| I \
Initial Position — STEP 0 STEP 1 Target Position — STEP 2

Figure 2.1 Structure Configurations

Table 2. 1 Scheduling table for feasible control sequence la

.]1 Jz Jg J4 JS Jﬁ
sep1 | A | O | © | © |y
O OB NN NON ua:

Jo

QO|&
©lO|&

A
AN

Vol |

Step 2 E

4

ﬁ;: pivoted-to-the-ground uniocked joint, &.‘ pivoted-to-the-ground Iocked]oint,@: unlocked jcint,@: locked joint,

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

In Step 1 where the joints 1 and 9 are locked, the ground level is replaced to the joints 2 and 8.
Also, in Step 2, joints 3 and 7 are unlocked, so that the two linkages between joints 2 and 4 move

as one. The same happens with the joints 6 and 8, Fig. 2.2.
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Initial Position — STEP 0 STEP 1 Target Position — STEP 2

Figure 2.2 Selected feasible motion sequence 1a, Scale 1:200

2.1.2 Sequence 1b (S1b)

All the joints of the system in the initial position (STEP 0) are locked and the height of the structure
is 4.50 m. The joints 2 and 8 are locked. In the first step, the slider moves the structure by 66.50
cm to the ground, so that 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 93.50 cm to the
top, so that the target position is achieved (STEP 2), Fig. 2.3, Table 2.2.

STEP 0 [61, 82, 03, 64, Hs, 86, 07, 05, 80] = [98°, 143.60°, 143.42°, 155°, 0m, 155°, 143.42°, 143.60°, 98°]

STEP 1[04, 02, 03, 04, Hs, 06, 07, 05, 09] =[100.77°, 143.60°, 120°, 175,63°, -0.665m, 175.63°, 120°, 143.60°, 100,77°]
STEP 2 [01, 02, 03, 84, Hs, 06, 07, 05, 69] = [67.32°, 203.02°, 120°, 149.66°, +0.935m, 149.66°, 120°, 203.02°, 67.32°]

/,:,‘:’;.' 04 06 RN
/,;;/ 03 07 \\\ // }
A o2 o \A; |
it J
\\_o1 09 //, f
X pa| | |
Initial Position — STEP 0 STEP 1 Target Position — STEP 2

Figure 2.3 Structure Configurations
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Table 2.1 Scheduling tables for feasible control sequence 1b

Ja Ja Ja Ja Js Je Jq Js Jo
Step 1 A»/;> @ ':::' m ® 'E;' @ ,;,é;
sep2 | AN O | ® | © R ©® ® | A

4’:_\,;: pivoted-to-the-ground unlocked joint, &.‘ pivoted-to-the-ground Iocked]oint,@: unlocked jcint,@: locked joint,

= = = :effactive link, u - slider, @ - currently adjustment

In step 1, joints 2 and 8 are locked, so that the two linkages between joints 1 and 3 move as one.
The same happens with the joints 7 and 9. In the final step, the joints 3 and 7 are locked, so that
the links between them move as one. The form is symmetrical for both sides of the system. The

joints 3 and 7 are locked, so that the links between them move as one, Fig. 2.4.

Initial Position — STEP 0 STEP 1 Target Position — STEP

Figure 2.4 Selected feasible motion sequence 1b, Scale 1:200

2.1.3 Sequence 1c¢ (S1¢)

All the joints in the Initial position (STEP 0) are locked and the height of the structure is 4.50 m.
In the first step, the joints 3 and 7 are locked and the slider moves the structure by 64.90 cm to the
top, so that the first and the last joints are currently adjusted. In the second step, the joints 1 and 9
are locked and all others are unlocked. The slider moves the structure 93.50 cm to the bottom in
achieving the target position (STEP 2), Fig. 2.5, Table 2.3.

STEP 0 [01, 02, 03, 04, Hs, 06, 07, 03, 09] = [98°, 143.60°, 143.42°, 155°, Om, 155°, 143.42°, 143.60°, 98°]
STEP 1[04, 02, 03, 04, Hs, 06, 07, 05, 09] = [67.32°, 194.14°, 143.42°, 135,12°, +0.6487m, 135.12°, 143.42°, 194.14°, 67.32°]
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STEP 2 [0, 02, 03, 84, Hs, 66, 07, 85, 69] = [67.32°, 203.02°, 120°, 149.66°, -0.3787m, 149.66°, 120°, 203.02°, 67.32°]
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Figure 2.5 Structure Configurations

Table 2.2 Scheduling tables for feasible control sequence 1c

J1 J2 Js Ja Js Js Jz Js Jo
w1 A O] ® |0 w0004
SRy -NENONNONNON ==: I NONNONENON. N

ﬁ;: pivoted-to-the-ground unlocked joint, &: pivoted-to-the-ground Iackedjoint,@: unlocked jcint,@: locked joint,
= = = :effective link, m : slider, @ : currently adjustment

In Step 1, the joints 3 and 7 are locked, so that 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 replaced to the joints 2 and 8, Fig. 2.6.

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

Figure 2.6 Selected feasible motion sequence 1c, Scale 1:200
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2.1.4 Sequence 1d (S1a)

All the joints in the Initial position (STEP 0) are locked and the height of the structure is 4.50 m.
In the first step, the joints 2 and 8 are currently adjusted and joints 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 a singularity, Table 2.4.

Table 2.3 Scheduling tables for control sequence 1d

J1 Js Js3 Ja Js Je J7 Js Jo
Step 1 @; (E:‘ ® @ m @ ® (E-:I &
sep2 | /N || OO EHm|l © | O | ® | A

4’2};: pivoted-to-the-ground unlocked joint, &.‘ pivoted-to-the-ground Iocked]oint,@: unlocked jcint,®: locked joint,
= — — :effective link, m : slider, @ - currently adjustment

2.1.5 Sequence 1e (S1¢)

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

would be completed, Table 2.5.

Table 2.4 Scheduling tables for control sequence le

Ji Ja J3 Ja Js Je J7 Js Ja

Step 1 éﬁ‘;} @ @ @ m @ ® @ ﬁi:::v
Step 2 é@ ® ® ® Jﬂiﬁﬁ ® O ® ﬁ;

g

ﬁ;: pivoted-to-the-ground unlocked joint, &_‘ pivoted-to-the-ground I-:-ckedjoint,@: unlocked jcint,@: locked joint,

= = = :effective link, m : slider, @ : currently adjustment
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2.1.6 Sequence 1f (S1y)

All the joints in the Initial position (STEP 0) are locked and the height of the structure is 4.50 m.
In the first step, the joints 2 and 8 are currently adjusted and joint 3 and 7 are locked. In the second
step, the joints 2 and 8 are locked and all others are currently adjusted. It is not possible to complete
the configuration, because of a singularity. If there were more steps, the target position could be

completed, Table 2.6.

Table 2.5 Scheduling tables for control sequence If

J 1 J 2 J 3 J 4 -] g J 7]
sepr | N | (O | @ | © ¥
sep2 | LN | @ | © | © O

Js Jo

2
%

©
& &
/‘:]
e

| :\'I
&
&

ﬁ}: pivoted-to-the-ground unlocked joint, &_‘ pivoted-to-the-ground Ic-ckedjoint,@: unlocked jcint,@: locked joint,

= — — :effective link, m : slider, RE) - currently adjustment

2.1.7 Sequence 2a (S2a)

Sequence 2 leads to a non-symmetrical form, where the slider’s movement is horizontal. In every
step, there are two locked and one adjusted joint. The sequence consists of three steps to complete
the target position. All the joints in the Initial position (STEP 0) are locked and the height of the
structure is 4.50 m. In the first step, the joints 3 and 8 are locked and joint 7 is currently adjusted.
The slider destination is on the right, for 47.86 cm. In the second step, the joints 3 and 8 are
unlocked and the joints 1 and 7 are locked. Also, joint 3 is adjusted and the slider moves the
structure to the left, by 97.12 cm. In the last step, all the joints are adjusted and the joints 3 and 7
are locked. The target position is achieved, Fig. 2.7, Table 2.7.

STEP 0 [0, 02, 03, 04, Hs, 06, 87, 05, 09] = [98°, 143.60°, 143.42°, 155°, 0m, 155°, 143.42°, 143.60°, 98°]

STEP 1 [61, 05, 03, 04, Hs, 06, 07, 05, 0o] = [84.53°, 156.85°, 143.42°, 155.2°, +0.4786m, 156.75°, 134°, 143.6°, 105.65°]

STEP 2 [01, 02, 03, 04, Hs, 06, 07, 05, 09] = [84.53°, 172.18°, 105°, 162.65°, -0.9712m, 157.66°, 134°, 168.86°, 79.48°]
STEP 3 [01, 0, 03, 04, Hs, 06, 07, 03, 00] = [62°, 218.19°, 105°, 154.81°, +0.377m, 158.38°, 134°, 156.32°, 91.30°]
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Initial Position — STEP 0 STEP 1 STEP 2

Figure 2.7 Structure Configurations

Table 2.6 Scheduling tables for feasible control sequence 2a

Target Position — STEP 3

T | 32 | & | 3| 3 | AR B &
sep1 | AN O Q@ | © (| © O Q@ | A
sep2 | A | O | O | O | ©|® | © | A
sep3 | AN | O ® | © |l @@ | ®© | A

4’3}: pivoted-to-the-ground unlocked joint, &.‘ pivoted-to-the-ground I-:-ckedjoint,@: unlocked jcint,@: locked joint,

= = = :effactive link, u - slider, @ - currently adjustment

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

one. In the final Step the joints 3 and 7 are locked, so that the links between joints 2 and 4 and

joints 6 and 8, move as one, Fig. 2.8.

62




CHAPTER 2 DUAL RECONFIGURABLE SYSTEMS

STEP 2 Target Position — STEP 3

Figure 2.8 Selected feasible motion sequence 2a, Scale 1:200

For each sequence there are many combinations to complete the target position, but sometimes
there are singularities and the target position cannot be achieved. The sequences orders determined

are presented in Appendix 1.
2.1.8 Sequence 3a (S3a)

Sequence 3 leads to 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. Following one step, the
final position is completed. In Step 1, all the joints are currently adjusted except the joints 3 and 7
that are locked, Fig. 2.9, Table 2.8.

