CHAPTER 1

INTRODUCTION

1.1. Aim of the Study

The current research aims at proving the applicability of kinematic methods into the design process of the adaptable space organizations through the kinetic bar structures. 

Beyond the structural function, kinetic structures are mechanistic machines that transmit the motion and/or force from a source to an output. Kinetic structures unify the structural function with mechanical function. A mechanism is a mechanical devise that exhibits motion such that all the links move relative to each other. Geometric aspect of motion of the mechanisms is the field of kinematics that is the sub branch of solid mechanics. The course of this study provides the ability to apply kinematic methods to architectural structures to provide a completely functional building. In order to achieve the aim of the study, a new type of design approach must be derived with an interdisciplinary study between architecture and mechanical engineering. 

Beyond that, the aim is to urge the architects to play a stronger role in the development of kinetic structures of great elegance and functionality.

1.2. Definition of the Study

What will be discussed is an architecture that is not static, as has traditionally been the case, but one that has the capability of adapting to ever-changing requirements and conditions with variable geometry or movement through kinetics. 

The widespread adaptation of technology to architecture is leading toward profound changes in how we design buildings. Failing to take advantage of new opportunities created by technological developments, the buildings extant today fall far short of responding to the demands of modern society. At present, the overwhelming majority of people live in spaces that only poorly respond to their needs. This study is focused on how buildings or their components must integrate with space in order to better meet current and future needs. To attain this aim, motion concept is taken as a technological design strategy geared toward creating new building types that are efficient in form, flexible and adaptive to diversity of purpose. Kinetic structures and adaptable space are the primary concern of this thesis and the goal is understanding and extending the potentials of kinetic architecture. In the context of architecture, kinetic function is the characteristic of structures that have mechanical components that can be set in motion. 

Kinetic structures are exceptional to the architectural field where objects are conventionally static, use of them is often singular and responsive spatial adaptability is relatively unexplored. Our intuition accepts structures stationary. In the static perfection of the modernist architecture, structure seems to have no response but to stand mute. 

Architecture stands at the threshold of a new evolution. Charles Darwin has suggested that the problem of survival always depends upon the capability of an object to adapt in a changing environment (William Zuk, 1970). This theory holds true for architecture. In recent years, there has been a growing interest in kinetic design. Architectural applications in responsive kinetic designs arise from issues of spatial efficiency and adaptability. An adaptable space flexibly responds to the requirements of any human activity. Adaptability may range from multi-use interior re-organization to complete structure transformability. Kinetic function in structures provides that the objects in the built environment are physically present only when they are necessary, and disappear or transform when not needed. This is to suggest that a new aesthetic, a new concept of form, is inherent in responsive architecture.

A totally new approach to design is evidently necessary when it is visualized that the architectural form could be inherently displaceable, deformable, expandable, and in some other manner capable of kinematic movement. 

1.3. Method of the Study 

This study is constructed according to provide an understanding the behavior of kinetic structures and to prove the applicability of kinematic methods into the architectural field by means of proposing a specific project. It realizes this by presenting the design tools of kinematic for a project that will be proposed to create adaptable open-air spaces. This study deals with adaptability as a design problem and takes motion concept as a technological design strategy. In the case study, the study discusses the problems that will be faced while building the physical model, and offers solutions with the help of kinematic methods. The reason for preferring this method is to prove the applicability of kinematic methods into the architectural field with a personal kinetic design.  

Within the scope of this study, the main questions requiring realization of kinetic architecture are, what they are, what they can do for us, and how we can go about designing them. Therefore this study examines the kinetic architecture in the following order consists of five steps successively building upon each other. 

1. Conceptual analysis.

2. Classification of the building examples of kinetic architecture.

3. Learn basic principles of kinematic and analysis of existing buildings. 

4. Structural design of a kinetic structure.

5. Building physical model.

The purpose of the first step is to describe and discuss an emerging approach to architecture, which rejects typical descriptions of architecture. In an effort to see why this is the case, Chapter 2 firstly presents brief information about the relationship between form and the concept of need, which does not satisfy the changing needs of our dynamic society. Then the necessity of a new concept “pressure”, which implies energy, an action, and the relationship between form and pressure are presented. In connection with the information between form and pressure, the effects of changes in the set of pressures and on the technology have been primarily discussed. In this frame, the two present conceptual approaches in architecture are presented to the problem of change along with their faults, and the necessity to develop a third conceptual approach which will adapt to continuous change, is presented. The discussion has then been followed by the new concept “motion” that is the new design strategy of the architecture. A new type of architecture “kinetic architecture” that is responsive to the essential characteristic of our society “change”.   


The second step is the classification of the kinetic buildings. The classification will constitute a basis for the analysis of the kinetic structures in chapter 4. In chapter 3, firstly classification is done according to the time when the kinetic action takes place, then according to the type of structural material and according to the shape of the material, lastly according to the type of material used for covering. The advantages and the disadvantages of the different type of kinetic structures are listed. On further result of the classification method will be to realize that kinetic architecture is a interdisciplinary study between architecture and mechanical engineering.


In connection with the definitions of these disciplines in chapter 3, the research has been focused on engineering aspect of kinetic structures in chapter 4 to manage the third step. The research carried out so far has been focused on developing an understanding and description of the behavior of the kinetic structures. To do this, kinematics, which is a sub-branch of solid mechanics and deals with the study of relative motion, is studied to learn basic principles of the design of bar mechanisms/structures. First Chapter 4 analyses two different bar mechanisms made from the articulation of bones (rigid bars) in nature, then the man made mechanisms. Five different kinematic designs are kinematically analyzed step by step. The performance of these kinetic designs is determined with graphical methods. The ways in which mechanisms accommodate movement are explored. This has led to the derivation of a design approach of kinetic structures. Lastly, techniques of kinematic synthesis, which are used in the process of designing a mechanism to accomplish a desired task, are revealed.

  
The fifth step comprises the presentation phase of the case study. In chapter 5, a new type of an architectural umbrella consists of a symmetric spatial expandable platform mechanism and a flexible membrane covering is designed to show the applicability of kinematic methods into the design process of the adaptable space organizations. The design process is divided into two parts. First of all, the basic platform mechanism/structure is designed. Linkage topology and type of joints of the platform mechanism are designed by the type synthesis methods. Significant dimensions and starting position of the mechanism is designed by the dimensional synthesis methods. By considering the motion of the overall kinetic structure, graphical method for finding the configuration of the bars is presented. Graphical method and findings are described in chapter 5. The performance of the architectural umbrella is analyzed by Visual Nastran  Desktop 4D. This is a CAD program capable of kinematic analysis. It is also helpful for the design and visualization of dynamic models. Rigid body analyses of the architectural umbrella have been made by using this CAD program. 

Final step is the building process of a 1/1 scale physical model to demonstrate the umbrella. The aim of building a physical model is to explain better the opportunities and potentials of kinetic structures to the manufacturers.

CHAPTER 2

DEFINITIONS
2.1. Pressures and Response

The environments we create can only be successful if they respond to complex changing needs of the society. However, Christopher Alexander has suggested that the concept of a need has several faults. It is not inclusive enough to encompass all factors, which influence form; and it is primarily inactive. Rather than refer to need as a concept that occasions response, a concept of pressure, which implies energy, an action, will be substituted (William Zuk, 1970). Architecture, then, can be described as a three dimensional form response to set of pressures. Important in this definition is the realization that there is an established relationship between form and pressure. More specifically, form is a response to pressure. It is also important to note that the pressures exist as a set or series of interacting elements and are not isolated. Therefore, a change in any one pressure will naturally affect the whole. By the definition, it is defined that the set of pressures acts upon and generates form (Figure 2.1.).  
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The pressures to which form must respond can be broken into broad categories: physical and nonphysical. Physical activities are function (physical activities, their sequence and relationships), man-made networks and environmental influences, which exist independent of man. Man-made networks should be systems of power, transportation, communication and disposal. One of the areas of environmental forces is energy in such forms as heat, sound and light, which creates pressure on the form. Other environmental forces come from earth: its ecology; its behavior, such as climate; its areas, such as land and water. The nonphysical pressures are another aspect of architecture, which deals with the human response to form and have the most serious implications for physical form. The man’s reactions are exhibited by the altering of his mental, physiological, sociological, and cultural bases. Cultural concepts and concerns such as ideologies, moral and ethical codes, economic conditions, political situations must also be included in the nonphysical category (William Zuk, 1970). At the interface between the physical and non-physical pressures (the form generators) and the new form is technology. It is technology, which gives us the ability to interpret the set of pressures and the situations under which they exist. Technology has provided us with new and greater freedoms of choice increasing our capacities to solve problems. Technological developments are embodied in change that takes place within physical and nonphysical pressures.          

2.2. Effects of Change

Today, the movement of change is so rapid. Perhaps it is difficult to predict what changes will occur in the future. It is obvious that these changes will and must influence architecture. In most general term, architecture will be affected in two ways. The first one is the change on the set of pressure. The form responds accordingly. The second is the technological changes and advancements, which alter our ability to understand and interpret the pressures. The form responds with appropriate change. 

Architecture can be categorized into two possible approaches to the problem of change with a few exceptions. The first one is the typical static solution that is found most often in practice today. In this case, the architect thinks about the pressures at a single point in time and while he attempts to forecast the future, the immediate problem generally dictates the solution. The buildings designed with this method accommodate the pressures uncomfortably or the physically sound building is remodeled or replaced. The second approach is best represented by Mies van der Rohe’s principle of universal space. In this case, the architect designs a space that can meet any functional demand. The buildings designed with this method are not adjusted to any function. The universal space solution as explored by Mies van der Rohe, attempts to solve all functions but very often actually satisfies none (Figure 2.2.). 

It is increasingly necessary to develop a third conceptual approach, which will adapt to continuous and accelerating change. This is kinetic architecture, which recognizes the fluidity of the set of pressures to which form must respond.  In this case, space is adaptable, thereby encouraging the set of pressures to change.
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2.3. Motion Concept as a Design Strategy

Architecture has traditionally been perceived as permanent structures. This is because of architect’s desire. He has continually searched for materials and structural systems that would increase the length of time a building might stand. The result has been that most current buildings were also designed to be monuments. It has not been considered that any building might at some future time be altered, expanded, contracted, moved, or terminated. It is apparent that the monument syndrome of static, permanent architecture has continued throughout history into our dynamic times of modern society. Virtually not much attention has ever been paid to the development of motion-based techniques in architecture. This is because of an agreement between architects and society that architecture is inert, that it is the study of statics. Charles Darwin has suggested that the problem of survival always depends upon the capability of an object to adapt in a changing environment. This theory holds true for architecture. Therefore, a constantly changing architecture is needed. A new type of architecture –kinetic architecture- that is responsive to the essential characteristic of our society “change”.  

Motion is an elementary design principle applied to a great many everyday objects, from tents to umbrellas. All these objects are adjustable, which is basic strategy for survival. The principle is simple: no adjustment, no future. Adapt and survive. The motion concept-architecture relationship can become a creative design strategy of a new architecture. New architecture must be appropriate to the purpose and responsive to the changes in the set of pressures.

The idea of motion has a contrast with the permanence and rigidity characteristics of conventional building systems. However, the motion concept, the main characteristics of kinetic architecture, is not new in the architectural field that is in response to the needs of people or changing conditions. Motion is a concept, which refers the changes in position of a “mobile building”. This reference means that a building changes position without any changes in its form. At the same time movement provides the ability of extension with combination of units of a “convertible structure”.

Motion concept may come up in various ways in structure systems. The lifestyle of the nomadic people is transient and the ability to create a portable or temporary shelter is one of the most important factors for their survival for thousands years. The ability to move from one place to another place is an essential factor in these human’s survival. The lifestyle of nomadic people has a significant effect on the form and construction of their buildings. These forms are diverse and vary in detail dramatically. These forms can be simply divided into two specific types, portable and demountable. The size of the portable buildings is limited by carrying ability of human beings and animals (Figure 2.3.). In medieval times, open-air entertainments were popular all over Europe. Open-air plays were acted in demountable theatres called “mansions”; platforms or booths set up in the town market place, or sometimes in an existing building. Retractable roofs were used as a protection against sun and rain. Coverings were placed over small courtyards with an area of no more than a few square meters (Figure 2.4.).

