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!ÂÓÔÒÁÃÔ 

 

 

This research investigates a new structure concept and its building techniques for shell 

structures that can be built with thin sheet materials. 

Shell structures have been a desired structure type for both architects and structural engineers 

due to its efficient load-bearing behavior and also the elegant curved geometry. In the past 

decades, innovational structure concepts such as grid-shells and spatial framework structures 

have continuously pushed the development of shell structures towards a comprehensive type 

of structures which provides a better structural behavior of building materials. 

This dissertation argues for a material-driven design methodology of the new shell structure 

design through a well-rounded revisit of the development of shells in the past decades. And a 

new type of industrial materials has been selected for the innovational structure concept of the 

novel type of shells. 

The research is based on a comprehensive analysis of the materialsô application in the existing 

industrial and architectural design, as well as the theoretical analysis of the materialsô 

behavior and the corresponding fabrication techniques and structural consideration in designs. 

A novel structure concept is then generated with also the inspiration of the natural cellular 

structures. 

The main focus of the architectural analysis is the design procedure of the cellular cavity 

structure, including the form-finding process, the structural consideration of the stability 

problem of thin materials, the possible simple fabrication with the materials form a planar 

sheet form. At the same time, a collaborative design process is also discussed to enable a 

better cooperation between both architects and engineers. 

A novel shell was finally built as a demonstrator of such a structure concept. With a dome 

which reaches a span of 5 meters and a height of 2.5 meters and was built only with 1mm 

paperboard as major materials, the load-bearing capacity and the construction details of the 

cellular cavity structure is tested and evaluated. 

Finally, through the comparison with the recent parallel research and the popular experimental 

shell designs in the past several years, the cellular cavity structure is positioned into a series 

of relevant research fields. With the analysis of the limitations of this research, future works 

are also defined for the improvement and future development of this Ph.D. research. 

 

Keywords: 

Shell structure, thin sheet materials, cellular cavity, form-finding, design procedure, design 

variations, fabrication and assembly 
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ρȢ )ÎÔÒÏÄÕÃÔÉÏÎ 

The first chapter of this dissertation introduces the main topic of this Ph.D. research, the 

establishment of the research questions and the internal logic.  

The design of shell structures has been always considered as a special design field for both 

architectural design and structural engineering. However, due to its attractive curved forms 

and the efficient load-bearing behavior, shell structures are always welcomed and pursued by 

both the architects and engineers. 

The research in the structural design of shell structures has established various tools to create 

basic prototypes and solve well-defined problems, so that a scientific analysis of the 

materialsô property and the structureôs behavior can be achieved. However, as this relies on 

the high degree of abstraction of the structural system and the precise definition of the 

problems, most of the tools and the research methods are only suitable in the structural 

analysis and the calculation for some complicated shells. 

On the contrary, the architectural experiments in the shell designs are often standing on the 

point to pursue novelty in the geometry forms and innovational use of materials with new 

design tools in computer-aided design (CAD) methods. Such design tools in a structural 

design are usually individualized and based on the geometric logic. 

This thesis seeks to find a possible way to establish a new structure concept for the shell 

structure, where the considerations from both realms can be simultaneously taken care of and 

a collaborative design procedure can be carried out between both architects and structural 

engineers. The goal is to make an integration of the powerful tools and theories form the 

structural design and the comprehensive criterion network with the consideration of the 

function, aesthetics, materialization and also the novelty. 

ρȢρ 4ÈÅÓÉÓ ÓÔÁÔÅÍÅÎÔ 

The design procedures and strategy of shell structures shows their great differences between 

architects and the structural engineers. This is mainly due to the different problems and 

objectives they have in the different design areas. Structural design concentrate itself mainly 

on the accuracy to estimate the structureôs behavior and to provide the maximum safety and 

determinability while its architectural counterpart focuses more on the formal logic and the 

aesthetical expressions due to the individuality of the designers.  

It is hard to find a bridge between the two realms unless a common emphasis can be found. To 

solve this problem, a first series of research questions are generated for the research. 

---- What is shell theory and how do shell structures work?  

---- What are the existing design theories and building methods of shell structures? 

---- How have shell structures developed and how did architects do the design in the past? 

---- How has the design method of shell structures been changed and what is the cause of the 

change? 

With the establishment of the first research questions a rounded research of the development of 
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the shell structure in the past decades has been made to find the connections of the architectural 

design and the structural considerations and the way how they are integrated in past shell 

designs. The pioneer works of the shell structure in the past have shown an answer to the 

research questions and was well expressed by the famous sentence from Eladio Dieste: ñThe 

resistant virtues of the structures that we seek depend on their form; it is through their form that 

they are stable, not because of the awkward accumulation of materialò. (Allen & Zalewski, 

2012)  

The understanding of the most efficient way to transfer the loads in the structure by means of 

axial forces instead of bending has shown to be the very first and basic understanding the 

structural rule of the shell design. A morphological application of such a rule can also be later 

widely found in the shell experiments by pioneer shell designers such as Robert Maillart, Pier 

Luigi Nervi, Eduardo Torroja, Felix Candela and Heinz Isler, etc. In the pure structural analysis 

of the shell theory, such a characteristic is also mentioned as the most important feature of shell 

structuresðthe membrane behavior. 

The method of manipulating the axial force flows in the structure system with the 

morphological designs of the shell forms can be considered the first feasible way to establish a 

collaborating design procedure for the shell designers. This has also lead to the rapid and fruitful 

development of the form-finding techniques of shell structures. As a powerful tool to give the 

architects a direct feedback with the structural consideration, such tools have been continually 

used by famous shell designers such as Antonio Gaudi, Heinz Isler, Frei Otto and so on. 

Nowadays, with the rapid development of the CAD design tools in various software in 

architectural design, many novel methods for controlling the form through a structurally-

informed design have been applied in the new trend of shell designs.  

However, when a well-rounded revisit of the development of the shell structure across the past 

century is made, it is still hard to choose a basic structure typology to start to use and develop 

the form finding techniques. It is easy to discover that the shell structures have been renovated 

for several time due to the application of new materials in the architectural designs. The 

efficiency is always the center topic of shell structures, as the structure itself shows the most 

efficient way to transfer the load in an elegant structure. It can be seen that many old types of 

shell are replaced one by one by the new forms which has been brought by the new materials. 

The most traditional masonry shells have been replaced by the modern concrete shells due to 

low cost in the processing methods and the availability for more free forms. The concrete shells 

have also once been replaced by the timber grid-shells and the spatial frameworks with the iron 

and steel component because of the benefits of the industrialization and the save of costs for 

the labor-consuming fabrication of moulds and scaffolds. 

The cognition of the materialsô impact on the typology of the shell structures has also led to the 

second series of research questions in this research: 

---- How have different materials been used in past shell designs and what is the suitable design 

method with the consideration of materialsô performance? 

---- Are there some modern materials that have not been used in the shell structure designs? 

---- How could a structure concept be established due to the materialsô behavior? 

---- What should be the most important considerations in the morphological design process for 
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the generating of the structural form? 

 

With this series of research questions a new kind of materialsðthe thin sheet materialðis 

selected for the innovation structure concepts for shells. The fundamental mechanical behavior 

of such materials is researched and the existing industrial fabricating techniques are also 

summarized.  

Based on all the above-mentioned internal logic, the new structure conceptðthe cellular cavity 

structureðis established with a thorough analysis of its geometry and the structural 

consideration of both the structure and the materials. The central question about the form 

finding techniques is then analyzed and introduced with case studies.  

For the materiality of the structure, the fabrication techniques of the structure concept are also 

discussed with a final built experiment as a demonstrator of the feasibility of the structure 

concept.  

Furthermore, the final purpose of this study is still to generate a suitable comprehensive design 

procedure to enable a collaborative design between architects and engineers. As there are 

always multiple criteria and a compromising as well as reciprocating process in the architectural 

design process, an iterative design process with the form-finding, shape optimization and also 

the structurally-informed revision of form is summarized as the final conclusion of this research. 