STEP 0 [01, 02, 03, 04, Hs, 06, 07, 05, 05] = [98°, 143.60°, 143.42°, 155°, 0m, 155°, 143.42°, 143.60°, 98°]
STEP 1 [01, 02, 03, 04, Hs, 06, 07, 0s, 0] = [120°, 101.70°, 143.42°, 174.88°, -1.3445m, 174.88°, 143.42°, 101.7°, 120°]
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Initial Position — STEP 0 Target Position — STEP 1

Figure 2.9 Structure Configurations

Table 2.7 Scheduling tables for feasible control sequence 3a

J1 J2 Ja Ja Js Js Jz Js Jo

Step 1 '43‘7\# 'E.:' @ (E:' m G:' @ (\/D ,«é;

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

= = = :effactive link, u - slider, @ - currently adjustment

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

one. The same happens with the joints 6 and 8, Fig. 2.10.

Initial Position — STEP 0 Target Position — STEP 1

Figure 2.10 Selected feasible motion sequences in relation to the systems, Scale 1:200

Sequence 3b (S3b)

In Step 1, all the joints are currently adjusted expect the joints 2 and 7, which are locked. It is not

possible to complete the configuration because of a singularity, Table 2.9.
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Table 2.8 Scheduling tables for control sequence 3b

Ja Ja Js Ja Js Je J7 Js Jg
Step 1 éﬁ; @ ‘:E,\' (E/\' m 'E:' @ G:' m’ﬁ:ﬁ

&5: pivoted-to-the-ground unlocked joint, &_‘ pivoted-to-the-ground I-:-ckedjoint,@: unlocked jcint,@: locked joint,

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

Sequence 3¢ (S3¢):

In Step 1, all the joints are currently adjusted expect the joints 1 and 9, which are locked. It is not
possible to complete the configuration because of a singularity. If there were more steps, the target

position could be completed, Table 2.10.

Table 2.9 Scheduling tables for control sequence 3c

Ji Ja Ja Ja Js Js Jz Js Jo

b £ i P T P "
SNy NI NONNONNON == JNONNONNONE. N

4&: pivoted-to-the-ground unlocked joint, &.‘ pivoted-to-the-ground I-:-ckedjoint,@: unlocked jcint,®: locked joint,

— — — : effactive link, m - slider, @ - currently adjustment

Among possible sequences to achieve specific symmetrical and non-symmetrical configurations,
the ones with the least reconfiguration steps have been investigated, since the kinematics approach

applied provides maximum flexibility and endurance with minimum required actuation energy.
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CHAPTER 3 CONSTRUCTION DESIGN

The current chapter refers to the structural and construction design of the planar and spatial linkage
structure. 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. The structural grid has an
overall length of 7 m in span direction, and it is supported on honeycomb columns with variable
height to accommodate any height differences of the ground level. At midspan, the structural
linkage is further supported on diagonals positioned within the system to form a V- or X-shape

according to the reconfiguration requirements of the system.

3.1 Structural System

In the first alternative, the V-diagonals are rigidly supported on the structural grid at midspan and
hinge interconnected with a horizontal member on the top, below the beam of the linkage at
midspan, Fig. 3.1. A linear motion actuator is positioned above the linkage beam and connected
on one side with the latter and on the other side, with the member interconnecting the V-diagonals.
Thus, operation by the actuator provides relative displacements of the linkage to its support

elements at midspan. The V-diagonals consist of round hollow profiles of @ 140/10 mm.
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Figure 3.1 Planar bar linkage structure with horizontal reconfigurability, Scale 1:50

In the second alternative, the X-diagonals are hinge supported on the structural grid and the beam
of the linkage at midspan, Fig. 3.2. The diagonals consist of four telescopic round hollow sections
of @ 140/10 mm and @ 120/7 mm that are interconnected at mid-length through flat steel plates of
10 mm thickness. The joint connection of the steel plates has a certain travel distance provided by

the longitudinal holes of the elements that primary serves assembly issues.
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Figure 3.2 Planar bar linkage structure with vertical reconfigurability, Scale 1:50

The spatial system is composed of 10 planar bar linkages arranged at relative distance of 2.0 m in
the longitudinal direction, Figs 3.3, 3.4. In each spatial system only the first and last linkage are
actively controlled by the linear actuation and supported at midspan by the diagonals. This
arrangement requires nevertheless that the ‘bare linkages’ follow any reconfiguration of the system
provided by the ‘actuation linkages’ through their rigid connection to the latter along the
circumference of the spatial system. Hence, the diaphragm is ensured through secondary beams,
hinge connected with the linkage members at both ends, and prestressed cable diagonals. The
structural composition principle of linearly adding planar systems to provide the spatial system
enables uniform, identical and synchronous reconfigurations of the system in span direction. The
differentiation in the system composition in actuation and bare planar linkages enables
minimization of the number of actuation elements (i.e., actuators) used and preservation of

minimum self-weight of the structure. Furthermore, expandability of the spatial structure in both
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directions is possible, depending on the number of members of the bar linkages, the number and

position of the actuation and bare linkages and the structural grid.

Figure 3.3 Spatial structure with horizontal reconfigurability, composed of two actuation
linkages and intermediate bare linkages

Figure 3.4 Spatial structure with vertical reconfigurability, composed of two actuation linkages
and intermediate bare linkages
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The construction design of the members connections is based on the members modularity and
favors flexibility and clarity of the structure operability. The structural grid is composed of partly
rigidly connected beams in both horizontal directions. The beams consist of double UPN 140/60
sections interconnected through cross-shaped steel plates of 10 mm thickness, as shown in Fig.

3.5.

1. UPN 140/60
2. 5235t=10mm

Figure 3.5 Connection principle of beams of structural grid, Scale 1:10

The beams of each linkage are hinge connected to the structural grid through a steel plate of 10
mm thickness connected with the horizontal beam and two plates that extend from the linkage
beam webs, as shown in Fig. 3.6. Thus, the supports of the linkages allow rotations of the members

in span direction.
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Figure 3.6 Linkage beam support connection principle with the structural grid of the system,
Scale 1:10

The beams of the linkage are interconnected through a steel plate of 10 mm thickness inserted
between the UPN sections of the beam and two steel plates of 10 mm thickness each that extend
from the other beam’s web, as shown in Fig. 3.7. Note that the actuation beams on the joints

(electromagnetic brakes or pneumatic actuators) are not included in Fig. 3.7.
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1. UPN 140 /60
2. Bolt ®40mm
3. S235t=10mm
4. 4xM12

Figure 3.7 Linkage beams connection principle, Scale 1:10

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 and the upper one, welded to the diagonals as shown in Fig. 3.8.
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1. UPN 140 /60
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3. Strengthening steel plate t=10mm
4. Structural Rise element

Figure 3.8 Support principle of V-diagonals to the structural grid, Scale 1:10

The integration of the linear motion actuator with the actuation linkage is shown in Fig. 3.9. The
actuators ends are connected to the horizontal structural members (i.e., the linkage beam and the
diagonals interconnecting member on each side respectively) through steel plates of 10 mm
thickness. The linkage beam may role on the interconnecting member with a section of T 140/140

mm over specially formed sliding elements.
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e 2 1. UPN 140/ 60

2, 5235t=10mm
7 3. Bolt ®40mm

4.4xM12
5. Actuator
6. Slider

L S i 7.0140mm

R 8.T140/140

Figure 3.9 Linear motion actuator connection principle to the planar actuation linkage for
horizontal reconfigurability, Scale 1:22.5

The connection of the X-diagonals at midspan of the system in the alternative with vertical
actuation takes place over steel plates of 10 mm thickness that are welded with the structural grid
and the diagonals respectively, as shown in Fig. 3.10. Thus, the connection joints allow rotations

of the diagonals in span direction.
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1. UPN 140/ 60
2. 2 x Steel plates t=10mm
3.5235t=10mm

4. Bolt ®40mm

5. Actuator

6.®120mm

7.140mm

8. Structural Rise element

Figure 3.10 Support principle of X-diagonals to the structural grid, Scale 1:20

In this alternative, the diagonals are directly connected through steel plates to their interconnecting
beam that is rigidly connected to the linkage beam. The actuators are connected to the telescopic
diagonals, on one end, to the large round hollow section, and on the other end, to the small round

hollow section, as shown in Fig. 3.11.
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1. UPN 140/ 60
2.T150/90

3. 5235t=10mm
4. Bolt ®40mm

5. ®120mm

6. 0140mm

7. Actuator

Figure 3.11 Linear motion actuator connection principle to the planar actuation linkage for
vertical reconfigurability, Scale 1:20

The rigid connection of the planar bar linkages in the longitudinal direction of the spatial system
takes place through secondary compression members, of round hollow sections of @ 76.1/10 mm,
placed in pairs on both sides of the joint connections of the linkage beams, and cable diagonals of
@ 20 mm diameter. The compression members are hinge connected to the linkage beams over steel
plates of 10 mm thickness, welded to the secondary members and the web of the linkage beam
sections. The connection joints allow rotations of the secondary members in vertical direction to
the linkage beams. The cable elements are anchored on RODAN elements, RDN12, hinge

connected to the secondary members sections, Fig. 3.12.
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1. UPN 140/60

2. S235t=5mm
3.076,1/10mm

4. DORMA Rodan Cable Fitting
5. ® 20mm

Figure 3.12 Construction design principle of secondary structure to the planar linkages of the
spatial system, Scale 1:10
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3.2 Envelope Structure

The building envelope is required to provide roofing to the variable space of the structure, while
deforming elastically in response to the shape adjustments of the primary structure. In the specific
case example, the envelope should have at the material level, good mechanical properties, i.e.,
elasticity, strength and durability. In principle, coated polyester textiles of THYV,
Polytetrafluoroethylene, and noncoated PTFE are mostly suitable for adaptable structures. These
materials are foldable with good UV stability and light transmittance properties in the range of 15-
40 % [3.1]. At the structural level the envelope should have low self-weight, structural efficiency,
capability to cover the respective span spaces with only elastic deformations and minimal stress
interactions with the primary structure. In addition, the envelope is required to be flexible, in order

to accommodate the member structure.

ETFE, ethylene tetrafluoroethylene, has been known since 1940s, when a US patent for the
substance was granted to DuPont. Unlike its close relation Teflon (PTFE), which was an accidental
spin-off, ETFE was the result of DuPont’s research program to develop an insulation material for
industrial machinery that was resistant to friction and abrasion, immune to radiation and effective
at both extremely high and low temperatures. ETFE is also used in the chemical industry, as shown
in Fig. 3.13 whereas one of the most stable known chemical compounds has been widely adopted

for applications in hostile environments, such as filters and linings for acid and alkaline baths.