Although kinetic systems have been around since the early nomad days, they are now being accepted as a logical architectural solution to today’s ever-changing world. Technological developments at the end of the 20th century have begun to allow further applications of flexibility concept in building systems. Thus, concepts like motion have become more applicable in new building systems. Kinetic structures represent an intersection point of forming different spatial organizations as an architectural project means and using opportunities offered by new building technologies as a structural means.
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CHAPTER 3

KINETIC BUILDINGS

3.1. Existing Kinetic Buildings

In all periods of human history, man has wanted to create buildings or building parts that move, either in response to the environment or the needs of people. A large number of kinetic structures have been proposed and are currently used for a wide variety of activities such as sporting, conferences, music and performing art events. It is a response to this wide variety of uses that kinetic architecture has been developed and found in some cases to be more economically and more attractive.    

In ancient times, kinetic structures were built with flexible outer skins from the simple nomadic tent to the large-scale awnings. The first convertible structure in history has been the simple tent construction. In tent constructions of early ages, the cover material, which played the role of a roof, could be carried away and by this way different needs were responded. The possibility of convertibility in tents was a part of construction. Afterwards Greeks and Romans used large-scale awnings to protect the spectators from the sun and the rain at their amphitheatres (Figure 3.1.). Awning constructions became widespread in Europe in 18th century. Large open spaces and streets were covered again in sunny and rainy days. Figure 3.2 shows a large convertible awning constructed in Italy in 1795. The structure, which has been supposed to block sunlight, has been fixed to a building with five points. Five cables coming out of these points lied towards ground and are fixed to foundations. The cover materials are hung between these cables and move easily.
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In modern times, advances in engineering and the ingenuity of the designers have opened up new dimensions for kinetic forms of construction. Foldable membrane structures for wider spans have been designed with the development of high-strength fabrics. Rigid forms that are moved by sliding, folding or rotating roof partitions of fixed shape follow these (Figure 3.3.).
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3.1.1. An Architectural Umbrella 

Umbrella is the oldest type of convertible roof construction with a small span. The simplest form consists of a central post to which ribs are attached. The tension loaded membranes, the ribs and the central post make up a construction unit.   

Bodo Rasch builds twelve umbrellas as a convertible roof, which is designed primarily for climatic control of the two large courtyards of the Prophet’s Holy Mosque in Madinah (Figure 3.4.). The courtyards can be transformed into a closed hall in less than two minutes by opening the umbrellas. The umbrella ribs are placed at the upper end of a hydraulic cylinder that is central on the mast in such a way that its upward and downward movements are transmitted to the umbrella frame, thus opening or closing the umbrella. The hydraulic units that create the necessary oil pressure for the movement and the electronic control that checks all the movement of the umbrella are housed in the basement of the building.

Additionally, valuable space is made useable in the courtyards of the mosque, which is often packed to capacity, and also the character of the environment is enhanced, allowing the beauty of the sky to be enjoyed when shade is not required.   
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3.1.2. Membrane Roof for the Olympic Stadium

The Olympic Stadium in Montreal is designed for the 1976 Games by Roger Taillibert. It is planned to cover the central arena by a retractable membrane, attached at its edges to the inner rim of the grandstand roof and hung from a tower (Figure 3.5. and 3.6.). Provision is to be made to draw the membrane up towards the top of the tower to open the arena to the sky in good weather. This roof is to be on a far larger scale than anything attempted before. The elliptical inner retractable membrane covers an area of 20 000 square meters. Engineers predict that the complexity of the design will lead to major delays. Major problems are the design of the cable system, which will allow for the extension and retraction of the membrane roof. Another major problem is enormous weight of snow, which may accumulate on the membrane. After a few opening and closing operations of the roof structure, the convertible membrane material had serious deformations from hanging points and connections. In 1998 the roof structure has been replaced by a stationary teflon coated fibreglass material.  
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3.1.3. IBM Traveling Pavilion 

In the design process of IBM Traveling Pavilion, Renzo Piano continues the themes of lightness, transparency and construction with repetitive units. It is also demountable and moveable. Those kinds of buildings are designed to be constructed in a short time with maximum efficiency. Depending on the circumstances of the future pressures, flexible and moveable partitions, which have the ability to adapt the space organization, are preferred. Elements like flexible partitions, seating elements, demountable steel partitions, horizontal or vertical sliding doors or panels are used. The pavilion is a transparent vault, 48 meters long by 12 meters wide and 6 meters high, made up of 68 half arches each consisting of six polycarbonate pyramids held together by laminated timber struts with cast aluminum joints. Wood and aluminum joints not only give warmth and character to the structure but have also become intermediaries between not just building and setting, but between building and visitor too. The half arches are in fact three-dimensional trusses with the polycarbonate serving as both the cladding membrane and the structural web between inner and outer chords. The whole arch can be quickly disassembled and once transported to any new location can be erected again typically in three weeks.
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3.1.4. Shadow Machine

Santiago Calatrava is one the pioneers who works on kinetic architecture. He is inspired by natural forms in movement; waves undulating, trees bending to the wind, flower petals opening. References to nature can be found everywhere in Calatrava’s designs. Nature is dominated by a dynamically balanced symmetry, and in nature structure is clearly expressed; so it is in Clatrava’s work. An extraordinary design of Calatrava is shadow machine. It is made of concrete, which is categorized in the minds of most people as a hard and heavy material for the mobile members. However, the concrete members move like wings of a large bird, a body of dolphin or the fingers of a skilful musician. They impart a strange feeling that, as their hidden motors drives them, they are alive. Shadows of each individual element moving on the floor and on the wall give the sense of continuity and change (Figure 3.8.). 

[image: image51.jpg]



3.1.5. Kuwait Pavilion
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Santiago Calatrava’s another distinguished design is Kuwait Pavilion at the Expo 92, in Seville. Movement permits the structure of the roof to open and close. The 25-meter high cantilevered members of the pavilion come down to protect the visitors from the sun, rising up at night to accommodate the different uses of the terrace (Figure 3.9.)
3.1.6. Foldable Theater

In the early 1960’s, Spanish architect Emilio Perez Pinero pioneered scissor mechanisms to make deployable structures. In a scissor mechanism, each rod has three pivot joints, one on each end and one toward the middle. As two ends of a scissor mechanism are brought together, the center pivots are spread apart, lengthening the mechanism as a whole to a planner square pattern. Pinero realized that the scissor mechanism could make hexagonal patterns if three rods were joined at each pivot joint. He also realized that if the interior pivot point on a rod was not at the mid point, then it is possible to create a curved surface “ a shell-shaped configuration”. He developed a full-size foldable theater, which arrived at the site on a single wheelbarrow and was then unfolded with a scissor mechanism. He used tensile membrane to create shelter.  

(Figure 3.10.).
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3.1.7. Deployable Vault with Rigid Panels

Felix Escrig Pallares has continued the study of scissor mechanisms in Spain. He improved upon Pinero’s work and considered the geometric shapes that incorporate rigid-plate roofing elements. Generally, fully folded deployable structures have covered with a thin fabric roof. However flexible materials used in deployable structures do not contribute to structural strength. Escrig Pallares has determined that they are useful only in reduced spans. He developed deployable structures with rigid plates as part of the mechanism. The plates overlap one another like the scales of a fish and that are fixed in place once the mechanism is opened. It is possible to greatly reduce the total weight per unit area (Figure 3.11.). 
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3.1.8. Iris Dome

Chuck Hobermann is a mechanical engineer who has concentrated on the study of unfolding structures. Essential to his research are the ideas of expansion and contraction, folding and unfolding, and their effect on form and design. He has made a considerable advance in the design of retractable structures based on scissor mechanisms when he discovered the simple angulated element. This element consists of two identical angulated bars connected together by revolute joint at node E, and forms the basis of a new generation or retractable structures (Figure 3.12.). 
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This element is able to open and close while maintaining the end nodes A, B, C, D on radial lines that subtend a constant angle. By using these elements Hoberman created the retractable roof of the Iris Dome (Figure: 3.13.). The iris dome is constructed from a number of angulated elements arranged on concentric circles. Angulated elements form in plan a circular shape and the joints connecting the end nodes of the angulated elements connect the circles to each other. This allows the structure to retract toward its perimeter thus creating a central opening at the center when retracted. 

3.2 Classification of Kinetic Buildings

In all periods of human history, man has sought to create buildings with kinetic partitions to create flexible buildings that have the capacity to adapt to the ever-changing requirements and conditions (pressures). The development of kinetic structures in architecture has accelerated in recent years. Our notion of permanent has changed in the last decades. The use of site and architectural space appear to be changing at a faster and faster rate. To keep up with this, our buildings are becoming lighter and lighter. Masonry has been replaced by glass, fabric is appearing as new element, and transparency is the word of the day. All this leads us to an architecture that is flexible. An architecture that has a limited life span and can be deployable to be erected repetitively or that serves adaptable space and can be physically convertible to meet changing pressures. These architectural applications are portable shelters, traveling pavilions for repetitive erection, or unfolding, retractable structures to be convertible on site. The selection of buildings illustrated in this chapter is heavily based towards ingenuity of kinetic systems. We may see spaces that transform between indoors and outdoors; light and acoustical properties that are actively modulated. Such an approach implies a more environmentally responsive architecture. For example, shelter may be provided as needed, leaving a minimal footprint when it is removed. Spaces may respond to changing climatic conditions in a non-energy intensive manner.

These kinetic designs adapt to different conditions by changing their size and form with diverse kinetic reactions. It is obvious that a totally new approach to design is evidently necessary when it is visualized that the architectural form possesses the capability of kinetic movement. Kinetic movement implies mechanism. What we are describing then with kinetic system in architecture is a structure as a mechanistic machine. These kinetic systems are a mixture of structural and mechanical functions.

Kinetic architecture is located at the intersection area of adaptable architecture, and structural engineering. This in turn calls for new construction techniques, power systems as well as aesthetics. Necessary are the use of advanced computational tools and materials.
 Kinetic architecture is defined generally as buildings, or building components, with variable location or mobility and/or variable geometry or movement (Michael Fox, 2001). The definition classifies the kinetic buildings in two major types (Table 3.1.). These two major types differ in terms of the time when kinetic action takes place. In the first type, movement takes place prior to use that is, the kinetics is an initial act. This type of kinetic action is necessary to establish the initial form (Figure 3.14.). In the second type of buildings, movement takes place after the architectural form has been created and used, that is, kinetics is a continuous action. The form is kinetically responsible to future changes in the original set of pressures (Figure 3.15.).
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3.2.1. Buildings with Variable Location or Mobility

Robert Kronenburg classifies the buildings with variable location or mobility into three specific types. The architectural applications in this group are moveable in some form, and are designed specifically for deployment in different situations and/or locations for a range of widely differing purposes (Robert Kronenburg, 1995).

1- Portable buildings are those that are transported whole and intact. Sometimes they include the method for transport within their own structure and can be towed or carried. 

2- Relocatable buildings are those that are transported in parts, but are assembled at the site almost instantly into usable built form. These are almost always carried but in a few limited cases may have part of their transportation system incorporated into their structure.

3- Demountable buildings are those that are transported in a number of parts for assembly on site. They are much more flexible in size and layout and can usually be transported in a relatively compact space.

3.2.2 Buildings with Variable Geometry or Movement

The buildings with variable geometry or movement are in the main research area of this dissertation. The applications in this group are convertible, and are designed to respond kinetically to future changes in the original set of pressures. In the field of convertible kinetic buildings there has been no important improvements until half of the 20th century. Designers who studied to combine movement with the structure systems (Frei Otto, Roger Taillibert, Santiago Calatrava, etc.) have generated theories, which originate from natural structures. Movement, one of the most important components of the natural cycle, has always been an inspiration for them. Mechanical engineers like Chuck Hoberman and Sergio Pellegrino have designed retractable roofs. These are two or three-dimensional structures with scissor mechanisms.