 

ρȢς -ÏÔÉÖÁÔÉÏÎ ÁÎÄ ÐÅÒÓÏÎÁÌ ÂÁÃËÇÒÏÕÎÄ 

The author is educated as an architect with bachelor and master studies, and this dissertation 

is hence also made in an architectural-dominant perspective.  

The initial motivation of the research on shell structures is from the master study of the author 

in China. Having participated in several digital design projects, the author has gotten his 

interest in the novel architectural form and the brand new digital design tools for the shell 

structures with double curvatures. 

The motivation has also come from the reading and previous research in the digital design 

methods, where some form finding techniques and the geometrical optimization techniques 

have been studied as case studies in the algorithmic design procedure. 

The aim of this research is mainly to establish a more efficient and suitable structural concept 

of shell structure with the thin sheet materials. So the main work will be concentrated on the 

geometrical analysis and the generation of the design system. At the same time, the structural 

points mentioned in this dissertation mainly serve for the analysis and the establishment of the 

structure concept in this study. 

Consequently, this research defines its aim mainly to make its contribution to the architectural 

design experiments for the shell structure. No goals are made to make new innovations purely 

for the structural theory of shell structures. The necessary structural analysis and tests are 

done only to evaluate and testify the structural behavior of the cellular structure in this 

dissertation. A feedback and communication with experts from structural engineering and a 
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collaborative research is considered as also an important criterion for the design of the final 

pavilion. 

 

ρȢσ +ÅÙ ÔÅÒÍÉÎÏÌÏÇÙ 

Some important terms and concepts which are frequently discussed in the dissertation will be 

briefly introduced in this section. 

Cellular Cavity 

The term cellular cavity is the specific summarization of the main characteristic of this 

innovative structural concept. Unlike the traditional shell structures, the design and building 

considerations are more from a discrete aspect of view. The shell space, in this concept, is 

tessellated into plenty of cellular structural elements, hence the structure works like a cellular 

structure. At the same time, the cellular elements are not in a solid form as the traditional 

masonry shell. Because the concept is designed specifically for the thin sheet material, the 

form of the cells are generated into a hollow form which is covered by membranes, the term 

ñcavityò is used here in this dissertation. 

Shell structure and membrane behavior 

The shell structure mentioned in this dissertation refers to a series of structures which work 

similarly with an efficient load-bearing behavior. Due to the curvature of the structure itself, 

the load can be transferred mainly by the in-plane stresses in the shell surface instead of the 

bending moments. This behavior is also called membrane behavior, which is also introduced 

in detail in section 2.1.1.1. 

Structural morphology 

The word ñmorphologyò comes originally from the same term in the analysis of biology. It 

focuses mainly on the study of the form and structure of organisms and their specific 

structural features. In the recent structural analysis and design of shell structures, this term has 

been brought back firstly in the IASS (International Association of Shell and spatial 

Structures) workgroup. Such term describes a design consideration in the shell structures by 

manipulating the variations of form according to the basic static rules and the materialsô 

behavior. 

Discrete and discretization 

The term discrete and discretization here are used to define the characteristic of the structure 

which are not described and analyzed as a continuous structure with a traditional surface 

geometry. The discrete describes a way to design and analyze a structure with discontinuous 

system such as particle system and meshes. In the building process, it mainly assumes 

structures from the aggregation of cellular or modular elements without interconnections such 

as screw and gluing. In the final discussion of the fabrication technique, some connection is 

applied to deal with the possible deformation caused by the bending moment. This works as a 

supplement of the construction details, but not as a necessity of the structural requirements or 

the prerequisite of the design process. 
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Form finding 

The term form finding is used here firstly based on the common definition of ñform-findingò 

in shell structure designs, where natural systems are used as bases of processes and its deep 

principles of structural theory and growth are used as the methods to generate the basic rule to 

define the shape of shell structure.  

There are mainly two types of form-finding techniques for shell structures--- the physical 

method and digital methods. Since ancient times, physical simulation methods of form-

finding for shells are applied with many shell masters such as Antonio Gaudi(Nonell, 2000), 

Heinz Isler(Chilton & Isler, 2000) and Frei Otto (F. Otto, 1954). By observing the structures 

in nature and learning its principles, it has been researched that many structures in nature are 

following the efficient way of energy and structure (Thompson & Bonner, 2014). The digital 

methods are established later according to the understanding of the physical methods, and 

modern developments mathematics are used to fulfill the simulation in computer. Some form-

finding techniques in digital ways are recently explained in several studies (Adriaenssens, 

Block, Veenendaal, & Williams, 2014) 

For the cellular structures in this research, the form finding refers to several successive 

procedures to determine the final form of the different parts of the structure. Such procedure 

is from the architectural side most important to the final form of the structure. The related 

techniques are therefore also considered as a center part of the analysis. 

Design procedure 

The term design procedure is used for an integrated system of the geometric analysis of the 

innovational structure concept. It helps to describe the complicated and comprehensive 

considerations in the design process and their relationship to each other. The design procedure 

in the shell structure design should be a reciprocate and compromising process, where the 

designed form should be revised and improved continuously together with the consideration 

of other criteria and the structural feedback in the design and analysis process.  

A design procedure is necessary for any artificial structures including all kinds of shell. 

Nowadays, the design procedure is becoming more and more complicated and many experts 

in related fields will also come into the decision-making process. This process, including the 

collaborative working method for architects and engineers, is also the main objective of this 

research. 
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&ÉÇÕÒÅ ρȢρ 3ÉÍÐÌÉÆÉÅÄ ÌÏÏÐ ÁÎÁÌÙÓÉÓ ÏÆ ÔÈÅ ÄÅÓÉÇÎ ÐÒÏÃÅÄÕÒÅ 

 

ρȢτ 4ÈÅÓÉÓ ÓÔÒÕÃÔÕÒÅ 

Chapter 2: State of research 

In the second chapter a well-rounded introduction of the related background studies about the 

shell structure theory and the design development of shell structures is given as a basis of the 

discussion of the research.  

Apart from the ordinary description of the shell theory in the first part, a special point of view 

according to the structural morphology is made for the further discussion. As a conclusion, a 

design methodology based on the material-performance is introduced. 

In the last part, a special development with cellular structures is introduced. This provides the 

background of understanding the basis of the cellular system design and also the previous 

studies of the nature-inspired morphogenesis. 
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Chapter 3: Fundamentals of thin sheet materials 

In the third chapter an architectural and engineering analysis of the selected materials is 

presented. In the first part, the application of the new efficient thin sheet materials in the 

industrial design as well as the architectural design is reviewed and the characteristics in the 

form language is summarized. In the second part, the engineering analysis based on the 

related literature is reviewed. The similarity of such materials is described and the major 

problems that need to be considered in the structural design process, such as the bending and 

buckling problem, are emphasized.  

For a reasonable design of the cellular structures with thin sheet materials, the architectonic 

approach for the design of such materials is suggested. Both the geometric consideration and 

the fabrication methods are introduced. For a complicated system composed of plenty of cells, 

the joining technique and the concepts of structure typology are also discussed as the 

fundamentals of the establishment of the structure concept. 

Chapter 4: Cellular Cavity- the structure concept 

In the fourth chapter, the whole development and analysis of the cellular cavity structure in 

this dissertation are presented.  

The study of the design is based on a building project with the goals to use such materials to 

build a small full-scale pavilion. The foregoing structural experiments and the forming of the 

cellular cavity structure is firstly analyzed. 

In the next sections in this chapter, the general analysis of the structure and the detailed form 

finding techniques are shown with simple diagrams. Related form finding techniques are 

introduced and also evaluated with different case studies. Based on the multiple possibilities 

to define the form and the consideration of the stability of the structure, three typical 

variations are also analyzed. 

In the structural analysis for the stability problem, both simulations with the FEA software 

and pressing tests with full-scale physical models are done and compared. The difference in 

the design/ fabrication difficulty and the stability of the structure is summarized as the 

conclusion. 

In the last part of this chapter, a comprehensive design procedure for such a structure concept 

is discussed. For a better collaborative design between architects and engineers, an iterative 

design process with the structurally-informed optimization has been argued as a conclusion. 