Figure 3.13 ETFE roof from below and inflated cushions fixed to a cable structure that easily deform to
define the desired warped surface in an industry building
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In the architecture field, ETFE was sparked by the first oil crisis in 1973-74, when Europe began
to focus on harvesting solar energy to replace fossil fuels. Extruded ETFE film was developed at
Hoechst, where researchers significantly advanced production techniques and market applications,
including use as a replacement for glass in greenhouses and in metallized form, for thermal solar
collectors. ETFE showed no change in its optical or mechanical properties and these results

provided the assurance that paved the way for architectural applications [3.2].

ETFE films, also known as ETFE fabric membranes, can be heat-sealed, thermoformed, and
laminated to various substrates. TCI offers ETFE to create tensile membrane structures with
exceptional transparency, elasticity, and durability around the world. It can be purchased in clear,
printed, or colored varieties, all of which maintain excellent chemical, weather, and stress-crack
resistance and low flammability. ETFE is currently one of the most sustainable materials on the

market, since it can be 100 % recycled after its long service life [4.3].

In the specific case example, the envelope is required to be flexible in order to accommodate for
cases of dissimilar configurations assumed by any adjacent n-bar linkages that constitute the
primary member structure. At the lower and upper longitudinal row of the spatial structure on each
side, ETFE membranes have been placed. The membrane units have overall dimensions in plane
of 2.0 x 2.0 m and the envelope is positioned at a distance of 20 cm underneath the primary
structure for preserving continuity in the cover material. In the two lower rows on each side and
the upper one, in the longitudinal direction of the spatial structure, thin strips of ETFE membranes
have been applied. The ETFE membranes are placed at the bar linkage connection zones defined
by the secondary members. In principle, the adjacent ETFE membranes are interconnected on the
beams that consist of double UPN 140/60 sections. In addition, membrane units are to be supported
on a steel plate of 10 mm thickness, and fixed through the membrane clips. Furthermore,
photovoltaic membranes have been applied in the two upper rows on each side, in the longitudinal

direction of the spatial structure, as further described in Chapter 5.
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Figure 3.15 Spatial structure with horizontal reconfigurability and ETFE membrane
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1. ETFE membrane t=5mm

2.UPN140/60
3. 2xM12

4. 5235t=10mm
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Figure 3.16 Construction design of ETFE membrane support
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The numerical analysis of the structure was based on its kinematics based on the crank—slider
approach. In the current stage, the analysis focuses on the motion analysis of the structure using
the FEA software Solidworks. Following the preliminary stage of determining the control
sequences for implementing the required shape adjustments and the construction design, a new
model has been created based on the same geometric characteristics and dimensions of the basic
system. In addition, the members and the materials of the structure have been defined. Also, the
simulation includes the brake torques analysis, based on the self-weight and the material stresses.
The model was created twice, a model for the case of the horizontal and one for the vertical

actuation motion.

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

The same procedure was followed for the modelling of the horizontal and vertical actuated system.

4.1 Linkage Joints

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 selected motion sequences. After redefining the angles, the spatial models of the
structure were created within the software interface, and a motion analysis was conducted, Figs

4.1-4.3.

Sequence 1a (S1a)

STEP 0 [01, 02, 03, 04, Hs, 06, 07, 03, 0] = [98°, 144.6°, 139°, 158.4°, Om, 158.4°, 139°, 144.6°, 98°]
STEP 1 [01, 02, 03, 04, Hs, 06, 07, 03, 09] = [98°, 148.25°, 118.5°, 175.3°, -0.5164m, 175.3°, 118.5°, 148.25°, 98°]
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STEP 2 [01, 02, 03, 04, Hs, 06, 07, 05, 09] = [72.3°, 194.65°, 118.5°, 154.5°, +0.7864m, 154.5°, 118.5°, 194.65°, 72.3°]

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

Figure 4.1 Structure Configurations

Sequence 2a (S2a)

STEP 0 [01, 02, 03, 04, Hs, 06, 07, 05, 09] = [98°, 144.6°, 139°, 158.4°, Om, 158.4°, 139°, 144.6°, 98°]

STEP 1[04, 0, 03, 04, Hs, 06, 67, 05, 09] = [86.8°, 155.48°, 139°, 158.7°, +0.4786m, 159.85°, 131.13°, 144.6°, 104.4°]
STEP 2 [01, 02, 03, 04, Hs, 06, 07, 05, 09] = [86.8°, 185.6°, 102°, 165.57°, -0.9407m, 160.2°, 131.13°, 171°, 77.7°]
STEP 3 [01, 02, 03, 04, Hs, 06, 07, 05, 69] = [71.65°, 203.94°, 102°, 162.4°, +0.377m, 161.2°, 131.13°, 157.8°, 89.85°]

STEP 1

STEP 2 Target Position STEP 3
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Figure 4.2 Structure Configurations

Sequence 3a (S3a)

STEP 0 [01, 02, 03, 04, Hs, 06, 07, 05, 09] = [98°, 144.6°, 139°, 158.4°, 0m, 158.4°, 139°, 144.6°, 98°]
STEP 1 [01, 02, 03, 04, Hs, 06, 07, 05, 69] =[116.8°, 107.6°, 140.15°, 175.5°, -1.15m, 175.5°, 140.15°, 107.6°, 116.8°]

Initial Position — STEP 0 Target Position - STEP 1

Figure 4.3 Structure Configurations

4.2 Motion Analysis

The torques determination in the joints throughout the transformation process is significant for the
reconfiguration of the structure. This stage is divided into three sub-stages. First of all, the
calculation process includes the definition of the angles of the joints for the initial and target

positions, then the positions of the linkages need to be locked by the mates list, Fig. 4.4.

&5



CHAPTER 4 KINEMATICS ANALYSIS
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Figure 4.4 Commands ‘Angle’ and ‘Lock’ from standard mates list

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,

whereas in this model the direction is downwards corresponding to the y-axis, Fig. 4.5.

4 Motor (
v X
Meoter Type -
! 0 Rotary Motor
T ) ;
lII'IFaI' Motor [Actuator} 8 Gr (
J* path Mate Motor v X
Companent/Direction A Gravity Parameters
@ | | | |
A | Ox (OF Qz
_%' I ' [@® || se06.65mmssn2 | A
L Il b
Motion ~
[ serve motar v]
Displacement b4

Figure 4.5 Definition of motor and gravity
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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, defined, Fig. 4.6.

Mation Analvsis "|ﬁ|"‘" ' v*'ﬁ@ |®§\\& U|JE||@‘| 4
@ @’1 ']_r" E.- Tasks Triggers Actions Time
A w @ orizontio (Default<Disg Name | Description Trigger Condition |Time/Delay Feature Action Value | Duration |Profil|Start| End
< Orientation and Cam| [ Taski QTime = 0s|-HLinearMotorz 4|On 0s |0s
+ [ Lights, Cameras and Task2 [ Task1 j;Task Stat | <None> |-DjLinearMotor? #(Change | 478.4mm 10s| £ [os  |10s
4 LinearMotor2 [Taska [P Taskz  @ilTask Stat | <None> |0f2) =4|On (o |0s
o Gravity - : — !
b @ ) Asseriivasi V3¢ ETﬂsl@l @ Task2 -_;;.!ETask Start <Mone> | I{10) H|of ECIs 0s
» @ (-) ravdos gia ropes | [ [Tasks [ATaskz  |Task End <None> |-BlLinearMotor2 &i(Change | -840.7mm 10s| & [10s |20s
v (-) ravdos gia ropes | (3] [Tasks [ATasks =Task Stat | <None> [0}(2) =4on [10s |10
v B i — 1 = T
% () piros 2<1> (Defax @ Task? @ TaskS  2|Task Start <None> |0 {10) | off |10s (10s
' '@3 (-) piros 222> (Defay | | 7
b % () ravdos gia ropes ; Taskd IZ Task5 ;E;Task End <Mone> -E LinearMotor2 £4|Change I7T7Tmm 10s| “— :203 s
[} Q?J (-) ravdos gia ropes | :Taskg [ Tasks :Ei?ask Start <None> |l (2) =1|On ;203 20s
* & (-) ravdos gia ropes i| (3] [Task10 [& Taska ;firask Stat | <None> |[f(10) | of |20s |20s
* & () ravdos gia ropes ; |4 Click here to add R ' N i ) ]

» & (-) piros 2<3> (Defan

Figure 4.6 Specifying the model steps in the timeline view

The actuator’s movement to the top or the right of the structure is signed with the symbol "+", in
contrast to 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 the torques on

the joints are calculated and presented in the Results interface of the software in graphs, Fig. 4.7.
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Figure 4.7 Example for calculation of torque graph using the ‘result’ command

4.3 Numerical Results
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The system configurations, as well as the brake torques and the displacements of the actuator have
been determined, based on the horizontal and 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 4.8-4.10 illustrate the reaction moments

on the joints, in each sequence. The reconfiguration steps have a duration 10 seconds.

Brake Torques of Sequence 1

0.08
E 0.07 : Joint ©1
fZ.‘, 0.06 | ee--- Joint 62
=
c 0.05 " ......... Joint 63
é 0.04 1 - = =Joint 87
!
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2 002 T~ :
g - : RN /I § — . -lointe9
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0 2 4 6 8 10 12 14 16 18 20 Time (sec)
Figure 4.8 Brake torques of Sequence 1
Brake Torques of Sequence 2
" Joint 61
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Figure 4.9 Brake torques of Sequence 2
88



CHAPTER 4 KINEMATICS ANALYSIS

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005

Reaction Moment (kN-m)

Brake Torques of Sequence 3

....................
............................
.....
........
.......
see

10

Figure 4.10 Brake torques of Sequence 3
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Table 4.1 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 around 7.7 kNem. In Sequences 2 and 3, the highest values

amount to 108 and 4.3 kNcm, respectively. Moreover, in Sequence 2 is present the highest value

of braking torque in all sequences; it is more possible to appear a deformation in the Sequence 2.