Convertible kinetic buildings have basically two types of kinetic movement. First type is transformation capability of soft materials that is the result of intrinsic characteristics in the material used. In this case, the transformation capability is inherent in the material so that it does not matter where the transformation occurs. This suggests that material must be flexible. Second type is sliding, folding or rotating capabilities of rigid materials, which are connected with joints. When one part moves, the other parts move relative to each other. The potential of convertible structures will depend upon prediction at the time of initial design decisions to insure the proper capability to meet future changes and requirements. The buildings with variable geometry or movement can be divided into two specific types according to the material type used for the construction of the building. (Table 3.2.) (C. Gengnagel, 2001).
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3.2.2.1. Soft Forms of Building

Soft forms of building have the capability of transformation to respond to future changes in the original set of pressures. The movement under these circumstances takes place after the initial form has been established. These building are created with flexible space-enclosing materials such as membranes that are transformed by shoving, twisting, pushing or pulling. An investigation of similar materials used in this type of buildings suggests that structural rigidity must be result of some outside restraints. The outside restraints result in tensioning the flexible material. In this case, rollers that ride on tension cables or masts can move or pull space-enclosing material. This would not only mean that the position of the tent would be altered, but also would imply that the form itself would change. A variety of forms of enclosure material are kinetically possible to meet future pressures. 

A partially removable membrane roof is designed for the 18th century bullring at Zaragoza in Spain by the engineer Schlaich Bergman. The building is circular in plan and has a diameter of 100 meters. The Schlaich Bergman team covered the grandstands with a permanent membrane roof having an outer diameter of 83 meters. Within this, a retractable inner roof 23 meters in diameter was attached. The structural system of the outer part is based on the familiar theme of the spoked wheel or tensegrity. The rim consists of a steel box-section compression ring, while the 16 spokes are as usual prestressed cables. These are anchored at their inner ends to two cable tension rings, situated one above the other and held apart by vertical tubular struts. There are thus two sets of cables radiating from the inner rings to the top of the grandstand: one sloping down and the other sloping up. The membrane of the permanent, annular roof is draped over the lower set. The retractable inner roof is located entirely within the hub. The upper and lower tension rings serve as rims for two further spoked wheel systems meeting at a single common hub above the center of the bullring. The retractable membrane is draped over the lower cables of this inner system. When the roof is open, it hangs bunched up in the center. When the roof is to be closed, 16 small electric motors draw the bottom edge of the membrane out to the lower rim to form a circular tent. Once the edge has been secured to the rim, a jack at the top applies the prestress necessary to establish rigidity and prevent flutter. The roof exhibits a magnificent spectacle of opening and closing which has been likened to the unfolding and closing of a flower bud. 
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Another quite different soft form of kinetic structure is designed by the author of this dissertation. The kinetic structure is a proposal for an environmentally and socially responsible architecture. A convertible membrane tent, an outstanding design to provoke architects, is a proposal to expand their current way of thinking. Kinetic function is a design strategy of the membrane tents. This project presents a transformable membrane tent that responds to light, climate and people. The project proposes a responsive underground space (subway) deploying kinetic membrane tents, which consumes less resource and adapts itself efficiently to climatic changes. Primary design considerations are to use natural daylight in the underground space and to take advantage of the natural ventilation through the transformable membrane tent mechanisms. The mechanism consists of two main components. The first one is a circular membrane tent, which moves up and down, and the second one is stayed mast. Membrane tents are fixed to the masts with sliding joints at the center. These masts run the tents from underneath to the ground on the above through the ceiling, from inside to outside. Moveable tents have a ceremonial presence to announce the weather changes and to reconfigure the space both in the station and in the public place above the ground (Figure 3.21.). In winters, the membrane tents run down the masts in the station (Figure 3.19.). Form of the membranes does not allow hot air to rise. At the same time, rain and snow are collected and guided to the pool in the station. From inside the station, transparent membrane tents allow people to see the sun and the clouds during day, or the moon and the stars at night. During the summers, the membrane tents are above the ground, in a public place (Figure 3.20.). New form of the membranes acts as a solar chimney allowing natural ventilation. Pools cool the weather in the station. Above the ground, posts are utilized as lamps for the public place. Bench is located around the membrane tents and illuminated with lamps placed on top of the posts. It is obvious that kinetic function of the membrane tents improves the space performance in the station and in the public space. According to the weather conditions people realize two different space organizations both under the ground and above the ground.
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3.2.2.2. Rigid Forms of Building

Rigid forms of building are those that are converted by sliding, folding or rotating structural elements of fixed shape. These systems are identically a structure and a mechanism. They are kinetic structures consist of elements, which span distances and support loads. Yet they are also mechanisms consist of links, transferring forces and motion in a controlled manner. The integration of structural and mechanical functions ensures that these structures are able to operate without secondary structural support or external mechanical devices for controlling motion. 

Rigid kinetic structures are made up of simple parts connected by pivoted or sliding joints. Variety of forms arises from the movement of each link relative to others. In the following, rigid form of buildings that are classified in two types according to the shape of structural material will be considered (Table 3.3.). The first is the structural linkage or bar structure, which is covered by a layer of material. The second type of structure is surface structure that is purely a plate structure and all the joints are directly between plate elements.
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3.2.2.2.1. Bar Structures

This type of structures is made up of rigid bar members (structural linkage) connected by pivoted or sliding joints. The essential features of the bar structure are often distinguished by constructional details. Consider, for purpose of illustration, the much simpler linkage shown in figure 3.22A. Suppose this mechanism is used to transmit rotary motion from one shaft to another. The behavior of the mechanism is not altered if one of the links has a different shape; as in figure 3.22B, provided the center-distances between the pivots remain the same. Nor does it matter if we enlarge one of the pivots; as in figure 3.22C. Despite any of these changes the linkage will transmit motion in the same way provided the four center-distances remain the same. Hence it can be presented by a simple line diagram as in figure 3.22D.
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The most useful architectural applications of kinetic structures are concerned with bar structures because they are cheapest, simplest and most robust of all mechanisms. They can transmit higher loads, and run at higher speeds than other types of mechanisms. 

Santiago Calatrava is the pioneer of architects who makes considerable advance in the field of kinetic architecture. While he was working with co-designers Bruno Reichlin and Fabio Reinhart on Ernsting Warehouse, this project gave Calatrava his first opportunity to design kinetic element as part of a building, and to combine functional requirements with the poetics of movement. Calatrava used the opportunity to investigate questions of design that concern the relationship between movement and the doors. Each of the doors rises and falls through the displacement of a serious of aligned aluminum slats, articulated in the center like a knee. When the doors opened by means of a frame hidden behind this “knee”, the slats protrude forwards to provide a kind of protective canopy over entrance. The canopy’s swooping line is due to the gradual and uniform change of the position of articulation along serious of slats: higher at the sides, lower towards the center. This is a simple, functional and wholly original design and patented by Calatrava (Figure 3.23.).
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Kinetic systems are also in the research area of engineers. In the University of Cambridge, Dr. Sergio Pellegrino founded the Deployable Structures Laboratory in 1990 to develop new, generic solutions and to better understand the behavior of deployable structures. Engineers Zhong You and S. Pellegrino made further progress on scissor structures by the discovery of multi angulated elements. You and Pellegrino noted that consecutive angulated bars in Figure 3.24 maintain a constant angle equal to ( when the structure is expanded, and thus can be replaced with a single multi-angulated bar. 

Each multi-angulated element can be composed of a number of bars, which are rigidly connected to each other, instead of separate angulated elements as designed by Chuck Hoberman. Thus, the structure shown in Figure 3.24 can also be made from a total of 24 bars, each having four segments with equal link angles: 12 bars are arranged in a clockwise direction and 12 anti-clockwise. At each crossover point, there is a revolute joint. An entire family of these structures has the ability to retract radially towards the perimeter and can be generated for any plan shape. This makes them particularly interesting for sporting venues where retractable roofs must be able to retract towards the perimeter of the structure. However, as the perimeter of the structure varies during retraction, the supports need to allow this motion. The model in Figure 3.25. demonstrates a possible solution, where the structure is mounted on pinned columns.   
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While studying on angulated elements of Hoberman, shown in Figure 3.26A, it is determined that new types of scissor structures are also possible by connecting the angulated elements in different configurations. For example, a retractable arch can be made from these elements by creating a new type of scissor mechanism. The geometry of the retractable arch is determined by the new configuration of the scissor. In its simplest form, shown in Figure 3.26B, the new scissor consists of two angulated elements with equal length (L) but in different positions. A revolute joint connects these elements at the center. Thus, a retractable arch can be made from a number of these new scissors (Figure 3.27.). A retractable cantilevered arch is also possible by creating a new scissor mechanism from two angulated elements with different lengths (Figure 3.26C). Thus, the structure closes at the top of the arch (Figure 3.28.). These new scissor types form the basis of new retractable structures.
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The development of techniques to provide coverings for rigid bar structures is of great interest. In the following, classification will be done according to the materials used for covering. Bar structures are covered by two different types of materials; flexible and rigid materials.
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Flexible fabric is an old material for deploying the cover with a structure and has limited life. The idea of convertible buildings or building parts that allowing adaptation to changing weather conditions is very old indeed. Even in last century, shop awnings constructed with rigid bar structure and covered with flexible tent were used as a protection against the sun and rain. Tents were placed over a kinetic structure to cover an area no more than a few square meters (Figure 3.29.). Kinetic structure extends and retracts when needed. This kinetic system shows that rigid bar structure and flexible tent complement each other very well.  It is constructed in such a way that their form can be altered as often as wished and in a relatively short time. 
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In the 50s Frei Otto developed a new architectural umbrella form based on the minimum surface principle. The tension loaded membrane of the funnel-shaped umbrella is stretched under the compressive loaded rigid bars. The first convertible umbrellas of this type were constructed for the Cologne Federal Garden Exhibition in 1971. It was consists of a rigid bar mechanism and a PVC-coated polyester fabric for covering. The length of the umbrella arms was reduced telescopically when it was folded, and the movement of the arms was controlled by a curved track in such a way that the umbrellas could be operated individually in any sequence wished (Figure 3.30.).  

New highly efficient kinetic bar structures and particularly suitable covering materials make it possible to realize buildings that are convertible according to the changes in the set of pressures. New fabric, which is UV resistant, chemically resistant, fireproof and shows minimum surface friction comes very close to the desired ideal for a membrane material for kinetic systems.
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Flexible material on convertible kinetic structures is preferred for roof construction with a short span. The effective use of flexible cover material offers a more lightweight structure than rigid covering materials. It can be tied to the kinetic structure, because of this reason there is no need for additional system to tension the flexible material. At the same time, the movement of the structure doesn’t affect the flexible material directly. Deformation risk gets lower. However, to obtain a designed form with any flexible material surface geometry, tension calculations should be determined with computer programs. There may be so many hanging and connection points that allow outer weather effect. Hanging points and connection details should be derived after a careful work.

Alternative to flexible materials include the use of rigid plates attached to the structural members. The shape of these plates should be such that they do not interfere nor overlap during motion. Each plate has to be attached to the bar structure in a way so the motion of the structure is not inhibited. These panels may smoothly slide over one another or fold during the conversion of the kinetic structure.