Chapter 5: Building experiment and construction details 

In the fifth chapter, a building experiment with a pavilion in a traditional dome form has been 

shown as a demonstrator of the structure concept. Both the research on the selected materials, 

the structural analysis, the construction details and the fabrication and assembly processes are 

illustrated in detail. 

Both the material tests and the structural analysis with FEA software is made in the 

collaborative design process between the author and the master student Roland Werth from 
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the department of civil engineering. The detailed analysis and illustrations are already 

presented in the Master Thesis of Werth (Werth, 2015b). 

The fabrication process concentrates on the construction details of the cells made with thin 

paperboard with 1mm thickness. The geometric post-processing and the fabrication process 

are evaluated. At the same time, the final assembly procedure is also discussed. 

Chapter 6: Conclusion and future works 

In the last chapter, a conclusion of the contributions of this research is summarized. 

Furthermore, the recent research in the related fields or with the similar solutions is 

introduced and compared.  

In the last part, the limitations of this research is also analyzed. A need of further research and 

the key points are mentioned for the future jobs of this Ph.D. dissertation. 
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ςȢ 3ÔÁÔÅ ÏÆ ÒÅÓÅÁÒÃÈ 

This chapter reviews the development of shell structures and the recent research fields relevant 

to this dissertation. The discussion is defined by introducing the preliminaries of shell theory 

and design principles which are based on the engineering definition of shells. The developments 

in shell structures are then reviewed from a special aspect of the structural morphology, which 

concentrates itself on the architectural background philosophy of shell design and a material-

based performative design methodology. Finally, the recent cellular structure research is 

presented to draw forth the main topic and key point of this dissertation. 

ςȢρ 0ÒÅÌÉÍÉÎÁÉÅÓ ÏÆ ÓÈÅÌÌ ÔÈÅÏÒÙ ÁÎÄ ÓÈÅÌÌ ÄÅÓÉÇÎÓ 

Shells, being the most ancient and effective structure forms in nature and continuously imitated 

by human beings, has always attracted both architects and structural engineers with its elegant 

curved form and outstanding load-bearing behavior. Unlike the other traditional structures 

which are based on the orthogonal or linear system, shells carry their external loads mainly by 

the internal forces due to their special form with spatial curvatures and this makes it possible to 

derive a long span of the structure with a very thin cross section. With this advantage shells are 

sometimes classified also as form resistant (Farshad, 2013) and surface-active structures (Engel, 

1997). 

Shells have been researched nowadays in various fields and aspects, from shell theory, 

geometry form finding to structure typology and building methods with different materials. This 

part will first introduce the basic research and concepts in general and then lead to the next 

introduction of the structural typology analysis and developments as background information. 

For the first step to expand the discussion, the most important principles and concepts are 

introduced as below. 

ςȢρȢρ "ÅÈÁÖÉÏÒÓ ÉÎ ÓÈÅÌÌ ÓÔÒÕÃÔÕÒÅÓ 

φȢυȢυȢυ -ÅÍÂÒÁÎÅ ÂÅÈÁÖÉÏÒ 

A shell structure carries the external load with a 

very special method, which is also called the 

membrane behavior. If the applied load is added 

onto the structure, internal stresses will be 

generated. In a thin shell, due to its curvature of 

geometry, and as it is discussed by Fl¿gge (Fl¿gge, 

2013) as Figure 2.1.1, a membrane stress field will 

be caused and it enables the shell structure to carry 

the external even load by means of only in-plane 

normal and shear stresses and then transfer it to the supports. With its curved thin surface, the 

possible stress which is normal to the structure is hence much smaller than the internal forces 

and is therefore negligible. 

 

This mechanism is very like the load bearing behavior of the membranes and is also very 

efficientðbecause the membranes have barely any flexure rigidity compared to the extensional 

Figure 2.1. 1 Membrane Stress Field in 

shell element (Fl¿gge, 2013) 
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rigidity, the loads can mainly be transferred by way of in-plane stresses. In shells, this behavior 

is not only determined by its small ratio of cross section to the span, but also by the curved 

geometry itself.  

The membrane behavior is a more efficient way than bending in other structures such as beams, 

struts and plates, as most of the building materials have much more rigidity against stretching 

and contraction than bending. Hence that is also the reason why shell structures can be used to 

create a large span with only a very thin structure. In this sense, for the proper design of a shell 

structure, it must be allowed that a suitable and possible membrane state can be generated and 

a membrane stress field can be maintained. When the membrane state is insufficient in specific 

external load cases, bending behavior will appear and the whole structure will become more 

sensitive. 

φȢυȢυȢφ "ÅÎÄÉÎÇ ÂÅÈÁÖÉÏÒ 

The membrane behavior of a shell structure is a much-specified condition and relies much on 

the boundary conditions of load, support and geometry. In order to apply and maintain a pure 

membrane behavior in the shell, both the forces and deformation of the shell structure should 

be maintained as compatible, which means, the sudden change of the forces or a relative large 

deformation will not be acceptable, otherwise the membrane state will be disturbed. 

The bending behavior is a compensation of the membrane behavior in shells, when a 

disturbance occurs, such as an incompatible support or a deformation constraint, a geometry 

discontinuity or an application of a sudden concentrated load. However, the bending 

compensation in the shell structure frequently happens only in a small region where the above 

disturbance appears, and leaves the other parts of the shell structure still in a membrane state. 

This special characteristic also helps the shell structure to work efficiently in general and can 

be applied so frequently in nature and also in human architectures. 

The bending behavior as only a compensation relies a lot on the thin surface of the geometry, 

namely the thin shell. When a thick shell is also added into the discussion, the shell behavior 

can be more complicated that bending can be also the main load bearing behavior. As a result, 

the design of shells also should try to satisfy the property that the cross section of the shells 

should be kept to a small value. This implies a requirement of a double-curved geometry of 

shell surfaces, from the traditional mathematic surfaces (such as the HP-surface) to the complex 

curved geometry from the physical, computational form-finding or the topological optimization 

(Figure 2.1.2). 

 

&ÉÇÕÒÅ ςȢρȢς $ÏÕÂÌÅȤÃÕÒÖÅÄ ÇÅÏÍÅÔÒÙ ÏÆ ÓÈÅÌÌ ÓÔÒÕÃÔÕÒÅÓ 
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φȢυȢυȢχ 3ÔÒÕÃÔÕÒÅ ÆÁÉÌÕÒÅ 

As it is described that the shell structure has often a small ratio of thickness to span and stays 

under a membrane stress state, it is reasonable to consider the most sensible structure failure as 

the instability problem, which is also called the buckling of the shell. The buckling problem 

comes from a mathematic bifurcation problem and in structural engineering, it also mentioned 

a sudden large deformation of the structural system under axial forces such as compression and 

tension. In shell structures, as the membrane behavior allows that the main forces in the shell 

are mainly axial forces, similar problem will also be easy to happen due to the thin cross-section 

of the structural system. 

 

CƛƎǳǊŜ оΦмΦо .ǳŎƪƭƛƴƎ ōŜƘŀǾƛƻǊ ƻŦ ǊƻŘǎΣ ǇƭŀǘŜǎ ŀƴŘ ǎƘŜƭƭǎ 

The buckling behavior of the shells can occur due to many reasons, such as the applied load, 

material nonlinearity, thermal degradation or other imperfections of the shells. Compared to the 

material strength which is considered the most in the membrane states, the buckling strength of 

shells is much smaller, hence the shell is a typical imperfection-sensitive structure.  

However, it is hard to forecast the buckling behavior of a shell accurately in advance, and 

therefore the stability analysis of a shell with considerations of imperfection is always important 

and a material test is also essential. 

φȢυȢυȢψ $ÅÓÉÇÎ #ÏÎÓÉÄÅÒÁÔÉÏÎ 

Due to the special characteristic of shells, the design consideration is also unlike other structure 

designs. Because the membrane behavior has shown its special importance and can be used as 

the primary consideration in the initial design and analysis, the first aim of a proper design is 

also to offer a possible membrane stress field for the structure, and this refers to a suitable 

curved geometry of design.  