Table 4. 1 Maximal brake torques

Joint 1 Joint 2 Joint 3 Joint 7 Joint 8 Joint 9 Max
01 02 03 07 Os 09 Torque
[kN.cm] [kN.cm] [kN.cm] [kN.cm] [kN.cm] [kN.cm] [kN.cm]
Seq. 1 0.076 0 2.475 7.734 0 0.199 7.734
Seq. 2 107.944 0 10.220 3.111 0.913 0 107.944
Seq. 3 0 0 1.331 4.269 0 0 4.269

The displacements of the sliding block have been recorded as shown in Table 4.2. The maximum

displacement in Sequences 1 and 2 is around 80 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. In addition, Sequence 3 requires

&9




CHAPTER 4 KINEMATICS ANALYSIS

more energy for the sliding block displacement than the other Sequences. The results indicate that
it is preferable to eventually select a sequence with more steps, in achieving minimum

displacements of the sliding block.

Table 4. 2 Maximal displacement of sliding block

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

90




CHAPTER 5 ENERGY APPROACH

CHAPTER 5 ENERGY APPROACH

5.1 Structure Usage

Earthquakes, pandemics, conflicts and environmental disasters have challenged architects,
planners, designers and engineers. In this respect, temporary structures may adapt to the type of
disaster (i.e., refugee migration, earthquakes, pandemics, etc.) quickly and efficiently, suiting both
the circumstances and the location in which they are implemented. The crisis of epidemics
constitutes an increasing risk and the communication of disease, a contemporary point of reference.
Furthermore, the spread of infectious diseases can be so pervasive that they move from a local

outbreak to a globally affected pandemic.

The proposed structure may be used for emergency situations, like the COVID-19 pandemic. The
main usage of the structure is to create a space for doctors and the community during the
performance of Covid tests and/or 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.

5.2 Energy Approach

Photovoltaic systems that are fully integrated into an architectural application, such as the BIPV
system, can be applied during the design study, the construction, or upgrade of the structure. BIPV
technologies can aesthetically upgrade the building and turn it into a high-efficiency infrastructure

for solar energy production.

Thin-film solar cells were originally introduced in the 1970s by researchers at the Institute of

Energy Conversion at the University of Delaware in the United States. The technology
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continuously improved so that in the early 21st Century the global thin-film photovoltaic market
was growing at an unprecedented rate and was forecast to continue to grow. Several types of thin-
film solar cells are widely used because of their relatively low cost and their efficiency in
producing electricity. Thin film solar cell technology has recently seen some radical advancement

as a result of new materials and innovations in device structures [5.1].

Amorphous silicon thin-film cells are the oldest and most mature type of thin-films. They are made
of nanocrystalline silicon, unlike typical solar-cell wafers. Amorphous silicon is cheaper to
manufacture than crystalline silicon and most other semiconducting materials. Amorphous silicon
is also popular, because it is abundant, non-toxic and relatively inexpensive. However, the average

efficiency is very low, less than 10 % [5.2].

Applications of thin-film solar cells began in the 1980s with small strips that were used for
calculators and watches. Throughout the early 21st Century the potential for thin-film applications
increased greatly, because of their flexibility, which facilitates their installation on curved surfaces,
as well as their use in building-integrated photovoltaics, Fig. 5.1 [5.1]. Sheets of thin-films may
be used to generate electricity increasingly in places where other photovoltaic cells cannot be used,
such as on curved surfaces on buildings, cars, or even, clothing to charge handheld devices. Such

uses could help to achieve a sustainable energy future.

Figure 5.1 Thin-film solar cell application
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If there is a long distance between the cells of the PV modules, there will be more transparency of
the modules, Fig. 5.2. This allows sunlight to pass through the PV, providing at the same time,

protection from rain and cold [5.4].

Figure 5.2 Transparency of a Photovoltaic System [5.1]

The corresponding envelope of the spatial structure consists of integrated thin photovoltaic films
on two longitudinal rows, on each side of the structure, in place of the ETFE membranes. The
photovoltaics application is based on the elements’ exposure to the sun. The PV thin films, have
the advantage that the distance between the cells can be adjusted and the light transmittance can
change in achieving shading inside of the building. The irradiation levels and the PV systems
performance were calculated through the platform of PV-sites [5.5], based on the weather
conditions of Cyprus and Sweden, as these are provided by the weather data of the Energy Plus

platform [5.6].

In principle, thin-film technologies reduce the amount of active material in a cell. The majority of
film panels have 2-3 percentage points lower conversion efficiencies than crystalline silicon.
Cadmium telluride (CdTe), copper indium gallium selenide (CIGS) and amorphous silicon (a-Si)
are three thin-film technologies often used for outdoor applications. Fig. 5.3 shows a typical

structure of a photovoltaic thin film cell.
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Figure 5.3 Structure of a Photovoltaic Cell [5.3]

The analysis is based on the climatic conditions of Larnaca, Cyprus (latitude: 34.923096 and
Longitude: 33.634045), where for almost 8 months of the year, the sky is clear and there is high
solar radiation [5.7, 5.8]. The analysis results show that the building integration of PV systems can
contribute to the conversion of an existing low energy performance structure to an energy
efficiency standards structure. According to the Department of Meteorology of Cyprus [5.7], the
region of Larnaca has mild winters and warm to hot summers, with temperatures ranging from 7
to 33° C, respectively, Fig. 5.4. Also, the sun hours do not reach rates under the 180 hours during

the winter months, Fig. 5.5.
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Figure 5.4 Average min and max temperatures in Larnaca, Cyprus [5.8]
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Figure 5.5 Average sun hours over the year in Larnaca, Cyprus [5.8]

The analysis results also refer to the climatic conditions of Stockholm, Sweden (latitude:
59.334591 and Longitude: 18.063240), a humid continental climate [5.9]. The city of Stockholm
has cold winters and mild summers, with temperatures ranging from -2 to 22° C, respectively, Fig.
5.6. Also, the sun hours do not exceed 300 hours during summer months and 150 hours during

winter months, Fig. 5.7.
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Figure 5.6 Average min and max temperatures in Stockholm, Sweden [5.8]
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Figure 5.7 Average sun hours over the year in Stockholm, Sweden [5.8]

The simulation analysis provided the irradiance measurements and energy production by the PV
system. Solar irradiance is the total amount of solar energy falling on a surface and it can be related
to the area under solar irradiance versus the time curve [5.9]. Measurements or estimation of the
solar irradiation (i.e., solar energy in Wh/m?) in a specific location, is significant in studying the
optimal design and predicting the performance and efficiency of a PV system [5.10-5.12]. The
study conducted refers to the calculation of the direct, diffuse and indirect irradiance. The case
study refers to the solstices that occur annually, on the 21st of December, March, June and

September.
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The model in its different configurations was designed in the 3D drawing interface of the software
PVsites and the data needed for the simulation was entered into the database (input data). From
the PV system library, the PV system selected is mono-Si, transparent BIPV system and the
modules of 1.0 x 2.0 m dimensions and 5 mm thickness of the thin films. The Power of the PV

System is 230 Wp, for each module. Also, was selected one inverter for each PV side of the system

of 5 kW power.

Table 5.1 ETFE membrane and BIPV System characteristics

Transparent BIPV system

ETFE membrane

Technology mono-Si Specific Gravity 1.74
Dimensions 1.0x2.0 m | Water Absoption % <0.03
Active layer 60 cells Tensile Strength (psi) 7000
Peak Power 230 Wp Elongation at Break % 300
NOCT 45° C Initial Tear Strength 500
Voltage at Open Circuit (Vocc) 369V Continuous Use Temp (°C) 165
Voltage at Maximum Power (Vmpp) 258.8V Melt Point 260
Efficiency level 15 % Refractive Index 1.4
Transparency 21 % Light Transmission % 65

5.2.1 Simulation Results

The direct, diffuse and indirect solar irradiance have been calculated in each month of the year, on
the 21st day at 12:00 am. Specifically, the analysis of the results focuses on the solstices that occur
on the 21st of December, March, June and September 2020, in Cyprus and Sweden for 2 different
site orientations, namely of 0 ° and 90°, Figs 5.8-5.11. In the simulation analysis is derived also the

energy production by the photovoltaic units with regard to the initial and three target positions of

the building obtained through the respective motion sequences.
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Figure 5.11 Sweden’s sun path diagrams on 21st of June at 12:00 am (site orientation: 0°)

Figs 5.12 and 5.13 present the solar irradiance on the 21st of March for the site of Larnaca and an
orientation of 0° and 90° respectively. The photovoltaic system gathers the highest rate of diffuse

and indirect solar irradiance at the initial position of the building, while the other positions induce
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a similar amount of solar irradiance. On the other hand, building position C yields the highest
amount of solar irradiance, in contrast to the initial position that corresponds to the lowest

respective value.
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Figure 5.12 Solar irradiance on 21st of March at 12:00 am (site orientation: 0°)
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Figure 5.13 Solar irradiance on 21st of March at 12:00 am (site orientation: 90°)

On the 21st of June at 12:00 am, all solar irradiances have highest value at the initial position of
the building and a site orientation of 0°, Figs 5.14, 5.15. In the case of an orientation of 90°, the
initial position of the building yields the lowest values of solar irradiance. Furthermore, the total
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solar irradiance of 288 kWh registered at the final position C of the building and 90° site orientation
is the highest. The lowest total solar irradiance of 247 kWh refers to an initial building position

and a site orientation of 0°.
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Figure 5.14 Solar irradiance on 21st of June at 12:00 am (site orientation: 0°)
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Figure 5.15 Solar irradiance on 21st of June at 12:00 am (site orientation: 90°)

On the 21st of September, the initial building position induces the highest solar irradiances at a

site orientation of 0°, while the respective values at the building position C are close to the former,
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Fig. 5.16. The building position A induces the lowest values of solar irradiances, 48 kWh of direct
irradiance, 60 kWh diffuse irradiance and 66 kWh indirect irradiance. At a site orientation of 90°,
the initial building position induces the lowest respective values, in contrast to the building position
C, that induces the highest ones, Fig. 5.17. Comparatively, the corresponding values at the initial

building position are the highest at a site orientation of 0°.
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Figure 5.16 Solar irradiance on 21st of September at 12:00 am (site orientation: 0°)
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Figure 5.17 Solar irradiance on 21st of September at 12:00 am (site orientation: 90°)
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On the 21st of December, the amount of direct solar irradiance is very low in all variables of the
building position and site orientation, in contrast to the respective values of indirect solar
irradiance. In addition, the values of the solar irradiance induced at the building positions A and B
are the same, at both orientations. The solar irradiance at a site orientation of 90° has a maximum
value at the building position C. The initial building position induces the highest solar irradiance
values at a site orientation of 0°, whereas it induces the lowest respective values at a site orientation

of 90°, Figs 5.18, 5.19.
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Figure 5.18 Solar irradiance on 21st of December at 12:00 am (site orientation: 0°)
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Figure 5.19 Solar irradiance on 21st of December at 12:00 am (site orientation: 90°)

Based on the analysis results for the site location of Larnaca, Cyprus, the values obtained with
regard to the solar irradiation are the highest in the case of the 21st of June, and the lowest, in the
case of the 21st of December. Accordingly, all three types of solar irradiation at the building
position A have the lowest values at a site orientation of 0°. The respective solar irradiances are
the highest at the building position C and a site orientation of 90°, for the case of the 21st of
September. Hereby, the direct solar irradiance developed the lowest values compared to the other
two types; this applies to all building positions and site orientations. The highest comparative
values refer to the indirect solar irradiance. In conclusion, the initial position of the building at a
site orientation of 0° induces the highest solar irradiation, whereas, at site orientation 90°, it induces

the lowest respective values.