For Iris Dome, Chuch Hoberman designs an enclosure created by covering angulated elements with rigid plates, which are allowed to overlap in the retracted position (Figure 3.31.). Each cover is attached to a single angulated element so the motion of the structure is not inhibited. The Iris Dome consists of a large number of plates and bars, and requires many hinges. This can causes potential problems with reliability and at present no large-scale structure has been built using this system.
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Within the scope of this dissertation, a similar study for developing a technique to provide covering for a retractable vault is done by the author of this dissertation. It is determined that angulated elements give opportunity to create a retractable arch, shown in Figure 3.32. This gives the opportunity to design a retractable vault by connecting at least two arches to each other. Rigid bars connect the arches. Every bar is attached to double scissors that are facing one another. Rigid plates are used to cover the vault. Each plate is attached to a single bar between the arches so the motion of the structure is not inhibited. Every plate overlaps in the retracted position.
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Rigid covering materials are more useful than flexible materials for covering large-scale buildings. These rigid materials offer a longer life because they are much more resistant to wind, snow or rain. They can be used as modules with clear details and can be partially replaced when deformation occurs. There are no small openings on the cover, which allow outer weather effect. However, rigid materials are heavier than flexible materials and the process of conversion takes more time.
3.2.2.2.2. Surface Structures 

Surface structures are comprised of sheets. These structures are converted smoothly between an extended structural configuration and a compact bundle. These kinetic surface structures behave as rigid plates connected by joints rather than as simple coverings. They exist such as hinged, opening skylights; sliding, flat roof panels; and rotating, curved roof panels. The structure’s kinetic motion arises because the plates function as links of a mechanism. Numerous examples of rigid surface structures can be found over swimming pools, restaurants, et cetera, where full advantage of weather can be taken. The success of rigid surface structures is the folding sequence.  

The folding egg is a prototype kinetic folding sheet structure that is constructed from a low-cost recyclable material by Bryant Yeh in Kinetic Design Group in MIT (Figure 3.33.). Key advantages are low cost, low weight, structural stability, high insulation value and many possible configurations. 
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Special shapes of the sheets are determined for which the sheets do not overlap or interfere during the movement relative to one another between two extreme configurations. There is an expressed need for the development of lightweight materials which, in this case, must be able to accept hinges, pivots, gears, or whatever hardware is .

3.3. Conclusion

While analyzing the various kinetic structures according to the classification, it is observed that kinetic architecture is an interdisciplinary study between architecture, structural engineering and mechanical engineering. This is an unexplored architecture with a new design approach for the application of kinetic structures to the buildings. The new architecture is a diverse field joining architectural design and engineering know-how.
The new designer is concerned with the task of combining the structure provided by today's advanced technology into an integrated whole with an engineering background. At the same time he must be aware of the practical, functional, and aesthetic possibilities of contemporary materials. The kinetic structure solutions must consider in parallel both the design of the structure according to the mechanism design principles and the selection of proper materials for covering.

3.3.1. Architectural Aspect of Kinetic Structures

Universal space solution as explored by Mies van der Rohe attempts to solve all functions with moveable partitions but very often actually satisfies none. It is no longer adequate to describe the contemporary space. It is evident that there must be a change in the design process. This major change will require subsequent mutations in other aspects of architectural practice. First of all, there must be change in attitude. The architect can no longer live with the idea that the ultimate goal is create the monument of the ages. Whereas today buildings are typically designed to remain unchanged as static monuments, a building can be designed to be in different forms through time. This will suggest a major change in the design process. The starting point of the design in the field of kinetic architecture is an understanding of what might happen to the set of pressures through time. Predicting exact changes that will occur in the set of pressures is an impossible task. Necessity is to predict the range of changes, which might occur. Once the range of changes has been identified, it is necessary to design the architectural form, which can meet this range. Actually, the architect will not be designing one form but a whole range of forms. Rather than searching for an optimal solution the architect must test his solution for its capability to meet the range of pressure changes. The architect will be less concerned with the individual solution and more concerned with a field of solutions. 

 The kinetic designers like the architect Santiago Calatrava and the engineer Chuck Hoberman has pioneered the idea of architecture, which is kinetic; to devise a kinetic system which organize an adaptable space for future pressures. It can move like livings. It can allow a certain freedom of use. Thus the structure creates a new space order that can be extended, modified and adapted to any further changes in the set of pressures. It is flexible.

As French theorist Eugene Viollet-le-Duc predicted that the new style of 19th century would consist of the ‘honest expression’ of the new building construction and materials like iron and glass. In 21st century the new style will be more “kinetic”. Kinetic design strategy allows new freedoms in the positioning of the structural elements and generates the principles like adaptable space. Many reasons may be found for employing kinetic systems in architecture that they are means to facilitate the adaptability of space. Such systems that are inherently deployable or transformable are ideally suited to accommodate and respond to changing pressures.  


.
3.3.2. Engineering Aspect of Kinetic Structures

The increasing demands for spatial efficiency and adaptability, with the evolution of construction techniques and invention of new materials, there is going to be more emphasis on design of the kinetic structures. As it is stated in the previous sentence, engineering aspect of kinetic structures has two major areas; design of the structure according to the mechanism design principles and the selection of proper materials for covering. 

Kinetic structures are objects that change their size and shape. Their process of conversion is smooth, fluid and continuous. Shape implies structure. Conversion implies mechanism. Mechanical and structural functions are unified through the geometry of kinetic structures. Each piece of a kinetic structure performs a dual function. Its members form a structural network that spans distances, supports loads and provide shelter. The same pieces are also the links of a mechanism, transferring forces or/and movement. They are constructed of many simple parts that are connected by joints. The complete conversion of size and shape develops from the movements between neighboring pieces. They retain great stability and strength throughout the conversion process. 

Mechanism design has always been a challenge to engineers. The problem can be stated as follows: "to find a mechanism topology which can produce a desired output movement for a given input movement". In the architectural field the problem of building design can be stated as: “ to combine the various building systems provided by today's advanced technology into an integrated whole”. Concerns in structural engineering focus upon kinetic design, structural solutions must consider the mechanical motions with the importance of joints, linkages, movement controls and this requires an even greater level of engineering, akin more to machinery than to architecture. The engineering of the mechanism and the structure dictates the design approach to the forms and geometry of the structure. Architect must be aware of the methods required for creating mechanisms and have the ability to apply these methods to kinetic structures to provide a completely adaptable and functional building. It is he or she who deals mainly with the design of the mechanism of the structure, observing what the structure is constructed of, how it moves, and how that structure can be made better by enhancing its physical components.
The instrumentalities through which motion can be thought are now highly advanced. Movement is facilitated by the use of computer technology in design. Although computers are often used in engineering, the design and analysis of any structural and mechanical part requires a fundamental understanding of the principles of engineering mechanics. Architects should have at least a superficial knowledge base of the engineering in terms of mechanics. 

In developing kinetic structures, the role of structure needs to be addressed not primarily or singularly. Another aspect of structural engineering is the selection of proper materials for structural applications. The availability of suitable materials facilitates the development of kinetic structures. Prior to the twentieth century the limited presence of these materials reduced the development of significant structures of this type to a few notable examples. Only recently, manufacturing technologies have evolved to the degree where the creation of kinetic structures can be both effectively and feasibly realized. Kinetic solutions are particularly suited to take advantage of technology, materials and techniques that exploit the potential of technological advance from other fields such as automotive, maritime and military. The successful construction of many forms of kinetic structures described depends on new and special materials besides the construction techniques. New materials such as ceramics, polymers and gels, fabrics, metal compounds and composites are now available which can be integrated into kinetic structures. Most of today’s materials, which are used in kinetic systems, present difficulties of insulation, weatherproofing, fireproofing and rotting. The result has been that these materials have had only specialized and limited applications. These problems can be overcome in the future. Architect must be aware of the practical, functional, and aesthetic possibilities of contemporary materials.

CHAPTER 4

KINEMATIC ANALYSIS AND SYNTHESIS
4.1. Introduction to Kinematics and Mechanisms
Each piece of a kinetic structure performs a dual function. Its members form a structural network that spans distances, supports loads and provide shelter. The same pieces are also the links of a mechanism that has the purpose of transferring motion and/or force from a source to an output. A linkage constructed of many links (bars) generally considered rigid, which are connected by joints, such as revolute (rotation), or prismatic joints (sliding), to form open or closed chains (loops).  Such kinematic chains, with at least one link fixed, become mechanisms. Simple linkages make simple mechanisms that can be designed to perform complex tasks, such as nonlinear motion and force transmission. The features of mechanisms and linkage design techniques presented in the following are useful in the analysis and synthesis of mechanisms.

Mechanisms, which are involved by mechanics, can be defined as that branch of physical sciences concerned with the state of rest or motion of bodies that are subjected to the action of forces. Mechanics is subdivided into three branches:

1-Rigid-body mechanics.

A) Statics deals with the equilibrium of bodies that are either at rest or move with constant velocity.

 B) Dynamics is concerned with the accelerated motion of bodies.

B-1 Kinetics, which deals with the action of forces causing the motion.

B-2 Kinematics, which deals with the geometric aspects of motion.

2-Deformable-body mechanics.

3-Fluid mechanics

Ampere defined kinematics as "the study of the motion of mechanisms and methods of creating them."( A.G. Erdman and G.N. Sandor, 1984). The first part of this definition deals with kinematic analysis. Given a certain mechanism, the motion characteristics of its components will be determined by kinematic analysis. The statement of the task of analysis con​tains all principal dimensions of the mechanism, interconnections of its links, and the specification of the input motion or method of actuation. The objective is to find the dis​placements, paths described and motions performed by certain elements. In short, in kinematic analysis we determine the perfor​mance of a given mechanism.

The second part of Ampere's definition may be para​phrased in two ways:
1. The study of methods of creating a given motion by means of mechanisms.
2. The study of methods of creating mechanisms having a given motion.
In either version, the motion is given and the mechanism is to be found. This is the es​sence of kinematic synthesis. Thus kinematic synthesis deals with the systematic design of mechanisms for a given performance.
4.2. Bar Mechanisms in Nature

In nature any kinetic structure is generated to enhance performance. There are many mechanisms made from the articulation of bones (rigid bars) in nature. A large part of classical morphological and biomechanical zoology is concerned with their description and classification. Examples are gull’s wing, which can unfold repeatedly to give ability to fly, and the mouth of the angler fish for opening the jaw and pushing it forward. Movements in such living creatures are primarily achieved by muscular action. In the case of limb like members, essentially straight muscle fibers are connected between two adjacent rigid bone members, which are connected in a ball and socket joint. Nerve controlled contraction of the muscle fibers then causes a kinematic movement of the bone structure in the direction of the tendon. Mechanism in the gull’s wing is an open chain consists of three links (Figure 4.1.).

 The simplest form of mechanism has four bars hinged to each other. This has been exhaustively analyzed in a serious of papers by Muller, who has used it to explain the working of the mouth and related apparatus of many species of fish (Muller, 1996). He has presented a novel classification of planar four-bar linkages based on the systematic variation of one, two or three bar lengths and studying the transmission properties of the linkages. The most spectacular is the four-bar jaw mechanism of the angler fish (Figure 4.2.).  
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4.3. Kinematic Analysis of Rigid Bar Kinetic Structures

Mechanisms are used in a great variety of kinetic systems such as buildings, bridges, sculptures or street furniture. Designing kinetic systems is not inventing, but extrapolating it to suit an architectural vision. Santiago Calatrava is the pioneer of architects who has explored the ways in which structures accommodate movement. Movement was the basis of his Ph.D. thesis “On the Foldability of Frames” at the Swiss Federal Institute of Technology, in Zurich, which examined structures that could be packed and unpacked by means of an ingenious system of compact, moveable rigid components. Movement is the main theme of his current works. His buildings have rigid bar sections that unfold, rise up and revolve. The forms of his buildings; stations, bridges, sculptures are related to some aspect of movement. Calatrava’s projects analyzed here are for meeting the changing pressures through the use of bar mechanisms.