At the same time, considering the sensitive behavior against the material property and the 

buckling behavior, more comprehensive structural analysis is often required for a final check 

of the whole structure. When the initial design is based on a logical consideration, this analysis 

should be a proof of the design or give some suggestions for the detail consideration or 

structural optimization at some local areas. 

ςȢρȢς 'ÅÏÍÅÔÒÙ ÏÆ ÓÈÅÌÌ ÓÔÒÕÃÔÕÒÅÓ 

Just as the important role that membrane plays in the mechanism of shell structures, the curved 

geometry is vital to the design of shell structures from the architectural aspects. In this section, 

the geometry property of the curved surface will be introduced and analyzed. 
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φȢυȢφȢυ #ÕÒÖÁÔÕÒÅ ÁÎÄ ÃÌÁÓÓÉÆÉÃÁÔÉÏÎ 

 

Gaussian Curvature and Average Curvature: 

The curvature of a curve or a surface can be described and calculated with mathematical 

methods in differential geometry. The Gaussian Curvature K is such a definition which equals 

the production of the principle curvatures Ë and Ë at a point on a surface: 

+  ὯὯ  
ρ

ὶὶ
 

 

By every point on a curved surface in the R3 

space, a Cartesian coordinate system can be 

established with a unit normal vector which is 

arbitrarily defined. (Figure 2.1.2) This will 

therefore create a unique direction that is tangent 

to the surface and enables a cutting plane 

perpendicular to the tangent plane as the normal 

plane. With the original surfaces and all the 

normal planes, intersection curves can be 

generated. The principle curvatures of surfaces 

on this point are the maximum and minimum 

values k1 and k2 of the curvatures. Therefore, they are also reciprocal of the radius of the 

osculating circle r1 and r2.  

At the same time, the curvature can be also calculated as the average curvature: 

K =  

 

Classification of shell geometry: 

Through the curvature analysis of the shell surface, a simple classification can be made into the 

positive, zero and negative- Gaussian curvature: 

1, Synclastic Surface: Shell surfaces with positive Gaussian curvature are called the synclastic 

surface, which means, both the principle curvatures have the same sign. A typical synclastic 

shell will be traditional domes. The synclastic shell bears the load through the double curved 

form and mostly in ways of the meridian and circumferential stresses, and sometimes also the 

in-shape shear forces. 

2, Monoclastic/ Developable: Curved shell surfaces which have only one non-zero principle 

curvature are called monoclastic surfaces and also developable surfaces. Because there is 

always one principle curvature that equals zero, it describes that the surfaces are always óflatô 

in one direction. The developable surface has a special property that it can be built or 

reconstructed into a flat surface without any stretching, wrinkle or change of areas. The 

developable surface is easiest to build and is hence very important in shell structures. On the 

other hand, the monoclastic shell works always in method as a series of beams and arches, the 

Figure 2.1. 2 Principle curvature of surfaces 

(Linton, 2012) 
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membrane behavior is therefore reduced. Especially in some cases such as a long cylinder shell, 

the structure will be fragile in one direction, hence additional supports should be required. 

3, Anticlastic Surface: An anticlastic surface is the surface with negative Gaussian curvatures. 

In this case, the behavior of the structure can be understood as a combination of arches under 

compression and cables under tension.  

4, Minimal Surface: The minimal surface is a special type of surface in geometry whose 

average curvature always equals zero. The minimal surface is often considered the most 

efficient form of shell structures and saves energy and materials. 

 

Figure 2.1. 3 classification of shell geometry (Peerdeman, 2008) 

 

φȢυȢφȢφ #ÏÎÔÉÎÕÏÕÓ ÇÅÏÍÅÔÒÙ ÏÆ ÓÈÅÌÌ ÓÔÒÕÃÔÕÒÅ 

The generation of the shell geometry can be divided into the geometric method and the non-

geometric method. They refer to two different methods to create curved forms with classical 

geometry, modern geometry and also physical simulation. In classical shell designs and also 

classical geometry the curved surfaces remain continuous and can be generated in the analytical 

way where the generation of curves can be achieved or analyzed into a lower dimension by 

curves and with some shaping method. The shapes we can get with this method are often called 

the standard geometry and are dominant in the classical shell theory. In this group there are 

mainly rotational, translational and ruled surfaces which can be parameterized in the 

mathematical methods as following. (Pottmann, 2007)  

Rotational Surfaces: 

rotational surfaces (also called the surfaces of revolution) are the most popular spatial surfaces 

with the simple principle of generation. They can be built through a spatial rotation of a curve 

c along a spatial line as axis a. Through rotation, the structure of the rotational surfaces can be 

defined as a series of circumferential circles, which are derived from the rotation of every point 

on the original curve c, and also a series of meridian curves, which are the intersection of the 

section plane that includes the axis a and the final surfaces. (Figure 2.1.4 A) Therefore, the 

rotational surfaces can also be seen as a series of circles and curves which are orthogonal to 

each other. 

The mathematical definition of rotational surfaces is easy to get as the rotational surface is the 

result of rotating a curve along an axis. If a coordinate system is built with the rotate axis as the 

Z-axis, and let the curve be laid on the XZ-Plane, then the curve can be defined as m(v) = 

(x(v),0,z(v)), then the final surface can also be defined as 

x(u,v) = x(v)cos(u) 

y(u,v) = x(v)sin(u) 
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z(u,v) = z(v) 

As the principle is easy, rotational surfaces have been most frequently used in ancient shell 

design. In most cathedrals and domes, the form has been chosen as a half-sphere and ellipsoids. 

At the same time, hyperboloids have also been widely used in thin-wall shells in modern times. 

 
Figure 2.1. 4 Standard curved surfaces (redrawn from diagrams by H.Pottmann) (Pottmann, 2007) 

Translational Surfaces: 

The generation of the translational surface can be considered as the movement of two spatial 

curves. If the two curves a and b are intersecting at point p, it is possible to get the surface by 

swiping either curve along the other curve as the route. (Figure 2.1.4 B) In this way, the points 

on the translational surface can be calculated using the parameters on the both curves, which 

are called the u, v direction. In geometry, it is possible to describe the surfaces by adding two 

vectors p and q which are determined by the u, v parameters. If the curves are noted as k and l, 

the point x on the translational surface is then written as: 

x(u,v) = k(u) + l(v) 

The cylinder is the most simple and classical type of translational surfaces. It can be derived by 

translating a planar curve along a perpendicular straight line. In shell geometry, planar curves 

which are laid on two orthogonal planes are usually used in the form finding by architects. 

At the same time, two types of special translational surfaces are the elliptic paraboloids and the 

hyperbolic paraboloids, which are also rotational ellipsoids and hyperboloids. 

Ruled Surfaces: 

Ruled surfaces are the surfaces which can be derived by moving and scaling a straight line, 

which can also be understood as swiping both ends of a line along their own curves. (Figure 

2.1.4 C) 

The general description of a ruled surface is by connecting a certain point on the double 

generating curves. The possible form of the ruled surface depending on two arbinary spatial 

curves can be infinite, because there are numerous ways to make a parametric definition of the 

curves. 

As the ruled surface can be defined as series of straight lines, they are easy and efficient in the 

fabrication of most shells. In most of the classical and modern shell structures, the HP surfaces 

(hyperbololic paraboloids) are very popular and also the basic element of shape designs. 
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φȢυȢφȢχ $ÉÓÃÒÅÔÅ ÇÅÏÍÅÔÒÙ ÏÆ ÓÈÅÌÌ ÓÔÒÕÃÔÕÒÅ 

Modern geometry of shell structures is developed with a new way of analyzing the geometry 

of curved surfaces. It is also catalyzed by the attempts and demands of projects of free-form 

structures. In this part, the typical category and application of methods and its derived geometry 

will be introduced. Then the details can be better analyzed with case studies in the next part. 

Physical Simulation: 

Using physical models to find the suitable forms for structures can be first dated back to Antonio 

Gaudiôs work in his architecture works and has been also experimented with and explored in 

shell structures by later architects and engineers, such as Heinz Isler (Chilton & Isler, 2000) and 

Frei Otto (F. Otto, 1954). By observing the structures in nature and learning its principles, it has 

been researched that many structures in nature are following the efficient way of energy and 

structure (Thompson & Bonner, 2014). 