The amount of energy production by the photovoltaic system was investigated for the same dates,
building position and site orientation variables, Figs 5.20, 5.21. As expected, the 21st of June
provides the highest respective values, in contrast to the 21st of December, which corresponds to
the lowest respective values. In addition, the rates of energy production at the final building

position on the 21st of December, are close enough, to approximately 5 kWh. The photovoltaic
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system produces comparatively higher energy amounts at the initial building position and a site

orientation of 0°, as well as at the building position C and a site orientation of 90°.
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Figure 5.20 Energy production of photovoltaic system (site orientation: 0°)
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Figure 5.21 Energy production of photovoltaic system (site orientation: 90°)

Subsequently, the simulation analysis referred to Stockholm, Sweden, at the corresponding site
orientations of 0° and 90°. On the 21st of March at 12:00 am, at a site orientation of 0°, the indirect
irradiance value at the initial building position is slightly higher that the respective value at the
final building position C. All other values of solar irradiance at the final building position C are
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higher than the corresponding values at the initial building position. The total values of solar

irradiance at all building positions are similar, Figs 5.22, 5.23.
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Figure 5.22 Solar irradiance on 21st of March at 12 am (Site orientation: 0°)
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Figure 5.23 Solar irradiance on 21st of March at 12 am (Site orientation: 90°)

On the 21st of June, the direct irradiances at all building positions and site orientations are similar.
In addition, indirect irradiance at the initial building position and at a site orientation of 0°is higher

than the corresponding value at the final building position C. At the latter building position, the
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highest values at both orientations were registered, in contrast to the corresponding values at the
final building positions A and B, Figs 5.24, 5.25. Also, the indirect irradiance amount at the final
building position B and a site orientation of 0° is significantly lower than the corresponding amount
at the final building position B and a site orientation of 90°, i.e., with values of 36.5 and 46 kWh

respectively.
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Figure 5.24 Solar irradiance on 21st of June at 12 am (Site orientation: 0°)

June

50
5 47 44 46
4
26 21.5 =
I . 18 I
0 I I

Initial Position  Final Position A Final Position B Final Position C

kWh
BN W
©o ©o © o o

W Direct Irradiance W Diffuse Irradiance M Indirect Irradiance

Figure 5.25 Solar irradiance on 21st of June at 12 am (Site orientation: 90°)
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On the 21st of September at 12:00 am, the final building position C gathers the highest amount of
solar irradiance, Figs 5.26, 5.27. Alongside, all values of solar irradiance at the initial building
position and a site orientation of 0° are much higher than the corresponding values at a site
orientation of 90°. The final building position B at both orientations collects the lowest total solar

irradiance in contrast to the final building position C.
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Figure 5.26 Solar irradiance on 21st of September at 12 am (Site orientation: 0°)
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Figure 5.27 Solar irradiance on 21st of September at 12 am (Site orientation: 90°)
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On the 21st of December at 12:00 am, the solar irradiances at all building positions and orientations
are similar, Figs 5.28, 5.29. The direct irradiance values at both orientations are very low, in
contrast to the indirect irradiances, which occupy the highest values of solar energy. Additionally,
the total solar irradiance at the final building position A and a site orientation of 90° is higher than
at the other final building positions. Furthermore, the direct irradiance at the final building
positions and a site orientation of 0° is lower than the corresponding values of direct irradiance at

the final building positions and a site orientation of 90°.
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Figure 5.28 Solar irradiance on 21st of December at 12 am (Site orientation: 0°)
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Figure 5.29 Solar irradiance on 21st of December at 12 am (Site orientation: 90°)

At the final building position C, the highest rates of energy production are achieved at both
orientations, Figs 5.30, 5.31. In particular, the energy production at the initial building position
and a site orientation of 0° is relatively high in contrast to the corresponding site orientation of 90°.
Also, the amount of energy production in December at both orientations is practically negligible,

whereas the amount of energy production in June has the highest rate.
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Figure 5.30 Energy production of photovoltaic system (Site orientation: 0°)
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Figure 5.31 Energy production of photovoltaic system (Site orientation: 90°)

The analysis verified at first place that in Larnaca there is more solar irradiance and
correspondingly, energy production than in Stockholm, Fig. 5.32. Overall, the total energy
production in Larnaca, is higher at a site orientation of 0° in contrast to the respective value
obtained in Stockholm, i.e., 141.6 and 67 kWh respectively. Comparing further the two geographic
locations, the initial building position in Larnaca gathers the highest total solar irradiance at a site
orientation of 0°in all analysis cases. Additionally, the final building position C collects the highest
energy at a site orientation of 90° in all analysis cases. On the other hand, in Stockholm, at all
building positions, higher values of solar irradiance are obtained at a site orientation of 0°, except
for the cases of the 21st of March and June. In Stockholm, at the initial building position, the
highest total solar irradiance is achieved at a site orientation of 0° in all analysis cases. Alongside,
the final building positions B and C in both cities occupy comparatively higher energy production
values at a site orientation of 90°. Furthermore, the obtained total solar irradiance at the final
building position A in Larnaca, in all analysis cases, is higher at a site orientation of 0° compared
to the corresponding final building position in Stockholm, which gathers the highest energy at a

site orientation of 90°.
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Figure 5.32 Overall energy production of photovoltaic system in Larnaca and Stockholm
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CHAPTER 6 CONCLUSIONS

In the current study the design and analysis of a reconfigurable structure and the investigation of
its kinetic behavior have been conducted. The kinematics applied are based on the Effective
Crank—Slider reconfiguration approach, namely a kinematics approach that stepwise 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. During a motion sequence for implementing the
required shape adjustment, there are locked and unlocked brakes in the joints. Once a joint has
been adjusted, this will be locked in the following steps of the reconfiguration. Through movement
of the slider in each step, the selected joint angles adjustment may provide symmetrical or non-
symmetrical configurations of the system. 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. The kinematics approach applied provides maximum flexibility and

endurance with minimum required actuation energy.

A building envelope of ETFE and photovoltaic membranes was applied in the longitudinal
direction of the spatial structure. The photovoltaic units integrated with the flexible building
envelope enable high levels of energy production, exceeding the performance of a corresponding
fixed shape building. The simulation analysis provided the irradiance measurements and energy
production by the photovoltaic system. The case study focused on the solstices annually, i.e., on
the 21st of December, March, June and September, at 12 am, in Cyprus and Sweden for 2 different
site orientations, namely of 0 © and 90°. In the simulation analysis was also derived the energy
production by the photovoltaic units with regard to to the initial and three target positions of the

building obtained through the respective motion sequences.

The analysis illustrates that Larnaca gathers higher amounts of solar irradiance and results in
higher energy production than Stockholm. In particular, in Larnaca, the total energy production is
higher at a site orientation of 0°. In all analysis cases the initial building position in Larnaca has
the highest total solar irradiance at a site orientation of 0°. Also, all building positions in Stockholm
resulted in higher values of solar irradiance at a site orientation of 0°, except for the cases of the

21st of March and June. Alongside, the final building positions B and C in both cities occupy
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comparatively higher energy production values at a site orientation of 90°. Furthermore, the
obtained total solar irradiance at the final building position A in Larnaca, in all analysis cases, is
higher at a site orientation of 0°, whereas the same final building position in Stockholm, gathers

the highest energy at a site orientation of 90°.

In terms of future work, the numerical analysis of further motion sequences and the automated
selection of favorable ones according to specific criteria, such as maximum brake torques and
slider displacements may be conducted. From an energy perspective, a further parameter to be
investigated is the natural lighting levels of the building, which can also affect the visual comfort
of the users. Also, a Life-Cycle-Cost Analysis is considered to be significant, with regard to the
production of the components of the system, the erection and assemblage of the structure, as well

as the operation of the kinetic structure and the building.
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Appendix 1 Scenarios of Sequence 2

Sequence Order 2a (S2.)

Jg

Jg

Jo

J7

Jg

Jg

Je

O] |AH

J7

Jg

Jo

=

=H| O | ®|o|A

Js

@ ® |60 | A

J7

Jg

Ja

Js

=

Js

CRAR A ECHF-

J7

J3

Ja

Js

e

Js

@ I® |04

J2

J3

Ja

Js

=

Ji

AlOI®|O

J2

J3

Ja

Step 1

sep2 [ A | O | O | O =H|IO|®|6 | A

Step 3 & @ ® @

J1

A|lO IO

J2

J3

sl | A | @|O|=H| 0|0 |® A

Step 2

53 | A | @ [O |O|=H| O |®| | A

J1

AR DD

J2

Step 1 % @ ® @ ; @ @ ® @

Step 2

w3 | A @ | @ | O|=H|O|®| 6| A

J1

AlO|O|O

sepl | A | O [ @ | O|=H|[ Q|0 | ® | A
ser2 | A | @ | O | O|=H[O|Q]|6 | A

Step 3

115



APPENDIX
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Step ®

p3é>

Ja

P
®
= N
@Q@@@A
®®®%®®®
Stepl@@@@@@

2| A\ :
Step ®

p3 | L\
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APPENDIX

Sequence Order 2e (S2¢)

Jo

Jo

Jg

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

Je

Je

Je

O I®|L

ORI ECR K HIFN

Js

Js

Js

-

L

Ja

Ja

Ja

Ja

J3

Ja

J3

J3

J2

J2

J2

J2

Ji

AlOI®|IOIFR| 0|0 |®|A

AlQO|IO|IO0O=RIO|I®|O| A

- NINONNONEONE==ENONNON NI

J1

AlO|I®|O0|=| 0|0 |® |4

- NINONNORNNONI=RRCH N EON VAN

AlQO|IO|O|=EH|GO || 0|4

J1

AlOI®|IO|I=F| 0|0 |®|A
- NINONNONNORE=NRONNONNORI.