The Emergency Call Center is one of his buildings that is situated in the area of St. Gallen occupied by the monastic foundation. It is the workplace of four uniformed officers, who take and co-ordinate emergency calls to the police from all over the canton. The symmetrically constructed, lens-shaped skylight of the Center, surrounded by a spectacular folding shade, gives the impression in the green of the garden as a fresh, half-open, albeit oversized flower (Figure 4.3.). His inspiration is the morphology of the plants and the animals. The building has a clever planning strategy. However the folding shade is expensive and seen complex design. Folding shade consists of two foldable coverings constructed with aluminum slats. Each of the coverings folds through the displacement of a series of aligned aluminum slats, articulated in the center like a knee. When a motor hidden in the building opens the folding shade over the skylight, the slats protrude upwards to let the day light inside. The folding shade’s configuration is due to the gradual and uniform change of the length of the aluminum slats and the position of articulation along serious of slats. 

From the engineering point of view, the foldable coverings constructed with aluminum slats are all planar four bar mechanism (Figure 4.4A) This is the simplest closed-loop linkage, which has three moving links plus one fixed link and four revolute, pivoted or pin joints. The link numbered 2 that is connected to the power source is called the input link (AoA). The output link numbered 4 connects the moving pivot B to ground pivot Bo. The coupler link numbered 3 connects the two moving pivots, A and B, thereby coupling the input to the output link. The ingenuity of the Calatrava’s folding shade is the design of the input link. S. Calatrava designs input link numbered 2 as an arc form to drive the various planar four-bar mechanisms with one power source (Figure 4.4B).

The first step in the kinematic analysis of a kinetic structure is to sketch the equivalent kinematic or skeleton diagram of the mechanism, that shown in Figure 4.4A. For convenient reference, the links are numbered, while the joints (pairing elements) are numbered. They permit relative motion between the links, but they serve to connect each link with another. Table 4.1 shows some of the pairing elements along with their schematic representation and the number of quantities required to describe the relative motion between the connected links. The kinematic diagram displays only the essential skeleton of the mechanism, which however embodies the key dimensions that affect its motion. The design of the folding shade on the Emergency Call Center is based on the uniform change of the dimensions of the slats. On the other hand another purpose of the kinematic diagram is to provide a kinematic schematic of the relative motions in the mechanisms. A pin joint depicts relative rotation; a slider depicts relative translation, and so on. 

The next step in kinematic analysis of a kinetic structure is to determine the number of degrees of freedom of the mechanism. Degree of freedom is the number of independent inputs required to determine the position of all links of the mechanism with respect to ground. Gruebler’s equation is one of the most popular mobility equations used in practice.

Gruebler’s equation    F = 3(n-1) - 2(1 - (2


(4.1)

Where

F: degree of freedom of the mechanism,

n: number of links,

(1: number of joints, those that allow only one degree of relative motion,

(2: number of joints, those that allow only two degree of relative motion,

Using Gruebler’s equation to determine the number of degrees of freedom of the linkage in Figure 4.4A, we have



n = 4, 

(1 = 4

F = 3(4-1) – 2(4) = +1

The +1 indicates a single degree of freedom for the linkage.

Table 4.1. Pairing elements

	TYPE
	SCHEMATIC
	MOTION
	DESCRIBING

QUANTITY
	DEGREE OF FREEDOM

	REVOLUTE
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	Rotation
	(
	1

	PRISMATIC
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	Sliding
	x
	1

	HELICAL
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	Rotation and translation
	( or x
	1

	ROLLING

(No slip)

(With Slip)
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	Rotation and translation
	( or x

( and x
	1

2

	CYLINDRIC
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	Rotation and sliding
	( and x
	2

	PLANAR
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	x,y translation and rotation about z axis
	x,y and (
	3

	GLOBAL
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	Rotation about x,y and z axes.
	(,(, and (
	3
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The third step in kinematic analysis of a kinetic structure is to determine the relative displacements. The analysis may be carried out through graphical method. Although the accuracy depends on one’s care in construction and the scale of the drawing, acceptable precision can usually be obtained. In Figure 4.5 the four bar mechanism of the folding shade is analyzed for displacements of the links and the relative angles between the links. ß is the transmission angle. When the transmission angle (ß) is equal to 90(, the force transmitted from link 3 to link 4 results in maximum torque on the output of link 4. In general, the transmission angle ß should not be less than 40( or greater than 120( for smooth operation of the mechanism. More complex mechanisms can also be analyzed with graphical displacement method by constraining joints to move on their respective path. S. Calatrava used the same mechanism again in his proposal for the entrance to the metro station in Valencia. However it has not been constructed (Figure 4.6.).

[image: image84.jpg]



[image: image85.jpg]



Another kinetic system is the door of Ernsting Warehouse designed by Santiago Calatrava. Each of the doors rises and falls through the displacement of a serious of aligned aluminum slats, articulated in the center like a knee (Figure 4.7). When the doors opened by means of a frame hidden behind this “knee”, the slats protrude forwards to provide a kind of protective canopy over entrance. The canopy’s swooping line is due to the gradual and uniform change of the position of articulation along serious slats: higher at the sides, lower towards the center. The mechanism of the doors is a slider crank mechanism constructed with aluminum slats. The four-bar has some special configurations created by making one or more links infinite in length. The slider crank is one of them. It is a four-bar linkage with a slider replacing an infinitely long output link. There are for links and four joints. Three of the joints are revolute and one is sliding (Figure 4.8A). Calatrava’s design is a composition of serious slider crank mechanisms. All are slider crank mechanisms but with different link lengths. The displacement analysis of one of the slider cranks is shown in Figure 4.8B.  

The degree of freedom of the mechanism is again 1, because there are four links and four joints. Three revaluate joints and one sliding joint allow only one degree of relative motion. 

So, according to the Gruebler’s equation;

n = 4, 

(1 = 4




F = 3(4-1) – 2(4) = +1

The +1 indicates a single degree of freedom for the linkage.
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Although the four-bar and slider crank are very useful linkages and are found in thousands of application, these linkages have limited performance capabilities. Linkages with more members are often used in more demanding circumstances. Figure 4.9A shows a typical application of a multi loop mechanism. A casement window must open 90( outward from the sill and be at sufficient distance from the other side to provide access to the outside of the window pane for cleaning. Also, the force required to drive the linkage must be reasonable for hand operation. Figure 4.9B shows the kinematic diagram of the casement window linkage. Notice that there is a slider crank linkage (1,5,4,6) in this multi loop mechanism. Connected to the slider crank are a bar and a roller (2,3). Note also that there is a ternary planar link (4). Table 4.2 shows typical skeleton diagrams of planar links. It is seen that there are six links, five pin joints, one slider joint, and one roller in the kinematic diagram. Totally there are seven joints that all allow only one degree of relative motion.

So, according to the Gruebler’s equation;

n = 6, 

(1 = 7




F = 3(6-1) – 2(7) = +1

The +1 indicates a single degree of freedom for the linkage. Only one input shown in figure 4.9A is required to determine the position of all links of the mechanism with respect to ground. 
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	Link Types
	Typical Form
	Skeleton Diagram(s)

	Binary
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	Ternary
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	Quaternary
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Table 4.2. Planar link types.

The other kinetic system that can be kinematically analyzed is a street lamp designed by Adriaan Geuze in Rotterdam (Figure 4.10.). He intends to reform a public space with kinetic design strategy. He doesn’t want to design a static plan but to introduce movement concept in his design. First of these movements is in the design of roof slab. By lifting the underground parking roof by 35 centimeters it is possible to describe a new open space, which also houses the new cinema building. The car-park ramp can be turned into a children’s slide, the edge of the platform into a long seat, the seat into a parapet for skating races. With the extraordinary kinetic lamps, various illumination of the square is possible. The light source is connected to the output link and this gives the ability to enlighten the square in various positions. 

These lamps are planar multi loop mechanisms and require two inputs to determine the position of all their links relative to the ground. The inputs are hydraulic cylinders. The linkage system has two slider joints that are hydraulic cylinders in this case. These hydraulic cylinders allow movement only along the slide. Notice that there is a quaternary planar link (4). It is seen that there are seven links, six pin joints, and two slider joints in the kinematic diagram (Figure 4.11.)

So, according to the Gruebler’s equation;

n = 7, 

(1 = 8

F = 3(7-1) – 2(8) = +2

The +2 indicates two degrees of freedom for the linkage. Thus the lamp requires two inputs to determine the position of its links relative to the ground. These are supplied by two hydraulic cylinders.
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4.4 Kinematic Synthesis of Rigid Bar Kinetic Structures

The process of drawing kinematic diagrams and determining the degrees of more complex mechanisms are the first steps in both kinematic analysis and synthesis process. In kinematic analysis, a particular given mechanism is investigated based on the mechanism geometry. Kinematic synthesis, on the other hand, is the process of designing a mechanism to accomplish a desired task. The ability to visualize relative motion, to reason why a mechanism is designed the way it is, and the ability to improve on a particular design is marks of a successful kinematicion. Although some of this ability comes in the form of innate creativity, much of it is a learned skill that improves with practice.


The areas of synthesis may be grouped into two categories. 


1. Type synthesis: The first major category of kinematic synthesis seeks to determine the which type of linkage topology, type of joints and number of degrees of freedom may be best suited to solve particular task.


2. Dimensional synthesis: The second major category of kinematic synthesis seeks to determine the significant dimensions and starting position of a mechanism of preconceived type for a specified task and prescribed performance. Significant dimensions mean link lengths or pivot to pivot distances.

All mechanisms may be classified by applications that represent three different tasks: function generation, path generation and rigid body guidance.  These are the customary tasks for kinematic synthesis. In function generation, rotation or sliding motion between links connected to the ground is of interest. Figure 4.12 shows a slider crank linkage function generator. It is a function generator with rotary input and translational output. In path generation, a point on a floating link (not directly connected to the fixed link) trace a path defined with respect to the fixed link. An example of path generation is a four-bar linkage designed to advance the film in a camera (Figure 4.13.). This is a special kind of path generator in which geometric relationship of the links assure the generation of straight line within the cycle of the linkage’s motion. It is possible to generate various paths with respect to the fixed link by selecting points on the floating link (Figure 4.14.). In motion generation, the entire motion of the whole body is of concern. The body to be guided usually is a part of a floating link. In figure 4.15 not only is the path of point P prescribed, but also the rotation of vector Z embedded in the moving body.
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4.4.1.  Graphical Synthesis

Graphical or geometric methods of mechanism synthesis are fast and provide wealth of information with little effort. Graphical techniques have limitations of accuracy due to the drawing error. These techniques generally require determination of perpendicular bisectors and intersections of straight lines. Greatest error is introduced in making the scale of the drawing too small or in determination of the point of intersection of two lines at small angles to each other. 

The chief advantage of the graphical techniques is that they will provide a global picture of the mechanism and possible joint locations.   

4.4.1.1 Two Prescribed Positions Technique

This technique is used when a link in a mechanism has to be guided in such a way between two positions.  For two prescribed positions of motion generation of a link, this can be can be accomplished by a simple rotation, about a suitable center of rotation. It is known that it is possible to draw various circles on two points (A1 and A2) and the centers of these circles are all on the midnormal of the between the two points (Figure 4.16A). So it is also possible to find the center of rotation (C12) by way of the midnormals a12 and b12 (Figure 4.16B). Intersection point of the midnormals is the center of rotation.  

At the same time it is possible to guide the link AB from position 1 to position 2 by a four-bar mechanism. Two fixed pivots, one each anywhere along the two midnormals, will accomplish this task. The construction of two possible mechanisms is shown in Figure 4.17. 
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4.4.1.2 Three Prescribed Positions Technique


This technique is used when a link in a mechanism has to be guided in such a way between three positions of a plane, A1B1, A2B2 and A3B3. It is known that it is possible to draw only one circle on three points (A1, A2 andA3). So, two circle points A and B are chosen and their three corresponding positions are located. The midnormal construction of the preceding section is repeated twice for point A. Figure 4.18 shows three midnormals for point A. Since the center point for each pair of two positions may lie anywhere along their midnormal, the intersection of the two midnormals locates the common center point Ao for all three positions. Figure 4.18 shows the resulting four bar mechanism synthesized for the choices of circle points A and B.
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4.4.1.3 Cognate Mechanisms

Two or more mechanisms are called cognates if they give the same motion of a point or link. The cognates for coupler-point motion of a four-bar linkage are particularly important. A cognate may provide an alternative solution to a point-path design problem where the linkage turns out to be awkwardly situated or to have poor transmission angles. The cognates are found with Roberts-Chebshev theorem. They can be found as follows (Figure 4.19A)

Suppose AoABBo is a four-bar linkage with coupler point P. Then

a) Construct the parallelograms AoAPA
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 and BoBPB
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.

b) Construct triangles A
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PC
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 and PB
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C
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 similar to triangle ABP.

c) Locate point Co by constructing the parallelogram PC
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The cognates of original four-bar are shown in Figure 4.19B and 4.19C. In all cases P is the required coupler point.