Pneumatic forms are the ancient way of physical forms that interest architects. By inflating or 

adding water into membranes it is possible to find the final form which is influenced by the 

pressure. This technique has also been used by Isler in his shell experiments. (Figure 2.1.5 B) 

Another form which is often used is the minimal surface, which can be gotten by using bubble 

films with prefixed boundaries. The film will stay finally in a state where the area of membrane 

is minimal and hence an energy-efficient form.  

The most popular physical method in shell designs is the hanging technique. By using a chain 

net or fabrics and adding weights onto every joint, it is possible to get a tension-only form with 

a curved surface. As the net cannot bear the bending moments, this bending-free geometry can 

also be used in shell designs only by making a reverse form. (Figure 2.1.5 A) 

 

Figure 2.1. 5 Physical simulation(A: hanging and B: pneumatic) of shell forms (A: (F Otto, Hennicke, 

& Matsushita, 1974) B: (Chilton & Isler, 2000)) 

B-Spline Surfaces and NURBS Surfaces: 

Along with the requirements or interests in curved forms in the industry and also the 

development of the Computer Aided Geometry Design (CAGD), new techniques of controlling 

the generating of surfaces in engineering projects have been invented. B-spline and NURBS 

(non-uniform rational B-spline) surfaces offer a new way to control free-form surfaces only 

from a series of splines which are defined by groups of control points. In this way, the 

algorithms of the control curves can be derived by limited points and the surfaces can be 

controlled or modified in a powerful way. With the recent rapid development of the CAD and 

CAM techniques in shell designs, this method is widely used in the description of the shell 

geometry. 



 

16 
 

 

Figure 2.1. 6 B-spline and NURBS surfaces(redrawn from diagrams by H.Pottmann ) (Pottmann, 2007) 

Mesh Surfaces: 

Although smooth surfaces can be parameterized and calculated in a computer, it will often take 

too much time to deal with so much information for a complex design. More importantly, except 

for several traditional surfaces, the complicated smooth geometry cannot be easily built with 

present technology. The mesh surface gives a solution to this problem by making a complete 

discrete way to represent a smooth geometry. By adding lines between the vertices on the 

surfaces, a grid system can be derived and the faces can also be defined by some closing 

boundary polygons.  

The mesh surface is the most popular computational way to define a curved surface. At the 

same time, due to its highly discrete property, it has also been widely used in engineering 

simulations for static analysis. With such advantages, it is also an important method in the 

geometry analysis of recent shell research. 
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ςȢρȢσ $ÅÓÉÇÎ ÃÏÎÓÉÄÅÒÁÔÉÏÎÓ ÏÆ ÓÈÅÌÌ ÓÔÒÕÃÔÕÒÅÓ 

In this part, the basic design procedures and problems will be discussed and popular methods 

will be introduced. 

φȢυȢχȢυ 4ÈÅ 'ÅÏÍÅÔÒÙ ÁÎÄ ÔÈÅ ÆÏÒÍ 

As it is mentioned in above sections that the membrane behavior plays the vital role in the thin 

shell structure, the above-mentioned form-finding process also plays the most important role in 

the design of shell structures to activate this behavior. The aim of it is to find a suitable surface 

from which a proper membrane stress field can be generated by certain external forces and 

boundary conditions. An ideal form finding will determine the efficiency of a shell structure. 

As the basic definition is explained in Chapter 1, this section will illustrate the state-of-the-art 

techniques of such methods. 

The physical form finding method is developed from the old hanging chain method according 

to Hookeôs inverted catenary chain (Figure 2.1.7). Considering that most materials are efficient 

especially under compression or tension, this method has been invented to simulate a pure 

compression state for the masonry or brick arch.  

The hanging chain method can be easily developed into three 

dimensions by using a chain network or fabric with loads 

attached on each point. Under gravity a pure tensional form 

can be derived and by inversing the form vertically a pure 

compression form can be found. Former shell pioneers and 

masters, from Antoni Gaudi to Heinz Isler and Frei Otto, 

have all used and done deep research on the detail of this 

form finding technique. (Chilton & Isler, 2000; Nonell, 2000; 

F Otto et al., 1974)  

However, the technique itself has also some limitations. For 

example, as also shown in Figure 2.1.7, the analyzed load 

cases can only be the application of some evenly or 

differently distributed load on the nodes which is connected 

by strings. A variation of the load factor or the distribution 

will totally lead to another form finding process and the 

combination of the horizontal forces such as the 

wind/earthquake loads which are common in any structure is 

often impossible. At the same time, as such analysis requires 

the discretization of the curved surfaces, the more 

complicated behavior in a continuous shell will also be much simplified in such form finding 

techniques. 

With the same goals and method, architects and engineers are able to represent this method with 

more powerful tools with the help of computer techniques in modern times. With different 

mathematical methods, the following form finding methods are used widely nowadays. 

Force Density Method (FDM): The analysis of the force density method is based on the simple 

rule of Hookeôs law of elasticity with the goal of solving the static equilibrium of each node. 

Figure 2.1.7 Diagram and 

simplification of the early form 

finding techniques (from the old 

drawing by Poleni) (Poleni & 

Poleni, 1748) 
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By considering the original network as some points with initial vertical loads, it is possible to 

get an equation system of the equilibrium of all the points. the state of the equilibrium of every 

point can be described with the following equation and is illustrated in Figure 2.1.8: 

ϽὊ Ễ  ϽὊ ὖ π Where Ὂ  
ȟ
ὰ ὰȟ  

With the analysis and the equation system, the aim of the simulation can be equaled to the 

solution of the equation system. However, it is possible to observe that such an equation system 

is non-linear because the distance ὰȟ should be calculated. The FDM method simplifies this 

problem by introducing the concept ñforce densityò which means the stresses in every cable 

divided by the cable length. In this way the equation systems can be linearized and are hence 

easy to solve by giving each force density q and node loads p. The FDM method can be used 

for a rapid generation of the possible membrane force field, because only the direct solution of 

a linear matrix equation is required without any iteration. However, as the meaning of force 

density cannot be simply defined in geometry or mechanics, it is often used in the very first 

beginning of the shell designs. At the same time, as the input is only the topology of the system 

and the pre-determined load at points, the solution is independent of any material property and 

refers to the distribution of the stress field. 

 

Figure 2.1. 8 Discretization of a shell surface (A) and the equilibrium state of a single node 

(B) (Adriaenssens et al., 2014) 

Dynamic Relaxation Method (DR): Dynamic relaxation method is also the conventional 

computational form finding method like the FDM method. Instead of the static analysis in the 

FDM Method, the DR method relies on a dynamic analysis. This method was first invented and 

used by Alistair Day in solving the nonlinear equations.(Day, 1965) In summary, the DR method 

solves the problem with a dynamic iteration to check the residual forces of the system by every 

small movement step by step for small time increments. The calculation of the method relies 

mainly on Newtonôs Second law and with only the damping of the system in the x-direction as 

a degree of freedom. For a given time t, the equation can be written as follows: 

Ὂ Ô -Ͻὥ Ô 

By considering the damping of the ñspringsò in the system ὅὺ ὸ with the stiffness ὑ  

and the displacement ‏ ὸ, it can be rewritten as: 

ὖ ὑ ‏ ὸ ὅὺ ὸ  ὓὥ ὸ 

From the equation, the velocity and acceleration of the node are changing over time, and the 

residual forces are changing with the displacement of the nodes. Viscous damping helps the 
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whole system of residual forces to converge quickly below a certain tolerance, and when the 

time step is correctly selected, the convergence can be quickly achieved. Some DR methods 

have been well researched and the computational algorithm has also been published and is 

available to be used in nowadays design software. (Vejrum, 2013) (Adriaenssens et al., 2014) 

Thrust Network Analysis (TNA): The Thrust Network Analysis (TNA) method is a new form 

finding method which is an improvement of the FDM method, and also a better powerful tool 

for the architects and engineers to finish the interactive design. The TNA method was first 

introduced by Philippe Block in 2007 and developed in 2009 (P. P. C. V. Block, 2009). 