Al EHIO|I®|6|A

J1

AlO|I®|O

AlO|O|OIR| 0|06 |A

AlO|O|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
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APPENDIX

Sequence Order 2f (S2¢)

Jg

Jo

Jo

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

OI|®| O A
OlO®|®|A

Je

QO IR | L

Js

ClOI® A
OB ECAECAR-
@193 A

Je

@ 0|0 |48

Js

=

=

—

L
[

=

Js

—

Ja

Ja

Ja

Ja

J3

Ja

J3

J3

J2

J2

J2

J2

Ja

AlO|I®| O

J1

AI®| O]

AlO|I®|O0O|=H| OO0 | A&

J1

AI®|O]| O

AlO|®| O

AlOo|®|0O

J1

Al I O|0|I=Z0|60|® |4

AlO|®| O

Al |I®| 0RO ®|O|A

sepl [ A D | OO || OO | ® | A

Step 2

Step 3 A @ ® @

Step 1

se2 | AT O | ®|O|=|[O|®|O0| A

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3
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APPENDIX

S2,)
Order 2g (
Sequence

Jo

Jo

Jo

Jo

Js

Jg

Jg

Jg

Jz

J7

J7

J7

Je

SN ECHECAN-

Je

|0 |® A

Je

©|lO0|® |4 A

Je
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0|’ |4

Js

=

e

—

e

Ja

Ja

Ja

Ja

J3

Ja

J3

Ja

J2

J2

J2

J2

J1

Al®|O|O

Ja

AlI®|O|e

A\
®
oREoRI=RNoRES
A ©

VN
ONEO)
| O |=H|O

AlO

Ja

Al®|O0|6

J1

A\
@ ®
@Q@@@@}
SeTeolole

A ®

AlI®| O]

®
Step 1 ;& ® @ ‘
@
Step 2 4@) (:) (:) g (:) (:) (:) @>

Step 3

Step 1

Step 2

Step 3

Step 1

2\
OO
@ = |6 0.8 2
Step2®®g®g®
step3 | B\ | ®

Step 1
Step 2
Step 3




APPENDIX

Sequence Order 2h (S2n)

Jo

Jo

Jo

Jo

Js

Js

Jg

Jg

J7

J7

J7

J7

Js

O ®|6e|A
Ol ®| e |L

Je

@|0|® &
OI®|e A

Js

®|®| e |L

Je

| O0|®|A

Js

-

-
—

:

Js

-

—

Ja

Ja

Ja

Ja

J3

Js

J3

J3

J2

J2

J2

J2

J1

AlO|I®|O

AlO|O|O

J1

AlI®|O|6

AlO|®| 6

Al I O|IO|R|0 Q|6 |4A

J1

Al R N 0|®|6|A

Al®|O|O

J1

AlOo|0O|O0|=H|O0|®|6e|A

AlO|I®|O|ZH|6|®|e|A

spl | A | Q[ O|O | =R OO | ® A

Step 2

Step 3

Step 1

Step 2

Step 3

501 | A | Q| O || =[O0 @ |A

Step 2

Step 3

Step 1 4% (X) @ @

Step 2

Step 3
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APPENDIX

Sequence Order 2i (S2)

Jo

Jo

Jg

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Js

9| ®|H
|® |0 |A

Je

Je

QO |4

Js
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@ O|® |4

-
L

Js

Js

[

Js

d

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

A0

AlO|O0|O

J1

- INONERONNONE=R NN N NNON WA

- N RONNONNORI=ANONNONNONE-

J1

AlO|IO|o|=| 0|0 |A

Al |06

V- INONNONNON =R RO N NN NON AN

J1

Al OO0 OO0 ®|A

AlO|IO|I0|=H|O |00 |4

Al |06

Step 1

Step 2

w3 | A | Q| O | O|=H|O|O|®|A

Step 1 é; ® @ @ % @ @ ® @

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3




APPENDIX

Sequence Order 2j (S2))

Jo

Jo

Jo

Jo

Js

Js

Jg

Jg

J7

J7

J7

J7

©|® | A

Js

OO | ® A
OI®|6 | A

Js

|0 |® | A
@I®|0|A
ONRCRNORE.

Je

| ®|6|L

Je

.

—

H

=
-

Js

e

Js

= | ®

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

- ONNONNO'

O YR ONNO

Al |0|H|[0 0@ A

J1

V- NINONNONNG'

Al OO

A OO

J1

Al I O|o|lHIGO||0 A&

Al OO

J1

A OO

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

swm@@@@@@@@@

Step 2

Step 3

Stepl&@@@%@@@@
2 [ A @O0 | =R || |&

Step 3
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APPENDIX

Sequence Order 2k (S2k)

Jo

Jo

Jo

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

©|O0|®|A

I®|o|A

Je

OO |®|AL
OB RCHNORE-N

Je

| O|®|A

©le|® | A

Je

o

—

.

(=

-

Js

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

7-SINONNORNO

AlOI®| O|=H|o0 |0l |&

AlO|®|O

J1

AlOo|o|o

AOI®|O

AlO|®| 0|0 |0|® A

J1

AlO|O|E

AlO|®|O

J1

AlOIQ|I ORI | A

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

se2 | A O | @O = O | ®| | A

Step 3

Stepl@@@@%@@@@
se2 | A O | ®|O|=R|O| Q|6 |A

Step 3
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APPENDIX

Sequence Order 21 (S2i)

Jg

Jo

Jo

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

Jz

Je

Je

© Q|0 |A

Je

OO0 |® | A

Je

OI® | |A

Js

Js

=

[

Js

.

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

AlOI®|IO|I=E| 0|00 |A

J1

AI®|IO|O

Ja

Al®|QO|O|H|O[®|6|A

AlO|IOIOIR|IO|I®| 6 |A

Ja

Al 0|lol=|0|60|®|A

AH|I O] OO

AlO|®|O|H | 0[®|6]|A

Step 1 4@) @ @ @ g @ @ ® Q

Step 2

503 | A | O | OO ||| @] 0| A

Stepl@)@@@%@@@ég
sz | A | || O | =[O0 | @60 | A

Step 3

Step 1 4@ @ @ @

Step 2

Step 3

Step 1

Step 2

Step 3
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Sequence Order 2m (S2m)

Jo

Jo

Jo

Jog

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

ClOI® | &

J

OO |® A

Js

ONECAKORN-

JG

OlO|® | &

s

=

Js

-

=

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

Ja

\]2

Ja

Al ol

Al ®|IO|IER| 0|00 A

J1

Al o6

AlO|IO|I0|E|0 ||| A

J1

Al O|IOo|IR| 0|0 ®|A

Al ®|IO|I=ZR| 0|00 A&

AlO|O|O

Ja

Al 6|6

Al QIO A

Step 2 @ ® @ @ ; @ @ @ &

Step 1

Step 3

Step 2 & ® @ @ g @ @ @ &

Step 1

Step 3

Step 1

Step 2

Step 3

Step 1

sep2 | AT Q| @O =H| OO0 | A

Step 3

126



APPENDIX

Sequence Order 2n (S2,)

Jg

Jg

Jo

Jo

Jg

Js

Jg

Jg

J7

J7

J7

Jz

Je

Je

Je

|00 | &

SN NORECAR-.

Je

Js

Js

=

-

Js

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

Alo|lo|lo|=Ro|0|o |4

Al I OIOI=R| |0 ®|A
Al  O|IO| =0 |®|6|A

J1

Al Ol =R| 0|06 | A

Al I OIOI=R|0|0|®|A

J1

Alo|lo|le

AR OIO|R|IOI®|6|A

AI®|O|O

J1

AR I OIOIHIO|®| O A
AlQ OIOIH 0[O0 ®[A

Step 1

Step 2

Step 3

Step 1

Step 2

53 | A | Q| OO || O |00 A

Step 1

Step 2

Step 3

Step 1 4@ @ @ @ g @ @ @ 4§>’

Step 2

Step 3
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Sequence Order 20 (S2,)

Jo

Jo

Jg

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

Jz

Je

| 0| ®|A

Js

O ®|6 A
@ l|lo s

Js

Je

O NCRECHE-.N

Js

-

Js

-

=

Js

=

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

Ja

J2

Ja

Al |0|0|R| || |8

AlO|I @I O|I=HI00|®| 0| A

AlO|I®|O

J1

A0 Oo|=|0|0]|60 |4

AlO|I®| O

AlO|I®O

J1

AlQO|I®R|O|H|0|0|®|A

Aleo|®lol=m|l0o|le|los

Ja

Aol

AlO|®|0|H|®|0|® (A

AlCO|I®@ I O|I=R| O | ®|0|A

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

sl | A | @O | OO || OO0 | A&

Step 2

Step 3

Step 1

Step 2

Step 3
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Sequence Order 2p (S2;)

Jo

Jg

Jo

Jo

Js

Jg

Jg

Jg

J7

J7

J7

J7

@O L

Js

© 0|0 |4
I ®|O|A

Js

Je

© | ®| O |L

JG

@ 0|0 |4
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=
—

.