CHAPTER 5

CASE STUDY
5.1. Structural Synthesis of a New Type of Architectural Umbrella
In order to achieve the objective of the study, a kinetic structure for covering the small open areas is designed to illustrate the new approach to the art and science of building. The main principle of the design process is to develop an umbrella like structure that can be operated individually. In the design process, mechanical and structural functions are mutually reinforcing. Architectural umbrella is the case study that is a new type of symmetric spatial expandable platform structure (mechanism) covered with flexible material. Graphical synthesis method is used to design and develop this novel architectural umbrella, which meets meteorological changes with two opposite states, one closed and passive, one open and active.  Its open configuration protects man against the sunshine and rain.
Architectural umbrella consists of two main components. The first one is based on a new type of symmetric spatial expandable platform mechanism. The second one is a flexible covering connected to the legs of the platform mechanism with joints from its ribs. All these components are demountable. The flexible covering is placed at the upper end of the legs of the platform mechanism. The mechanism is central on the mast that is consists of two cylinders, one inside the other. The rotation of inner cylinder about Z axis is transmitted to the mechanism and to the ribs of the covering, thus opening or closing the umbrella. Materials considered for the kinetic structure are lightweight aluminum for the spatial platform mechanism and flexible membrane for the covering.  
The system has to be modular for the ease of installation and deployment. The structural components must be durable to withstand harsh conditions of the weather, and they should not collapse and are safe to use. The final product must be suitable for mass production. 

5.2. The Basic Platform Structure

From the viewpoint of structural engineering, a key element in this study is to develop robust structural system, which provide the capability to change configuration. A structure that is able to produce different working geometries and also able to move from one configuration to another. The design approach starts with assembling the bars to form a cylinder in the closed configuration, and which are able to move relative to one another to form open configuration. A well known geometric knowledge has been used for the design of the expandable platform structure. Hyper surface generation by moving a straight line (generator) upon two fixed curves or straight lines (directrices) has been known for a long time (Figure 5.1.). 

When the generator is a straight line, dependant on its position in space in relation to the axis of rotation, typical surfaces of cone, hyperboloid or cylinder can be generated (Figure 5.2.). It is also well known that rotating a cylinder around its vertical axis can create a hyperboloid (Figure 5.3.). Because of this characteristic of the hyperboloids, it is possible to obtain three-dimensional expandable platform mechanism by forming a cylinder with bars and rotating it about its vertical axis.

The required performance is given above. According to the given performance, systematically the suitable mechanism is designed to create a mechanism having a given motion by using graphical method

The areas of kinematic synthesis are type synthesis and dimensional synthesis (Arthur G. Erdman 1991)

1- Type synthesis strives to predict which combination of linkage topology and type of joints may be best suited to solve a particular task.

2- Dimensional synthesis seeks to determine the significant dimensions and starting position of a mechanism of preconceived type for specified task and prescribed performance.
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5.2.1. Type Synthesis

The first step in the type synthesis is to determine the linkage topology and type of joints with the required degree of freedom. Number and type of links are required to construct the linkage with correct degree of freedom.

In its simplest forms Figure 5.4 shows the two extreme positions, the open and closed configuration of the mechanism. The closed position is defined when the structure spans the minimum distance. This distance is denoted Rmin. Similarly the open position is defined when the structure spans the maximum distance. This distance is denoted Rmax. 
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The articulation of the links transforms the mechanism from one configuration to another. For this particular task, a linkage topology has to be predicted. There is no method to find the best solution. This is an ability, which can be developed only after designing linkages for many years. However, it is easily understood that this is a kind of platform mechanism with the help of topological analysis shown on Figure 5.4. A platform mechanism consists of a platform, a base and at least two kinematic chains. Kinematic chains are closed loops. One end of the chain is connected to the base and the other is connected to the platform. Kinematic chains connecting two platforms are referred as branch and chains connecting a platform and a base is referred as leg. A platform mechanism is said to be symmetrical if these kinematic chains are all the same. Then, the mechanism studied as a case study is a symmetrical platform mechanism with four legs.  

A symmetrical platform mechanism with four kinematic chains is chosen as a mechanism of the architectural umbrella. The desired degree of freedom of the mechanism is one (F=1) to have only one drive system. This is the easiest way for a man to determine the position of all links of the mechanism with one independent input. To construct this structure, it is better to look closely the simplest form of the mechanism to determine the types of joints. Figure 5.5 shows two extreme positions of one moveable bar (link). 
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Pairing elements at A0 and A1 points are two different joints, which connect the bar to the circular fixed base and to the rotational circular platform. The distance between these pairing elements is L. Pairing elements at A0 and A1 points can be described by two quantities. They allow relative motion between the platform, the base and the bars. These pairing elements with two quantities can be determined easily from left and front views of the mechanism. Front view shows relative rotation between the base and the bar by ω and again relative rotation between the rotational platform and the bar by β. Left view shows relative rotation between the base and the bar by ω1 and again relative rotation between the rotational platform and bar by β1. At the same time, while the platform rotates, pairing element at point A1 moves to AJ. This rotation changes the distance between the pairing elements from L to L1. It is determined that there is a sliding motion between the bar and the rotational platform. After these graphic analysis it is understood that two quantities (R-R) are necessary to describe the relative motion between the bar and the base and three quantities (R-R-P) are necessary to describe the relative motion between the bar and rotational platform. Table 4.2 shows some of the pairing elements along with their schematic representation and the number of quantities required to describe the relative motion between connected links. However none of the pairing elements in this table is suitable for the connection of the links. A proper joint between the bar and the base with R-R quantity is “kardan” joint. Kardan joint has two degrees of freedom (F=2) and allows relative rotation about two axes (Figure 5.6.). 
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Another proper joint between the bar and platform with R-R-P quantity is designed by connecting kardan and prismatic joints. The new joint allows rotation about z and x axes and sliding between links (Figure 5.7.).   
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After all the topological and type of joint synthesis, it is possible to draw the kinematic diagram of the mechanism. The first step in the kinematic analysis is to draw the equivalent kinematic diagram. This requires a “stripped-down”. Figure 5.8 shows the kinematic diagram in a sketch form (proportional but not exactly to scale) 
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In figure 5.8 kinematic diagram provides the kinematic schematic of the relative motions in the platform mechanism. Notice on figure 5.8a that there is a base numbered 4, a platform numbered 1 and a leg numbered 2 and 3 between the base and the platform. Note also that there are two kardan joints (R-R) and one revolute joint (R) and one prismatic joint (P). Kinematic diagram reveals that the joint designed with three quantities (R-R-P) shown in figure 5.7 is the connection of kardan and prismatic joints with the link numbered 2. This kinematic chain is a spatial four bar mechanism. There is one input because the desired degree of freedom is one (F=1). Figure 5.8b shows the 3D kinematic diagram and simplifies the platform mechanism to visualize the movement of the platform and provides the means for further analysis on 3D models.

The next step is to analyze the combination of linkage topology and type of joints with desired degree of freedom. A kinematic analysis software MSC.visualNastran 4D (vN4D) is used to verify structural integrity of the mechanism. Each 3D body on vN4D’s simulation platform has a set of physical properties, including mass, coefficient of friction, moments of inertia, positions, and velocities. The simulation engine calculates the motion of interacting bodies using advanced numerical analysis techniques. The engine allows the construction of complex systems, and computes their motion under a variety of constraints and forces. Figure 5.9 shows the initial design of the kinetic structure. Post of the structure consists of two cylinders one within the other. The outer cylinder is fixed and forms the base of the mechanism. The inner cylinder is rotational and forms the platform of the mechanism. The platform and the base are connected each other with four square sectional bars. The joints between the links were determined before. They are two kardan (R-R) joints, one revolute (R) and one prismatic (P) joint. Two different configurations of the platform mechanism calculated by vN4D display an error on the prismatic joint (Figure 5.9.). It is determined that prismatic joint must allow rotation too. It must have two degree of freedom (P-R).  
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The new joint between the links numbered with 2 and 3 is designed with two degrees of freedom (sliding and rotation). At the same time the link numbered 3 changed from square sectional to circle sectional bar to allow rotation (Figure 5.10.). 
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The final kinematic diagram is shown in figure 5.11. 
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According to the final kinematic diagram the final platform with proper joints is designed (Figure 5.12.). Visual Nastran 4D does not give any error message for the kinematic topology or the type of joints. 
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The final step of the type synthesis is to decide the link that serves as input driver and to check the degree of freedom with a structural formula. The base (outer cylinder) is the fixed to the ground and the platform (inner cylinder) is the desired driver of the mechanism (Figure 5.11.). The inner cylinder reaches to the ground so that it can be driven on the ground by man.  

As it is mentioned before, the desired degree of freedom is one (F=1). Because a mechanism with one input drive performs all geometric configurations in a predictable manner. A proper structural formula is needed to check the degree of freedom of the platform mechanism.  

5.2.2.  Structural Formula

Many scientists described structural formulas to find degree of freedom (DOF) of complex mechanisms. F. Freudenstein and R. Alizade described a structural formula for complex mechanisms.  
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Where

W: degree of freedom of the mechanism,
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: sum of degrees of freedom of the spaces, within which the closed loops operates,

h : number joints connecting n links.

L : number of independent loops.  

In 1988, R. Alizade presented a new structural formula, in which platform types, number of platforms, number of branches between platforms and so were included along with mobility of kinematic pairs. Kinematic chains that form a platform (or base) are usually hexagons, pentagons, quadrilaterals and triangles. Now the theorem will be formulated, establishing the connections joining the platforms via intermediate branches.

Total number of linear independent closed loops is defined as the difference between the total number of joints in platforms and total number of platforms, intermediate branches:
L = N – C – B 





(3.2)

Where

L: number of independent loops.

N: total number of joints on the moveable platforms,

C: total number of intermediate branches between moveable platforms

B: total number of moveable platforms

So, we can write sum of degrees of freedom of the spaces within which the closed loops                  operates 
[image: image25.wmf]1

L

j

j

l

=

å

as:





[image: image26.wmf]1

L

j

j

l

=

å

=  ( (N – C - B)




(3.3)

By using equations (3.1) and (3.3) we can find a new equation.  

W = 
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(3.4)

By using the R. Alizade equation, it is possible to find the degree of freedom of the expandable bar structure. W = ?


Where,
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W =  25 – 6 ( 5 – 0 – 1 ) = 25 – 24 =   1.    

At this point the topology and joint pairs for a mechanism have been determined and all that remains is to perform a dimensional synthesis.