The TNA method introduced a more direct way to find the equilibrium state with the help of 

the reciprocal relationship between the form and force diagram of the thrust line network. And 

by solving the horizontal equilibrium at the first stage, it enables a 2D graphic method to be 

applied in both the analyzing and designing process of the shell structure design. Instead of the 

FDM method, where the value of loads and the force density should be pre-decided, the design 

process in the TNA method can start with a graphic control of both the form and force diagram. 

As a product and an application of the TNA method, a design software plugin ñRhinovaultò has 

been developed and is already widely used in shell designs (M Rippmann, 2012).  

Particle-Spring system Method (Thompson & Bonner): A recent novel method of the shell 

form finding method is the Particle-Spring system Method (Thompson & Bonner). Like the DR 

method, it also relies on a dynamic analysis of the nodes of the whole system. The Particle-

Spring model makes a similar and accurate system model like the traditional physical form 

finding method in architectural design. With a suitable abstract typological model of a network, 

the forces can be defined according to Hookeôs law of elasticity and also Newtonôs second law.  

The PS method is very like the DR method, and when only the viscous damping is considered, 

the PS and DR method are totally interchangeable. The PS method has another advantage to 

the DR method. It provides mainly a description of a physical system and its simulation but is 

not simply a way to solve the mathematical problems to a certain analysis. Unlike the DR 

method, the PS is a wide concept in which lots of solvers can be used and many other static 

problems can also be solved. A recent popular design software plugin Kangaroo for 

Grasshopper has used mainly the particle-spring system and a series of solvers to achieve many 

simulations with different goals. (Piker, 2013) 

A simple comparison of the state of art form finding techniques is shown below: 

 

Figure 2.1. 9 Comparison of the state of art form finding technique for shells (Adriaenssens et 

al., 2014) 
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φȢυȢχȢφ 3ÔÒÕÃÔÕÒÅ ÏÐÔÉÍÉÚÁÔÉÏÎ 

The structure optimization method is the important process of shell designs, where the 

efficiency of the design can be maximized with special objectives and constraints. It always 

works based on an initial design and aims to make an improvement considering the additional 

sensitivities by taking the non-considering problem into account and using suitable 

mathematical tools. 

The structure optimization in architecture and engineering is usually an integration of the 

establishment of specific disciplines, selecting an abstract design model, structural analysis, 

defining constraints and algorithms and mathematical programming. It emphasizes the 

optimization of the design model and the structural behavior.  

In this comprehensive procedure, the establishment of the goals and constraints will always 

affect the result of the structural optimization analysis. At the same time, as there are lots of 

issues in the design and construction of shell structures, a multi-criterion optimization process 

is often welcomed where multiple objectives will be considered simultaneously to get a 

compromising best design of the shell structure.  

Because the shell structure has shown its efficiency with its special structure behavior and 

design methods, it is often possible that the initial design of a shell structure also has a great 

risk to become an over-optimized structure. The design which is derived from a theoretical 

analysis always has a high sensitivity due to some small imperfection such as the changes of 

the local concentrate load or the buckling behavior caused by the geometry or material 

imperfections. In this sense, a better optimization taking such problems into consideration will 

cause an improvement of the initial design. 

1, Size Optimization: The pure size optimization of the shell structure is mainly a better design 

of the thickness of the shell surface. As the theoretical thickness of a shell can be close to zero, 

a better optimization is to reduce the cross-section to as low as possible and to maintain the 

capacity of the shells under every possible load case.  

 
Figure 2.1. 10 Topological optimization of a structural node using Optistruct (top) and the 

optimized shape (bottom) (Galjaard, Hofman, Perry, & Ren, 2015) 
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2, Topology/shape Optimization: Similar to the discrete way to analyzing the form finding for 

shell structures, the shape and topology optimization also aims to find a better geometry for the 

shells. Actually, the form finding process is a kind of shape optimization, but in some other 

cases such as when the design is started from an arbitrary or traditional surface, such a shape 

optimization can be used to offer a better in-plane stress state. At the same time, the topology 

optimization can also be used in reducing the initial geometry to derive a more efficient form. 

In such techniques, iterative or genetic algorithms can be used to ñcut downò the parts on the 

initial geometry, where no stress or low stress is occurring, to find the best solution at the end. 

(Figure 2.1.10) 

3, Material Optimization: The initial design of shell structures is always done with a high 

abstraction of the objectives and constraints where the material properties are always ignored 

to some extent. However, in some detail design procedures of shell structures, such properties 

are often taken into account with parameters such as the anisotropies, reinforcement, pre-stress 

and buckling factors. The application of material optimization of shell structures are usually on 

the specific materials such as the composite materials (Stegmann & Lund, 2005). 

The structural optimization of shell structures is often the specific part of designs which works 

for a more efficient and accurate analysis or design optimization. Sometimes, a multi- criterion 

optimization can also be applied to finalize a best design suggestion by taking as many 

considerations as possible. As this is not the key point of this essay, more details are omitted in 

this part. 

φȢυȢχȢχ 3ÔÒÕÃÔÕÒÁÌ ÁÎÁÌÙÓÉÓ 

Same as that the form finding and the optimization methods help the shell designers to make a 

design of the shells, the structural analysis method plays the irreplaceable role for the engineers 

to verify the capacities of the shell structure. Instead of finding the possible form of the shell 

surface, the analysis procedure aims more to describe the mechanical behavior of the design, 

by understanding the possible stresses, strains and displacements which arise in the shell due to 

the applied load.  

The structural analysis is the main target in structural engineering and varies greatly according 

to the possible abstraction of the structure model. In this part, the following techniques will be 

introduced. 

1, 2D Force Diagram and the Graphic Statics: Among the numerous creative tools in the 

structure analysis, the graphic analysis is one of the most ancient and natural ways which has 

shown its application before advanced mathematics and the computer. The graphic method can 

be considered as the simplest and priori method where the simple principle of statics and algebra 

are translated into the geometrical representation.  

The method with a polygon of forces is the basic principle of the graphical equilibrium, which 

is based on Newtonôs first law that an object either remains at rest or continues to move at a 

constant velocity only if no forces are added or the several forces will balance each other. 

The graphical analysis is first used in the 2D analysis of the arch equilibrium or the 

indeterminate cable system where the forces are abstracted into the line of thrust. For an arch 

that is constructed with blocks of masonry, the whole structure can be analyzed as a 2D chain 
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system with applied loads laid on the center of gravity of the blocks. By every block which is 

in an equilibrium state, a force polygon can be constructed and analyzed geometrically. In 

graphic statics, which has been used widely by architects and engineers in the mid-20th century, 

the equilibrium state of a system can also be analyzed by means of a closed force diagram. 

(Figure 2.1.11) (Wolfe, 1921) 

For shells, the same analysis can also be applied. As it is discussed with the membrane behavior, 

the ideal state of shells should be a field of membrane forces instead of the bending behavior. 

It is easy to presume that a linear force system should exist. In this sense, the 3D analysis of 

such 2D thrust lines should show a solution for the shell design or the analysis and can be 

developed with mathematical methods. Actually, the TNA method in the shell form finding is 

an extension of graphic statics and can also be used in the shell design process. 

However, the graphical methods of the shell analysis also have their limitation, which is, the 

abstraction of the shell behavior should be based on a discrete force field and only linear 

behavior can be considered. Although the graphic representation of forces has shown the 

elegancy and simplicity of the physical mechanism, it slowly loses its application during the 

development of the modern theory of structure statics. But with the powerful computational 

capacity of the computer, this method has been mentioned more and more nowadays especially 

in the designs of shells. Today, it is well accepted that this method can be used as a helpful tool 

in the first design process of the shell structure. 

 

Figure 2.1. 11 2D structural analysis using graphic statics (Wolfe, 1921) 

2, Classical shell theory and the analysis with traditional geometry: In the development of the 

pure analysis of a shell structure mechanism, the most theoretical way is the classical shell 

theory, which was first established by AEH Love in 1888 with Loveôs first approximation(Love, 

1944). The shell theory is often considered as the deduction and extension of plate theory for 

the various surface-active structures. The theory shows its great contribution to the 

establishment of the membrane theory of shells with its reduction of the 3D behavior of shells 

into a 2D problem by suggesting the normal direction stresses are not significant to the shell 

behavior.  