Js

Js

]

=

| ®

Ja

Ja

Ja

Ja

J3

J3

Ja

J3

J2

J2

J2

J2

J1

Aol oo

AI®| OO

AlO|I®|IO=|60|®|0|L

J1

Al®|OIO|H|O|®|6 A

AlO|IO0 0RO ®|6|A

Ja

HlOIBO

AlO|O0|O0 | =60 | ®|0|A

J1

Aol oo

SO O|6

Step 1

Step 2

Step 3

sl | A | O | OO |=H|O| OO | &

Step 2

Step 3

sl | B | Q| OO || O OO | A&

Step 2

Step 3

Step 1

se2 | A | Q| @O | = O ®| | 4A

Step 3




APPENDIX

Sequence Order 2q (S2q)

Jg

Jo

Jo

Jo

Jg

Jg

Jg

Jg

J7

Jz

Jz

J7

Je

@ lO|® | A
0| ® A

Js

ONECHECAR- X

O’ |AL

Je

Js

@O |® | A

Js

=
=

=

-

Js

Js

—

Ja

Ja

Ja

Ja

J3

J3

J3

J3

Ja

J2

J2

J2

J1

AlO|Ol0o|=R| 0|06 |A

AlO|I®|O

AR OB

J1

Aol ol

Al ® O0|H| G |0]|® (A

AlO|O|O

J1

AlO|Ol0o|R OO |A
Al O|IO|I=H|IO| 0| Q|4

Alo|leo|lo|=2|0|0|®|A

Ja

AI®|O|O

AlOIR|O|H| Q| O|D|A

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3

sl | A | OO | |=R| 0|00 |A

Step 2

Step 3
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Sequence Order 2r (S2;)

Jo

Jo

Jo

Jg

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

Je

@ 0|0 | &

Je

0|60 | &
O |®|H

Je

Js

-

B
o

Js

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

Ji

J1

Al®|IO|O

Ja

AlO|O|O

Y. INONNONNONE=RNONNONNORW:

J1

AlQO|O|IO0|IHFH|O|[®|e|A

Step1@®@®%@®®®
se2 | A | Q| OO | =2 |0 | @] ©|A
53 [ A | Q| QOO |=|O | O] @ A

se2 | A | Q| OO |=H|IO|®|0|A
53 [ A | O | OO || 0| OO | A&

Step 1

Step 1 ,él. ® @ @

Step 2

Step 3

sepl | A | ® | ©| ® Q OloeO|E | A
Step 2 @ @ @ @ g @ @ ® ’4%

Step 3
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Sequence Order 2s (S2s)

Jo

Jo

J

Jo

Jg

Jg

Jg

Jg

J7

J7

J7

J7

Je

0|60 | &

Je

Je

CRECHECHR:
OO | A
QOO |A

Je

O[O A
QlO|I® | A
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=

Js

-

-
e

!

Js

i

—

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

Al®|IO|G®

AlO|I@|IO=R|O| |6 A

J1

AlOI®|O|=HR| Q|00 A&

J1

Al®|O|O

AlOI®|O

Ja

AlO|I®| O

Step 1

sep2 | A | Q| Q| O |EH| O] 0| ®| A

Step 3

smm@@@@@@@@é@»
02 | AN | O @O0 | =H| O O] ®| A

Step 3

Step 1

Step 2 Q @ ® @

Step 3

sl | A | ® | O | O =HR| 0|00 |4

so2 | A @@

Step 3




APPENDIX

Sequence Order 2t (S2¢)

Jg

Jg

J

J7

Js

Jo

PN

Jo

Je

ONECHECRE:
IO | A
| ®|6 A

J7

Jg

Jg

L
-

Js

CRECHECHR-)

Jz

Jz

Js

Ja

s

J3

Ja

Js

-

= | O Q| ©

Je

O ECHECRE:

.

Ja

Ja

Ja

J3

J3

Ja

Al®|O |G

AI®|IO|O

J2

J2

J3

Step 1

sep2 | AN | O | @ | ©

Step 3

J1

Al®|IO|G

AlO|IO|IO=R|IO| |6 | LA

Step 2 & @ ® @ g @ ® @ 4%

Step 1

Step 3

J1

AlO|I0|0|ZFR| 06| A

AlO|®|O®

Ja

J1

Al®|O |G

Al |0|0|F|0|®|6|A

AR IO O=R| O ®| 6| L

sl | A | @ | O | O =[O0 |6 | A

Step 2

Step 3

Step 1

Step 2

Step 3
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Sequence Order 2u (S2y)

Jg

Jg

Jg

J7

Jg

Jo

Je

CARCAR- AR

J7

Jg

Jo

Js

=

Je

J7

Jg

Ja

Js

Je

©lo0® A
O |®| A

J7

J3

Ja

Js

=
o

Je

ClO|I® | L
ClO|®|A
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J2

J3

Ja

Js

=
L

J1

AlO|O|G

Al Q|0|H|O|0|®]| A

J2

J3

Ja

sl | A | @O |O|=H| OO0 0|4

Step 2

Step 3

J1

AlOIO|I0O=|0|0|®|A

AlOIQ®|0O|H I Q|O|®|A

Ja

J3

Stepl,@@@@%@@(aﬁ

Step 2

Step 3

J1

AlO|I®| G

Al O|O|G

J2

sl [ A | @O |O|=| Q||| A&

Step 2

Step 3

J1

AlO|®| O

Al

sl | A Q@ | O |O|=H| OO O | A&

Step 2

Step 3




APPENDIX

Sequence Order 2v (S2y)

Jo

Jg

Jg

Jg

Jo

Jo

J7

©|®|A

J7

Jg

Je

ClOI®| A

Js

L

=] O

Je

OO | A&
OO ®|A
ORNRORE RN

J7

Jg

Ja

.
=

o

Js

CHROANCAR-.

O] L

Jz

Je

OO0 | A
O’ | L

Ja

.

J3

J3

Ja

J2

J2

J3

Ja

Ja

A|I®IO|O

AlO|O|6

Ja

AlO|®| O

AHI®|O| O

AHlO| OO

J2

J3

sl | A O | |0 || Ol 0] | A

Step 2

Step 3

Step 1

Step 2

Step 3

J1

AlOI® |G

AHlOI®|O

J2

Step 1

Step 2 @ @ @ @ g @ @ ® Q
el

Step 3

Ja

AlO|®|6

Al O|O|O

Step 1

Step 2

Step3,_& (X) @ @ﬁ@ @ ® &
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Sequence Order 2w (S2y)

Jg

Jg

Jo

Jo

Jg

Jg

Jg

J7

| O |A
Js

J7

J7

Jz

Je

|0 |4

Je

© @ @vZWa

Je

@O |A

O ®| 0| L

Je

| e|o0|A

O ®| 0| A

Lo

2| ®
Js

=

-

=

=

-

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

Ja

H|IO|I®| O

AN RONNO!
J2

J1

AlO|O|O

AlOI®| I O|=R| 0|0 L

J1

A|IO[® O

Al O|IOIEF| O ®| A

AlO|IO|O

Ja

HAlOI® |G

Al IOIOI=EH O ®| ©| A

AlO|I®|O

Step 1

se2 | A OO | O|=| Ol ®| @ A

Step 3

Step 1 @ @ ® @ g @ @ @ @

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

Step 2

Step 3
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Sequence Order 2x (S2x)

Jo

Jo

Jo

Jo

Jg

Js

Jg

Jg

J7

Jz

J7

J7

Je

J

ONECHNOAN:
©OI®|O | A
Ol |A

Je

©|O|C|A

Js

©|®| ©| A

Js

—
-

Js

-

Js

Ja

Ja

Ja

Ja

J3

Js

J3

J3

J2

J2

J2

J2

Ja

Al O|IO|=Z|0|®|0]A

Al I OIOIE| O O|®| A

J1

AlO|I®|O

Al OO

Al®| OO

Ja

Al I O|IOIR| 0|0 ®|A

Al®|O |6

J1

AI®|IO|IO|I=E| OO ®|A

Al®IO|O

Step 1 A @ ® @ Q @ @ @ 4@)

Step 2

Step 3

Step 1

Step 2

Step 3

Step 1 & @ ® @ g @ @ @ é@

Step 2

Step 3

w1 | A |1Q Q| O|H| |00 A

Step 2

Step 3
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Sequence Order 2y (S2y)

Jo

Jo

Jo

Jo

Js

Jg

Jg

Jg

J7

J7

J7

J7

J

Je

O] | A
OO ©|A

Je

©lO| O A

Je

Js

Js

L
=

Js

=]

Js

Ja

Ja

Ja

Ja

J3

J3

J3

J3

J2

J2

J2

J2

J1

® | &
O @|O|=H|O|O®
A\

J1

©® | A&
O | |=|60|6
A

AlIO|O|6

AlO|O|O

Ja

©® | &
O|®|O|=|0|®
A

AlO|O |6

J1

® | &
OI®| O |=H|O| O
A

® | &
@ | e|IH|O| O
A

Step 1

@ | A
- NINONNONNON =1 NONNO)
Step 2

Step 3

Step 1

Step 2

Step 3

Step 1

A
®
V- IO NORNON N==RNONEN/

Step 3

Step 1

® | A
- SINONNONNONN==RNONN//

Step 3

138



APPENDIX

Sequence Order 2z (S2;)
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Sequence Order 2aa (S2aa)
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Sequence Order 2ab (S2ap)
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Sequence Order 2ac (S2ac)
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Sequence Order 2ad (S2aq)
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Sequence Order 2ae (S2ac)
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Sequence Order 2af (S2ar)
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Sequence Order 2ag (S2ag)
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Sequence Order 2ah (S2an)
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Sequence Order 2ai (S2ai)
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Sequence Order 2aj (S24)
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Sequence Order 2ak (S2.x)
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Appendix 2: Sun Paths

Larnaca, Cyprus - Site Orientation 0°, Initial Position

21st of December
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21st of June

Larnaca, Cyprus — Site Orientation 90°, Final Position B
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Larnaca, Cyprus - Site Orientation 90°, Final Position C
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Stockholm, Sweden - Site Orientation 0°, Initial Position
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Stockholm, Sweden - Site Orientation 909, Initial Position

21st of December
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Stockholm, Sweden - Site Orientation 909, Final Position A
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165



APPENDIX

21st of March
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Stockholm, Sweden - Site Orientation 0°, Final Position B
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Stockholm, Sweden - Site Orientation 90°, Final Position C
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Appendix 3: Simulation Results of Solar Irradiance and Energy Production

A. Site Location: Larnaca, Cyprus, Site Orientation 0°

Initial Position

0 54 109

RIS 381 436 490 [y Wh/ m?

T Min Air Max Air Min Module Max Module
Temperature Temperature Temperature Temperature
January 9 15.5 1.5 3
February 8 16 1.5 4
March 9.8 16.5 1.5 4
April 11 21.5 1.5 5
May 17 24.5 2 6
June 20 28 2.5 7
July 23 31.5 3 7
August 23 33 7
September 20.5 29.5 3.5 6.5
October 17 25.5 2.5 5
November 14 22 2 4.5
December 10 17 1.5 3.5
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Target Position A

(GEEEREIENEEE 17892044 2300 [l Wh / m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January 9 155 2.5 5
February 8 16 2 5.5
March 10 16.5 2 6.5
April 12 215 2.5 8
May 17 24.5 4 9
June 20 28 4.5 10
July 23 32 5 10.5
August 23 32 5 11
September 20.5 29.5 4.5 10
October 17 26 4 8.5
November 14 22 3.5 7
December 10 17 2.5 6
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Target Position B

511

EEEREREREEE 17892044 2300 [l Wh/ m?

h Min Air Max Air Min Module Max Module
Mont Temperature Temperature Temperature Temperature
January 9 155 3 8
February 8 16 3 9
March 9.8 16.5 4 9.8
April 12 215 4 12
May 17 24.5 6 13.5
June 20 28 4.5 15
July 23 31.5 8 16
August 23.5 33 8 16
September 20.5 29.5 7 15
October 17 25.5 6 13
November 14 22 4.5 10
December 10 17 3.5 9
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Target Position C

L RERGAEEE, 17892044 2300 [l Wh / m?

T Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January 9 15.5 4 10.5
February 8 16 3 11.5
March 9.8 16.5 4 13
April 12 22.5 5 16
May 17 24.5 6 18.5
June 20 28 8 20
July 23 32 9 21.5
August 23.5 33 9 22
September 20.5 29.5 8.5 20
October 17 25.5 7 16.5
November 14 22 5.5 13.5
December 10 18 4 11.5
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B. Site Location: Larnaca, Cyprus, Site Orientation 90°

Initial Position

BEEERD] 397 453 510 [y Wh/m?

h Min Air Max Air Min Module Max Module
Mont Temperature Temperature Temperature Temperature
January 9 155 4 10.5
February 8 16 3 11.5
March 9.8 16.5 4 13
April 12 225 5 16
May 17 24.5 6 18.5
June 20 28 8 20
July 23 32 9 21.5
August 23.5 33 9 22
September 20.5 29.5 8.5 20
October 17 25.5 7 16.5
November 14 22 5.5 13.5
December 10 18 4 11.5
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Target Position A

PEEREL 397 453 510 [y Wh/m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January 10 155 3 8
February 8 16 3 8.5
March 10 16.5 3.5 9
April 12 215 4 12
May 17 24.5 5 13
June 20 28 6.5 14.5
July 23 32 8 15.5
August 23 32 8 15.5
September 20.5 29.5 7 14
October 17 26 6 12.5
November 14 22 5 10
December 10.5 18 3.5 8
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Target Position B

LY P RPRCE FEE 1789 2044 2300 k Wh f m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January 10 155 3 8
February 8 16 3 8.5
March 10 16.5 3.5 9
April 12 215 4 12
May 17 24.5 5 13
June 20 28 6.5 14.5
July 23 32 8 15.5
August 23 32 8 15.5
September 20.5 29.5 7 14
October 17 26 6 12.5
November 14 22 5 10
December 10.5 18 3.5 8
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Target Position C

B 397 453 510 [y Wh/m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January 10 155 3 8
February 8 16 3 8.5
March 10 16.5 3.5 9
April 12 215 4 12
May 17 24.5 5 13
June 20 28 6.5 14.5
July 23 32 8 15.5
August 23 32 8 15.5
September 20.5 29.5 7 14
October 17 26 6 12.5
November 14 22 5 10
December 10.5 18 3.5 8
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C. Site Location: Stockholm, Sweden, Site Orientation 0°

Initial Position

770 880 990 [ Wh/m?

h Min Air Max Air Min Module Max Module
Mont Temperature Temperature Temperature Temperature
January -4 -2 -1 0
February 1.5 2 2 1.5
March -2 2.5 -1 2.5
April -1 8 0 6
May 6 5 1 8
June 10 18 4 10
July 14 20 4 10
August 2.5 19 4 9
September 9 14 2.5 6.5
October 4 8 2 4
November 1 3 0 3
December -2 -0.5 -0.5 0

205




APPENDIX

21st of January

Il

123456 7 8 91011121314151617 1819 20 21 22 23 24

kwh

O R N W s U OO N

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of March

30
25

: H |‘ I |“l |“ || ||l I,

12 3 45 6 7 8 9101112131415 16 17 18 19 20 21 22 23 24

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of May

60
50

5
. .NMMNNA NﬂMM“MJ

123 45 6 7 8 910111213 1415 16 17 18 19 20 21 22 23 24

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of July

60

-l |“ |“ | M |“ 8

123456 7 8 910111213 141516 17 18 19 20 21 22 23 24

Wh

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

206

21st of February
16
14
12
- 10
B
; Hil

123456 7 8 91011121314151617 18 19 20 21 22 23 24

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of April
50
40
c 30
H
~ 20
. [l | Iy
0 11 | I .
12 3 45 6 7 8 91011121314151617 18 19 20212223 24
Hour
M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of June

60

0 _JIHNMM| ddﬂmMMn.

123 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24

kWh
BN oW s o
5 8 8 8 8

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of August

60
50

| .MﬂMJJ|MMﬁ““J.

123 456 7 8 91011121314 151617 18 19 20 21 22 23 24

kWh
8 8 8

=
o

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance



APPENDIX

kwh

kWh
P

kwh

kwh

21st of September

35
30

25

20

15

;s || |

5

0 ||I||| ||||||

123456 7 8 910111213 14151617 18 19 20 21 22 23 24

Hour

Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of November

10

; il

12 3 45 6 7 8 9101112131415 1617 18 19 20 21 22 23 24

Hour

Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of January

0.6
0.5
0.4
0.3
0.2
0.1

0

123456 7 8 910111213 14151617 18 19 20 21 22 23 24

Hour

M Production

21st of March

3
0 II -

123456 7 8 910111213 141516 17 18 19 20 21 22 23 24

> 0 oo

~

Hour

M Production

21st of October
20

15

1 |‘ I“J I“ )

123456 7 8 9 10111213 14151617 18 19 20 21 22 23 24

kWh

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of December

4
<
=3
1
. I I||

12 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24

Hour

M Direct Irradiance M Diffuse Irradiance M Indirect Irradiance

21st of February

2

123 456 7 8 910111213 141516 17 18 19 20 21 22 23 24

kWh

=3
@

Hour

M Production

21st of April
7
6
5
£
: | |
; Al I

123 45 6 7 8 91011121314 1516 17 18 19 20 21 22 23 24

Hour

M Production

207



APPENDIX

kwh

kwh
ocRrNWE U N® oCrRrMNWE VO N®

kwh

kwh

4.5

3.5

25

~

1.5

N

0.5
0

14

0.8
0.6
0.4
0.2

0

21st of May

123456 7 8 91011121314151617 1819 20 21 22 23 24

Hour

M Production

21st of July

12 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23 24

Hour

M Production

21st of September

123456 7 8 910111213 14151617 18 19 20 21 22 23 24

Hour

M Production

21st of November

123456 7 8 910111213 14151617 18 19 20 21 22 23 24

Hour

M Production

kWh kWh
orRr N WA VO N ®

O Rk N WA UV AN

kWh

0.5
0

0.7
0.6
0.5

0.2
0.1
0

208

21st of June

123 45 6 7 8 910111213 141516 17 18 19 20 21 22 23

Hour

M Production

21st of August

12 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23

Hour

M Production

21st of October

12 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 23

Hour

M Production

21st of December

123 456 7 8 9 10111213 141516 17 18 19 20 21 22 23

Hour

M Production



APPENDIX

Target Position A

EE] 179 204 230 [y Wh/m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January -4 -2 -1 0
February 1.5 2 2 1.5
March -2 2.5 -1 2.5
April 8 0 6
May 15 1 8
June 10 18 4 10
July 14 20 4 10
August 2 19 4 9
September 9 14 3 7
October 5 8 2 4
November 1 3 0 3
December -2 -0.5 -0.5 0
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Target Position B

Bl 179 204 230 g Wh/m?

Max Module
Min Air Max Air Min Module
Month Temperature
Temperature Temperature Temperature
January -4 -2 -1 -0.5
February 2 1.5 1.5 -0.5
March -1 2 -0.5 2.5
April 1 8 0 5
May 7 15 2 8
June 10 18 3.5 9
July 13.5 20 4 10
August 13 19 4 9
September 9 14 3 7
October 5 8.5 2 4
November 1 3 0 2
December -2 -0.5 -0.5 0
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Target Position C

7 7 4
{1

EEIRERREE] 179 204 230 y Wh/m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January -4 -2 -1 -0.5
February 2 1.5 1.5 -0.5
March -1 2 -0.5 2.5
April 1 8 0 5
May 7 15 2 8
June 10 18 3.5 9
July 13.5 20 4 10
August 13 19 4 9
September 9 14 3 7
October 5 8.5 2 4
November 1 3 0 2
December -2 -0.5 -0.5 0
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D. Site Location: Stockholm, Sweden, Site Orientation 90°

Initial Position

770 880 990 [l Wh/m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January -4 -2 -1 -0.5
February 2 1.5 1.5 -0.5
March -1 2 -0.5 2.5
April 1 0 5
May 7 15 2 8
June 10 18 3.5 9
July 13.5 20 4 10
August 13 19 4 9
September 9 14 3 7
October 5 8.5 2 4
November 1 3 0 2
December -2 -0.5 -0.5 0
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Target Position A

11

102 120

[EE) 179 204 230 [y Wh/m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January -4 -2 -1 -0.5
February 2 1.5 1.5 -0.5
March -1 2 -0.5 2.5
April 1 8 0 5
May 7 15 2 8
June 10 18 3.5 9
July 13.5 20 4 10
August 13 19 4 9
September 9 14 3 7
October 5 8.5 2 4
November 1 3 0 2
December -2 -0.5 -0.5 0
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Target Position B
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EE) 179 204 230 . Wh/m?

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January -4 -2 -1 -0.5
February 2 1.5 1.5 -0.5
March -1 2 -0.5 2.5
April 1 8 0 5
May 7 15 2 8
June 10 18 3.5 9
July 13.5 20 4 10
August 13 19 4 9
September 9 14 3 7
October 5 8.5 2 4
November 1 3 0 2
December -2 -0.5 -0.5 0
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Target Position C

EEalaY 770 880 990 [y Wh/~2

Month Min Air Max Air Min Module Max Module
ont Temperature Temperature Temperature Temperature
January -4 -2 -1 -0.5
February 2 1.5 1.5 -0.5
March -1 2 -0.5 2.5
April 1 8 0 5
May 7 15 2 8
June 10 18 3.5 9
July 13.5 20 4 10
August 13 19 4 9
September 9 14 3 7
October 5 8.5 2 4
November 1 3 0 2
December -2 -0.5 -0.5 0
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