5.2.3.  Dimensional Synthesis

The purpose of dimensional synthesis is to determine the significant dimensions of the platform mechanism to span the maximum distance. There will be two extreme positions, the open and the closed. The closed position is defined when the structure has the minimum possible distance between the legs. This distance is denoted Rmin. Similarly the open position is defined when the distance has maximum length between legs and is denoted Rmax. The open position is reached when the legs connects the inner cylinder while expanding. The performance of the umbrella is proportional with the maximum distance between the legs. To compare the maximum distances of various configurations, two parameters are introduced. These parameters are the diameter (d) of the inner cylinder and the height (h) of the platform from the base (Figure 5. 13.). It is possible to compare the Rmax. by using d and h as variables with the help of Visual Nastran 4D. Having defined the parameters within which the Rmax. can be varied. Table 5.1. shows the results for 60 ≤ d ≥ 120 and 250 ≤ h ≥ 350. The legs are 200cm long. It has been found that Rmax. increase when d and h decreases.
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A physical model has been built to demonstrate the kinetic architectural umbrella designed above. All of the structural elements and joints were constructed with metal (Figure 5.14.). Height of the platform from the base (h) is 350mm and the diameter of the inner cylinder (d) is 120mm. The legs are 150 cm long. It is found that the maximum distance is 185cm. As it is shown in Table 5.1, it is possible to span more by reducing the d and h parameters. However legs are beginning to experience exceedingly large when h reduces.
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5.3. Development of the Covering

In the following two different types of materials will be considered for covering the expandable platform mechanism to reach the final design of the architectural umbrella. The first type of covering material is a deployable rigid flat plate. The plates are fiber-reinforced plastic (FRP) that can be connected to each other and to the legs of the platform by revolute joints. FRP composites are formed of strong and stiff reinforcing fibers in tough and resilient polymers. FRP as a cover material shows a greater potential due to the fact that it is a high performance material with a good strength to weight ratio as compared to other materials like glass. Special shapes of the straight-edged plates and the deployment methods are determined for which the plates do not overlap or interfere during the expansion of the platform structure. Figure 5.15. shows three alternatives.  Figure 5.15C seems the best method that can be collapsed into a compact form and deployed when needed. However the deployment process is complex. In practice, the plates may interfere the expansion of the platform mechanism to reach the open configuration. The covering in Figure 5.15B has simple deployment process, but it can causes potential problems with reliability. The umbrella will be under extreme wind force because of the wide surface of the rigid flat plates in the compact form (Figure 5.16.). 3D model of the umbrella with rigid flat plates cover spans 370cm and covers a 13,69m² square area. In reality, covering may not be durable to withstand the harsh conditions of the weather with wider surface plates to cover more area.

The second type of covering material is a flexible membrane. Flexible membrane can be attached to the legs with a separate supporting bar structure (ribs). Ribs deploy and prestress the membrane. The construction method is replacing the rigid flat plates with four ribs, which are connected with revolute joints at exactly the same locations of the legs. Membrane is tied to the ribs thus there is no need for additional simple rope mechanisms to tension the membrane. This construction type of the cover makes it technically a simpler deployable system. The length of the ribs can be increased telescopically. Physical model of the flexible covering is attached to the platform mechanism. Flexible covering spans 500cm and covers 25m² (Figure 5.17.). Conversion between two extreme configurations does not take much time because movement does not affect the membrane directly. If extreme weather conditions are considered, another advantage of the membrane is to be a gatherable material. Umbrella is more adaptable to changing weather conditions with a flexible material. 

[image: image113.jpg]



[image: image114.jpg]Al AL Platform

Base
A0 20

FRONT VIEW FRONT VIEW

AL
A0 A0
%)

TOP VIEW TOP VIEW

MATA TAAT





[image: image115.jpg]



CHAPTER 6

CONCLUSION

On the bases of the increasing role of “motion” both conceptually and in applications, the critique of present and past practices in kinetic architecture and the findings of the specific case study, the present dissertation has proved the applicability of kinematic methods into the design process of the adaptable space organizations through the kinetic bar structures. This dissertation proposes a design process with kinematic methods to approach architecture from a new direction. To accomplish the above mentioned objective of the study, firstly reasons of the increasing role of motion concept are mentioned in the context of physical and nonphysical activities (pressures). In this frame, necessity of a new design concept is revealed. Then, designers who have pioneered the idea of kinetic architecture are investigated with their applications according to the classification. For classifying the kinetic structures, time of kinetic action takes place and type or shape of construction material are considered. At the same time, two of personal kinetic designs are presented in accordance with the classification. Afterwards, motion characteristics of examples of kinetic buildings or building partitions are determined by kinematic analysis. As a case study, an architectural umbrella consists of symmetric spatial expandable platform mechanism and flexible covering is developed with graphical method of kinematic synthesis. Visual Nastran 4D, a CAD program capable of kinematic analysis, is used to analyze the performance of the umbrella. 

Four main keywords have been revealed to summarize the process leading architects to create kinetic architecture. The first one is the “pressure”. The pressures exist as a set or series of interacting elements. Any change in any one pressure acts upon the form. Because of this reason, the building must be responsive to the pressures through its form, which can meet the changes within the set of pressures. It is observed that one of the key factors to create a responsive form is the estimation of changes in the set of pressures through time. The second keyword is the “response”. To be responsive is one of the main aims in the design process of the buildings in 21st century. In this case, modern society is in need of new type of architecture that is responsive to the changes in the set of pressures. The third keyword is the “practical approach”. Architects are in need of new design approach to create a new type of architecture. Utilizing kinetics in the design process of the building partitions is a practical approach to create a new type of architecture. The motion concept-architecture relationship is a creative design strategy of the new architecture -kinetic architecture- that creates adaptable spaces with physically kinetic form, thereby responsive to the changes in the set of pressures. The last keyword is the “kinematic”. The motion concept is a mechanistic approach to form. That means architects need an ability to apply the kinematic methods into the architectural design process to provide a completely functional building.

Upon discussing the motion concept, kinetic performances of existing buildings are analyzed with graphical methods throughout the study. The main aim has been to understand the behavior of the kinetic structures. It has been found that there are two major areas in the engineering field of kinetic architecture. 

First major area is the design of mechanism of the structure. Structural solutions must consider the mechanical motions with the importance of joints and linkages. It is understood that the most useful mechanisms are planar bar mechanisms for architectural applications, because they are cheapest and simplest. It is possible to cover large span with bar mechanisms and they run at higher speeds than other types of mechanisms. Kinetic structures presented in this study are constructed with planar mechanisms. However these mechanisms are two-dimensional and have limited performance capabilities. Santiago Calatrava constructs three-dimensional structures with serious aligned aluminum planar four bar mechanisms. Chuck Hoberman constructs Iris Dome with multi loop planar mechanisms by multiplying on perimeter of a circle. There are various applications of three-dimensional mechanisms in engineering field but not many in architectural field.   

Second major area is the design of the cover element’s form and its attachment to the structure. There are two types of covering materials such as rigid and flexible. Both of these materials have advantages and disadvantages. Covering possibilities of the kinetic structures have been the prime purpose of the numerous dissertations. Developments in material advancement may extend the covering possibilities.  

Concluding Remarks and Recommendations for Future Studies:

Throughout this study, the applicability of kinematic methods into the design process of the adaptable space organizations has been showed through the existing kinetic structures. The main aim here has been to investigate the possibilities of kinetics in the architectural field.


In the above mentioned structure of this study, following conclusions are found to be important:

· Movement capability of kinetic structures facilitates the adaptability of space.

Modern buildings are expected to be flexible and responsive. Today, various buildings are designed to allow further applications of flexibility concept. However, none of them responds to all of the changes in the set of pressures. Movement capability of kinetic structures facilitate the adaptability of space. By approaching building design with a new design strategy, such as that motion, space is more flexible with a convertible structure that can respond to the requirements of any human activity.

· The planar bar mechanisms are the most useful for the creation of kinetic structures. 

The planar bar structures/mechanisms are the most appropriate structural type that can physically convert themselves. They are cheapest, simplest and most robust of all mechanisms. The simplest closed loop linkage is the four-bar and its some special configurations. However, these mechanisms are capable of planar rigid-body motion. It is not possible to create a three-dimensional structure without using serious mechanisms. Design and analysis of the kinetic structure relies on the designer’s ability to visualize relative motion of the components.

· There must be changes in the attitude of the architect

There must be major changes in the design process of the kinetic designer. The first change has to be in the attitude of the architect. He can no longer live with the idea that the ultimate goal is to create the monument of the ages. This will suggest a major change in the analytic stage of the design process. This part of process takes on new meaning and importance. The result of analysis under a typical situation today is a fixed program from which the architect designs. This means the identification of the set of pressures as they exist at that time. This analysis is not time-oriented. However, it is necessary to predict the changes in any one pressure if building is going to be capable of kinetic characteristics. Design process starts with an estimation of changes in the set of pressures through time. Once the range of changes has been identified, it is possible to design the architectural form, which can meet a range of changes within the set of pressures. Actually, the architect is not going to design one form but a whole range of forms. It will be necessary to develop simulation techniques to test the capabilities of the design to adapt to a specified range of changes.

· Kinetic structures are appropriate for a singular volume.

Movement capability of kinetic structure creates some restrictions on the architectural space. Kinetic structures are not satisfactorily appropriate for all kinds of space organizations. In most general terms, the easiest space is a singular volume that can be adapted to the changing pressures. This will eliminate the interior partitions, which must respond to the pressures with the kinetic structure. In this case, space becomes more easily adaptable, thereby encouraging the set of pressures to change.  Otherwise, a building with its kinetic structure, envelope and interior partitions will be a complex kinetic mechanism.

· There is a need to develop materials specific to the needs of kinetic structures.

The successful construction of many of kinetic structures depends on new and special materials. It is a principle in construction that economy is gained when the structure has a high strength to weight ratio and a high specific stiffness. Similarly, kinetic structures should by the same principle have high strength to weight ratio and specific stiffness. Accelerated research in architecture to develop materials specific to the needs of kinetic structures may well be a new development. New materials such as ceramics, polymers, fabrics, metal compounds and composites are now available which can be integrated into intelligently responsive kinetic structures. The intensive use of such materials facilitates solutions in the field of kinetic architecture. Attachment of covering material to the kinetic structure is another area that has to be developed. Construction details between the structure and covering is very new and will most likely change and adjust as new covering materials become available.

· New construction techniques are needed because of mechanical equipments.

By approaching buildings from a new direction, such as that motion, an opportunity is opened to create buildings in a new way. This is possible with new construction methodologies. As kinetic architecture proves its value, more building parts will go kinetic and result in new construction methods with the increased importance of joints, linkages and movement controls. This is a more mechanistic technological approach to form. Because of this reason kinetic structures require an extensive amount of mechanical equipment and machinery. Kinetic designer will have to design moveable partitions and their joints with an engineering background. Designing kinetic structures is not inventing, but extrapolating it to suit an architectural vision.

· The concept of kinetic architecture can grow in the architectural schools.

Architects really need to take a more active role in directing the development of this area of design. To do this, architectural students need to have at least a superficial knowledge base of the engineering in terms of kinematic. One of the key forces leading to the acceptance and continued development of kinetic architecture will be the architectural schools. New programs with new subject matter will be required.  The concept of kinetic architecture can grow in the architectural schools. There must be an acceptance by the student that he will not design a form that is not the final solution but a convertible form that can be changed to meet various conditions.  

· Intelligent kinetic structures are possible near future.

Future research may be on intelligent kinetic structures which are coupled with sort of brain that can allow them to convert themselves. Intelligent kinetic structure in architecture is a structure as a mechanistic machine that is controlled by a separate non-mechanistic machine “the computer”.  


Within the limits of this thesis, the behavior of kinetic structures and the possibilities to develop kinetic architecture are discussed. It is concluded that there is a new vocabulary to be formulated, a new type of construction method to be developed and a new aesthetic to be expressed. Kinetic architecture is now at the beginning stage. The research carried out so far in application of kinetics into architecture is very encouraging, and has resulted in the discovery of a number of novel spatial organizations.
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APPENDIX A

KINEMATIC ANALYSIS OF SOME KINETIC STRUCTURES

A.1 A Plane Hangar Designed in 1912 (Not Constructed)
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	TYPE OF STRUCTURE


	KINETIC BAR STRUCTURE

	TYPE OF MECHANISM


	4 BAR PLANAR MECHANISM

	COVERING MATERIAL


	RIGID FLAT PLATE

	KINEMATIC DIAGRAM
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4 LINKS, 4 REVOLUTE JOINTS ((1)

	DEGREE OF FREEDOM


	F = 3(n-1) - 2(1 - (2

F = 3(4-1) - 2.4 

F =    9   -   8 = 1
	n: number of links

(1:number of lower pairs.  