The shell theory prewar mainly used mathematical deduction and it is therefore limited in the 

traditional geometry for most shells. A thorough analysis has been done for domes, the cylinder 

shell and conical shells. As the analysis is based on the theory of elasticity, the large deformation 

of the materials has been taken into account and the result is hence more accurate and trustable 
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for the analysis of the real shell behavior. 

However, with the emphasis on the linear elastic theory, it has been shown in further research 

and experiments that the theory has far underestimated the buckling phenomenon of the thin 

shells. The post-war research has established lot of supplements with detailed research for the 

buckling sensitivities of thin shells and both of the geometry and material imperfections have 

been considered, and such research on the traditional forms has been improved. 

The shell theory analysis has shown its better accuracy and well-around consideration so that it 

has become the basis of the modern scientific researches. At the same time, its limitation on the 

complicated mathematical calculation and several simple forms has also made it to be not the 

first choice in the general analysis method in engineering projects.   

3, Physical Model Test: As it is shown before that the physical modeling form finding has been 

the most popular method for architects in the design process, this method is also one of the main 

methods to research the real behavior of shells. 

By many of the pioneer architects of shells, such as Heinz Isler and Frei Otto, the small scale 

models are not only used to find the proper shell forms but also to simulate the possible actions 

of the real shell.(Isler, 1993; F. Otto, 1954) In the age of physical simulations of shell structures, 

many kinds of models have been invented to predict the different performances of the shell 

structure. 

Unlike the form finding process where only the possible thrust line system should be found, the 

objectives of a physical model test of a shell could be complex. With different aims of the test, 

from verifying an initial design to watching the full-scale performance or the materialsô 

behavior in the shell, the physical model should also be designed or improved for a more 

accurate simulation for the real circumferences. In most model tests, real materials and full-

scale models should be used for the construction details. And by the testing procedure, long 

time performance and also the micro behavior are also needed to be observed. 

The physical models are used in a long time to help the theoretical research such as the buckling 

test of shells, mainly due to the lack of suitable mathematical tools. With lot of experiments to 

test the behavior of the imperfections, the observed buckling behavior has also helped to 

enhance the theoretical researches in return. 

4, Computational Methods: The attempts and the requirements of the free-form shell structure 

have urged the development of a new powerful analysis method of the shell behavior. 

Nowadays, a detailed analysis of the mechanism of an irregular shell structure is often done by 

engineers with the help of computational methods. As it is easier nowadays to solve problems 

such as a large equation system or complicated non-linear equations with computers, it is 

possible to get such simulations of free-form shells with the new techniques. 

The most popular computational analysis method is the finite analysis method (FEM), where 

the whole system is divided into a finite set of small components, named as the finite elements, 

and the behavior is thus calculated by solving series of equation that is established the various 

boundary conditions. This subdivision of a complicated and hard describable structure leads to 

several advantages such as the easy and accurate representation of the complex system, the 
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reasonable result with consideration of the different material properties in the system and the 

attention to the local behavior and imperfection.  

However, compared to its well use in the structural analysis, the FEM has seldom been widely 

used in the design of the shell structure. As the work flow of the FEM analysis requires too 

much professional knowledge in the structural engineering, most of the works can only be done 

by meshing a designed model into a suitable model for the calculation with all the definitions 

of the geometry, boundary condition and load cases. It provides the analysis only on the certain 

cases but cannot provide a general solution for a design problem. In this sense, such techniques 

can only be considered as a useful tool in the evaluation process of the design of shell structures. 

The FDM analysis is provided nowadays by various softwares and has been used widely for 

the final evaluation of the validity of shell structures. (Chapelle & Bathe, 2010) 

φȢυȢχȢψ 3ÐÅÃÉÁÌ ÃÏÎÓÉÄÅÒÁÔÉÏÎÓ ÉÎ ÓÈÅÌÌ ÄÅÓÉÇÎÓ ɉÏÐÅÎÉÎÇȟ ÓÕÐÐÏÒÔȟ ÅÄÇÅɊ 

The principles of shell designs are mostly based on the structure behavior and the static 

mechanisms. However, for an architecture design, more details should also be considered to 

make a structuralized designing system for shells. 

1, Thickness and cross section design: Structure thickness is an important property and also 

a paradoxical problem for shell structures. Being an efficient form of structure, the shell design 

requires a lot on a low-weight structure which can be built with less material. At the same time, 

the slenderness of the shell surfaces will enable a lower load and also a more prominent 

membrane behavior. Nevertheless, a shell structure with too little thickness can be too much 

sensitive for the bending and buckling behavior and hence will be dangerous with any kind of 

extra load.  

A thickness or cross section design comes often 

at the first step of the shell designs, where the 

span, load cases and material property should 

always be considered. In a traditional way of the 

masonry shell or the concrete shell designs, the 

ñthrust lineò methods like the form finding of 

arches can be used. (Figure 2.1.12) By pre-

defining the different dominating load cases and 

a proper subdivision of the shell, different thrust 

line fields can be generated and drawn 

geometrically. For such a structure with a solid 

element, according to the lower theorem, if all 

of the thrust line can be contained in the volume 

of the structure, a possible state of equilibrium 

can exist and be maintained. In this sense, an efficient shell design should at least satisfy the 

minimum shell thickness but can also be optimized with a non-uniform thickness design. 

For real built shells, the material property of the structure should also be taken into account for 

the cross section designs and this varies a lot from the material and depends also on the 

architectural requirements, such as the reinforcement of the concrete, covering and other 

technical requirements on the structures. It is also common to design an increasing structure 

Figure 2.1. 12 Sections satisfying different load 

cases (Heyman, 1997) 
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thickness to avoid the local stress concentration and to confirm the successful load transfer to 

the supports. 

2, Opening and strengthening: The theoretical shell structure should always be kept in a 

continuous surface or a complete topology to ensure the membrane behavior; however, in 

architecture design, the opening or holes on the surfaces are at most times inevitable for the 

functionality of the structure. As it is mentioned above, when the membrane behavior cannot 

satisfy the load in the local area, the bending behavior will come up as a compensation for the 

whole structure. In a shell with a primary membrane behavior, the bending behavior occurs in 

the local area and will rapidly vanish because of the dynamic mechanism in the shell. Globally 

the most part of the shell will still be kept in its original membrane behavior. 

In the design of shells, this problem of the disturbance of the membrane behavior which is 

caused by the discontinuity of geometry should also be taken into account by the form finding 

and structural analysis process. A local change of curvature or a strengthening can both be the 

solutions to such problems. When the requirement of an opening is considered in the form 

finding process or the structure optimization, a better form with some local adjustment of 

geometry can be derived. With such changes a local change of the membrane stress field will 

be generated. This mechanism can also be understood with the forms of the edges of shell 

structures. In most the form finding experiments, the geometry cannot be kept continuous by 

either having edges caused by the point support or a local hole on the structure. As a result, it 

is easy to observe a change of curvature by such local areas and it will definitely lead to a new 

membrane force field which is suitable for the new geometry. (Figure 2.1.13 A) 

As it is not simple to take so many special conditions into account in the form finding and the 

sudden change of geometry is hard to accomplish in the building process, it is common to add 

new local strengthening elements to solve the problem. With a continuous bending resistance 

element, such as a compression or tension ring, the local disturbance and resultant bending 

behavior can be resisted and the load can be helped to transfer successfully. (Figure 2.1.13 B)  

  

Figure 2.1. 13 Geometric and constructional solutions for the opening and edges in shell (Chilton & 

Isler, 2000) (A: change in curvature by physical form finding B: Compression ring) 

3, Supports and edges: Edge members are the necessary parts of the shell structure to transfer 

the loads to the supports. In architecture design, it is also the key point where the whole structure 

should be articulated to the ground or other elements such as the walls. In the design of shells, 

both the positioning of the support and the structural construction details should be considered. 
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Position: 

As the membrane stress field can be considered 

as the force flows in the shell structure, when 

the supporting condition is changed with the 

different designs of the supporting edge 

members, the membrane stress is therefore also 

changed. In this sense, the design of the 

position of the supports will determine the main 

mechanism of the shell. (Figure 2.1.14) In the 

classic designs of domes, most shells are fully 

supported around the bottom boundary with a 

continuous arrangement of beams and columns. 