(2: number of higher pairs


The developments in plane and zeppelin industry necessitated kinetic buildings to be used as hangars. Hangars were preferred because they were more adaptable and flexible with their moveable roofs or walls.
A.2 Iris Dome, Chuch Hoberman. 
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	TYPE OF STRUCTURE


	KINETIC BAR STRUCTURE

	TYPE OF MECHANISM


	PLANAR MULTILOOP BAR MECHANISM

LOOP 1       : SLIDER CRANK MECH.ANISM

LOOP 2…n : FOUR BAR MECHANISM



	COVERING MATERIAL


	RIGID FLAT PLATE



	KINEMATIC DIAGRAM
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8 LINKS , 9 REVOLUTE JOINTS ((1)

1 PRISMATIC JOINT ((1)

	DEGREE OF FREEDOM


	F = 3(n-1) - 2(1 - (2

F = 3(8-1) - 2.10 

F =    21   -   20 = 1
	n: number of links

(1:number of lower pairs.  

(2: number of higher pairs




A.3 Swissbau Concrete Pavilion, Santiago Calatrava.
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	TYPE OF STRUCTURE


	KINETIC BAR STRUCTURE

	TYPE OF MECHANISM


	SPATIAL MECHANISM

	KINEMATIC DIAGRAM
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7 LINKS, 5 REVOLUTE JOINTS, 2 SLIDING JOINTS  ((1)



	DEGREE OF FREEDOM


	F = 
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	( : degrees of freedom of the space.

l : number of links in the mechanism.

J : number of joints in the mechanism.
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A.4 Umbrella, Josiah Hanway.


In 1750 Josiah Hanway introduced the umbrella to the British as device for protection against rain. Now, some extra-compact umbrellas fold twice to fit in small handbags when not in use. 
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	TYPE OF STRUCTURE


	KINETIC BAR STRUCTURE

	TYPE OF MECHANISM


	PLANAR MULTILOOP BAR MECHANISM

LOOP 1       : SLIDER CRANK MECH.ANISM

LOOP 2…n : FOUR BAR MECHANISM



	COVERING MATERIAL


	FLEXIBLE MATERIAL

	KINEMATIC DIAGRAM
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8 LINKS, 1 SLIDING, 9 REVOLUTE JOINTS   ((1)

	DEGREE OF FREEDOM
	F = 3(n-1) - 2(1 - (2

F = 3(8-1) - 2.10 

F =    21   -  20 = 1
	 n: number of links

(1:number of lower pairs.  

(2: number of higher pairs


APPENDIX B

VISUAL NASTRAN DESKTOP 4D

Visual Nastran Desktop 4D is a CAD program capable of kinematic analysis. At the same time it is helpful for the design and visualization of dynamic models. The model of the mechanism of the architectural umbrella is constructed by using this software and rigid body analyses have been made. Figure B.1 shows the screenshots of the program at work. The most important point when working with this software is the necessity of precise solid body modeling. Also, once the model is constructed, it is quite hard to change some of the dimensions to make new analysis.
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APPENDIX C

GLOSSARY

Adaptable: able to adjust oneself readily to different conditions.

Adjust: to become or to make sb/sth suited to new conditions; to adapt oneself/sth. 
Balance: n. a state of equilibrium or equipoise.

Chain: Several links connected by pairing elements constitute a chain.
Change: to become or make sb/sth different. 

Change (sb/sth) (from sth) to/into sth: to pass or make sb/sth pass from one form to another.

Change (sb/sth) (from A) (to/into B): to pass or make sb/sth pass from one stage to another.
Change over (from sth) (to sth):  to change from one system or position to another.
Change ~(in/to sth): the action or an instance of making or becoming different.

Convert: v ~(sth) (from sth) (into/to sth) to change from one form or use to another.

Degree of freedom: Number of independent inputs required to determine the position of all links of the mechanism with respect to ground.
Deploy: to spread out strategically or in an extended front or line.

Dynamic: adj. (of power or a force) that produces movement.

Dynamics: The combination of kinematics and kinetics.

Fold: v. ~sth (up); ~sth (back, down, over, etc) to bend or close sth so that one part of it lies flat on another. 

Flexibility: susceptible of modification or adaptation; adaptable.

Kinematics: Sub branch of solid mechanics, which deals with the study of relative motion.  
Kinetic: adj. of or produced by movement.

Kinetics: Sub branch of solid mechanics, which deals with the action of forces on bodies.
Link: Each component part of a mechanism is called a link

Linkage: A linkage consists of links (or bars) generally considered rigid, which are connected by joints. 

Mechanism: A mechanical device that has the purpose of transferring motion and/or force from a source to an output.

Motion: n. the action or process of moving or changing place or position.

Pairing element: When two links are connected together in some manner which allows relative motion, the connection is known as a pairing element or a joint.

Response: an action or feeling produced in answer to sth.

Retractable: adj. that can be moved or pulled back or in

Static: adj. (physics) (of force) acting by weight without producing movement.

Statics: Sub branch of solid mechanics, which deals with the study of forces and moments, apart from motion.
Transform: ~sth/sb (from sth) (into sth): to change the appearance or character of sth/sb completely.
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Figure 2.1. Basic pressure-response diagram showing relationship between the set of pressures and the form. 
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Figure 2.2. Three different conceptual approaches to the problem of change.





Number 1 In the typical static solution changing pressures are either uncomfortably accommodated or physically sound building is remodeled or replaced.


Number 2 The universal space attempts to solve all functions but very often actually satisfies none.


Number 3 The kinetic solution is a proposal in which the form conceptually can change as the set of pressures dictates. 
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Figure 2.3. An illustration showing a thirteenth century Tartar encampment with yurts.
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Figure 2.4. Demountable theater in mediaeval times.
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Figure 3.1. Colesium in Rome
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Figure 3.2. Convertible awning structure in Italy
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Figure 3.3. Various kinetic systems
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Figure 3.4. Inner courtyard adapted to changes in the external climate.
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Figure 3.5. Montreal sports facilities.
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Figure 3.6. The roof in operation 
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Figure 3.7. IBM Traveling Pavilion
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Figure 3.8. Shadow Machine.
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Figure 3.9. Kuwait Pavillion
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Figure 3.10. Pinero displays his prototype of a deployable shell.
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Figure 3.11. A deployable vault incorporating rigid panels.
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Figure 3.12. Angulated Element
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Figure 3.13. Iris dome
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Figure 3.14. The relationship between the kinetic action and form in various locations. 
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Figure 3.15. The relationship between the kinetic action and form, which is responsible to future changes in the original set of pressures.





Table 3.1. Major classification of kinetic architecture.
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Table 3.2. Classification of buildings with variable geometry or movement according to the material type used for construction of the building.
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Figure 3.16. The roof over the bullring at Zaragoza showing only the outer permanent part of the roof.
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Figure 3.17. The retractable roof from above.
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Figure 3.18. Closure of the Zaragoza roof seen from the inside the arena.
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Figure 3.19. Section in Winter Season.
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Figure 3.20. Section in Summer Season.
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Figure 3.21. Ceremonial presence of the membrane according to the weather conditions.





Table 3.3. Classification of rigid forms of buildings according to the shape of structural material.
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Figure 3.22. Simple linkage.
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Figure 3.23. Doors of Ernsting Warehouse.
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Figure 3.24. Angulated bars maintain a constant angle equal to ( when the structure is expanded.
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Figure 3.25.	Retractable structure using multi angulated elements supported with pinned columns.
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Figure 3.26A Angulated elements with equal lengths and same positions.


Figure 3.26B  Angulated elements with equal lengths but different positions.


Figure 3.26C  Angulated elements with different lengths and different positions.
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Figure 3.27. Retracrable arch.
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Figure 3.28. Retractable cantilevered arch.





Table 3.4. Classification of rigid bar structures according to the cover material type.
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Figure 3.29. Shop awning retracts or extends when needed.
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Figure 3.30. Umbrellas at the Cologne Garden Exhibition, 1971.
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Figure 3.31. Iris dome covered with rigid panels.
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Figure 3.32. Retractable vault covered with rigid plates.
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Figure 3.33. Folding egg
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Figure 4.1.	Detail of the unfolding mechanism of a gull’s wing, overlaid by a basic mechanical open bar linkage system.
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Figure 4.2.   The opening mechanism of the mouth of the anglerfish, showing the   underlying closed 4-bar mechanism.
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Figure 4.3. The Emergency Call Center
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     Figure 4.4A. Four bar mechanism in closed configuration.
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Figure 4.4B Four bar mechanism in open configuration.
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Figure 4.5 Link displacement
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Figure 4.6. Proposal for the entrance to the metro station in Valencia.
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Figure 4.7. Drawing of the doors of Ernsting Warehouse





     �                   �





Figure 4.8A Slider crank mechanism.                    Figure 4.8B Link displacement
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    Figure 4.9A Casement window		       Figure 4.9B Kinematic diagram
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Figure 4.10. Kinetic street lamps in a public space in Rotterdam.
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Figure 4.11. Kinematic diagram of the kinetic street lamp.
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Figure 4.12. Function generator with         Figure 4.15. Carrier mechanism in an 


Rotary input and translational output.       assembly machine.
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Figure 4.13. Film advance mechanism                    Figure 4.14. 


                    of a movie camera.
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Figure 4.16A	Figure 4.16B Two prescribed positions of a rigid body can be reached from one another by rotation about centre C12
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Figure 4.17.  Fixed pivots Ao and Bo can be located anywhere along the midnormals      between A1A2 and B1B2 respectively. 
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Figure 4.18.  Graphically synthesized four-bar mechanism guides body AB through three prescribed positions A1B1, A2B2, A3B3.
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Figure 4.19. Cognate mechanisms
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Figure 5.1. Hyper surface generation.
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Figure 5.2.
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Figure 5.3.
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Figure 5.4. Simplest form of the structure.
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Figure 5.5. Two extreme positions of one moveable bar
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-90º Rotation about Z axis.           			      -90º Rotation about X axis.





Figure 5.6. Kardan joint (R-R)
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	         	         +30º Rotation about X axis.    +30º Rotation about Z axis.   Sliding between links





Figure 5.7. Joint (R-R-P)
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Figure 5.8. Initial equivalent kinematic diagram of platform mechanism.
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First alternative	Closed configuration     	 Rotation about Z axis.       





Figure 5.9. Initial design of the platform mechanism.





�	         	    Rotation about X axis.        Rotation about Z axis.       Sliding and rotation





Figure 5.10. Joint -R-R- and joint -R-P- connected with link numbered 2.
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Figure 5.11. Final kinematic diagram





�


	     Closed configuration     		 Rotation about Z axis.       





Figure 5.12. Final design of the platform mechanism.
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Figure5.13. Rmin. and the variables d and h.





Table 5.1. Configurations of the Rmax. by using d and h as variables with 200cm long legs.





�
h = height of the platform from the base (mm.)�
�
d = diameter (mm.)�
Rmax�
350�
340�
330�
320�
310�
300�
290�
280�
270�
260�
250�
�
�
120�
284�
289�
294�
299�
304�
310�
315�
320�
325�
330�
336�
�
�
100�
288�
293�
298�
303�
308�
313�
318�
323�
328�
333�
338�
�
�
80�
290�
295�
300�
305�
309�
314�
319�
324�
329�
334�
339�
�
�
60�
293�
297�
302�
307�
312�
317�
321�
326�
331�
335�
340�
�
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Figure 5.14. Physical model.
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Figure 5.15. Special shapes of the plates and the deployment methods for the covering.
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Figure 5.16. Two extreme configurations (open and closed) of architectural umbrella.
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Figure 5.17. Umbrella consists of a platform mechanism and the ribs of the flexible covering is in two extreme configurations.





�





Figure B1 Visual Nastran 4D
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