Such symmetrical shells can easily be analyzed 

as a series of arches with a horizontal 

connection, with orthogonal meridian and 

circumferential stresses. However, along with 

the developments of new forms and aesthetic 

interests, to show the cross section and the free 

edge of shells has been popular due to this 

vitality and grace. (Candela & Faber, 1965; 

Webb, 2007) 

 

Design of a shell with free edges always leads to the local problem of the membrane stresses, 

which cannot get balanced to maintain the stability of the shell. In this sense, small changes of 

form are required to transfer the loads mainly to the supports. In return, a concentration of force 

will occur at the supporting point and will lead to a stronger edge disturbance that will affect a 

wider area of the shell. The most common way to solve this problem is also to use local 

strengthening at the free edges, such as a tension ring in the bottom of a rounded dome. At the 

same time, it is also useful to increase the thickness at the free edge area to offer a bigger 

bending stiffness or making a possible warped geometry to adjust the membrane stress.   

Structural and construction details: 

Designing a reasonable support construction is a delicate problem for the shell designers 

because a balanced design is always required according to the theoretical analysis of the shell 

behavior. A shell can be statically either determinate or indeterminate. A traditional and 

common way is to create the isostatic state of the shell structure, which requires theoretically 

the hinge connection between the shell body and the edge members of the structure. The reason 

is that only such hinge connections can always offer a possible tangent thrust to balance the 

membrane stress without causing the extra bending moments. For such a perfect isostatic 

condition, the edge members should also be simply supported, to allow a possible small 

deformation of the whole structure. 

Figure 2.1. 14 Different stresses in shells with 

different supporting conditions (Left: fully 

supported shell, like a series of connected arches, 

will have a regular compressional and tensional 

stresses along the horizontal and the meridian 

directions. Right: a partly supported shell will have 

a disturbance of the internal stress. )  
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Figure 2.1. 15 Simple analysis of the different supporting conditions to the shell behavior (Left: fixed 

support will cause the local bending behavior; Middle: Pinned support will offer an ideal tangent force 

to the structure. However, the horizontal stress will also cause the deformation of the structure and that 

will be restricted by the support. The possible small bending moment will appear in this case; Right: A 

ideal roller hinged support can provide the possible small displacement in all directions.) 

As it is shown in Figure 2.1.15, the typical supporting methods of shells can be simplified into 

the three conditions. Because it is required that only a tangent force should be generated and a 

small deformation should be allowed so that there is no bending moment in the shell, the 

theoretical solution of the supporting connection is only the roller hinged support (right one). 

However, such a construction detail is always too hard to build. In practice, some conservative 

methods are still usually used to simulate the ideal condition while at the same time offering a 

certain stiffness against the possible moments.   

A tension ring method is the most popular practical method for the supporting of shell structures 

in the regular rotational geometry. In such designs the major problem is the design of the hinge 

connection between the shell and the ring. Normally there are several ways, such as offering an 

L-shaped groove to offer the horizontal and vertical force to the shell and accept the small 

deformation (Figure 2.1.16 A), or simply strengthening the bottom part of the shell and extend 

it into the ring to enable a bending stiffness (Figure 2.1.16 B) 

In some more shell designs,various 

kinds of support details are 

developed. A hinge-like connection 

is always done with the half-hinge 

way. Such as in the concrete shell 

technique, the connection of the 

shell and the tension ring is usually 

made with a small angle in geometry 

that leads to a tangent direction of 

the shell geometry. At the same 

time, the hinge is always done by 

simply binding it with steel anchors 

which will offer a small rotation and 

displacement for its bending 

behavior. (Figure 2.1.16 C, D) 

 

  

 

Figure 2.1. 16 Typical supporting details in concrete 

shell constructions (Melaragno, 1991) 
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ςȢς ! ÓÔÒÕÃÔÕÒÁÌ ÍÏÒÐÈÏÌÏÇÉÃÁÌ ÒÅÖÉÅ× ÏÆ ÔÈÅ ÄÅÖÅÌÏÐÍÅÎÔÓ ÏÆ ÓÈÅÌÌ 
ÓÔÒÕÃÔÕÒÅÓ   

The traditional and basic principles of the shell designs are often simplified to show the 

fundamental requirement of the shell behavior. However, this is still involved too little in the 

architecture design methodology. In recent years, shells and spatial structures have come back 

into the topics of architectural and engineering research, not only showing a revisit on the 

traditional shell forms, but also accompanying the blooming emergence of various structure 

systems and forms inspired by the developments of the design tools, fabricating techniques and 

materials. 

A popular and recent research topic of the shell structure design is the structural morphology, 

which has gotten its main meaning first from the biological research that focuses on the study 

of the form and structure of organisms and their specific structural features. In the research of 

shell structures, it has also shown its influence in the late 20th century mainly from the pioneer 

works of shell structures, where the new coupling association of forces and forms are 

emphasized by the shell designers (Ren® Motro, 2011). With the new trend of design concepts 

of the spatial structures and the emergence of structure systems nowadays, the structural 

morphology is brought up again with the foundation of the working group "Structural 

Morphology Group" (SMG) in the International Association of Shell and Spatial Structures 

(IASS) in 1991. Focusing on the relationship between the structure concepts and the form, 

material and fabrication, lots of new structure systems and experiments have been done 

worldwide and opened a new era of shell development with various kinds of building 

experiments. 

In this part, more practical cases of shell designs will be studied both chronologically and with 

a consideration of the structure morphology. The discussion emphasizes mainly the emergence 

and replacement of the structure concepts of shell-like structures with the understanding of the 

background development of materials application, building technologies and the structure 

theory. Finally, a new material and structural performance based design tendency will be 

clarified to lead the main research objectives of this dissertation. 

ςȢςȢρ $ÅÓÉÇÎ ÔÈÅ &ÏÒÃÅ ÁÎÄ &ÏÒÍȡ ÆÒÏÍ ÁÒÃÈÅÓ ÔÏ ÃÏÎÃÒÅÔÅ ÓÈÅÌÌ 

φȢφȢυȢυ !ÎÃÉÅÎÔ ÄÏÍÅÓȟ ÉÎÔÕÉÔÉÖÅ %ØÁÍÐÌÅ ÏÆ ÔÈÅ ÓÈÅÌÌ ÔÙÐÏÌÏÇÙ 

To analyze the importance of the structural morphology, the relationship between form and 

forces and the effects of materials, it is inevitable to take a revisit of the building history of shell 

structures from the ancient Roman civilization, when the first domes with large spans and 

curved roofs were built. 

These domes, instead of being based on a structural consideration which is shown in the 

previous part, are built in a relative intuitive way. After the ancient applications of shell forms 

in the buildings of pseudo-vaults, tombs and stupas, the ancient builders started the curved roofs 

experiment mainly based on an aesthetic idea and the experience of using arches and vaults in 

the ancient constructions.  

The Pantheon in Rome is famous today to be almost the first large scale dome still remains 

standing and it has also led the main building techniques of following concrete shells. In the 
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Pantheon, it shows the first typical structure morphology with the basic design rules of the 

shells: the whole structure is built by pouring the concrete using interior scaffolding as 

formwork; with the half-sphere form the structure was built by building concrete hoops step by 

step until the 5.9m oculus. It can be seen that the thickness of the shell varies from the height, 

the bottom rings are thickened by adding more mass on the base to act like a buttress for the 

stress concentration. For the oculus the typical solution of opening on shells is clearly displayed: 

by adding a compression ring which is made by 3 layers of hoops, 2 bricks thick, the 

compression concentration is therefore resisted. Although the successful design, which has been 

derived from the ancient Roman building experience, has showed its great structural rightness 

and lead the structure stand till today, a lot of cracks have also appeared in the inner side of the 

structure. With all the cracks in the meridian direction and the bottom tension part of dome, it 

has shown that limited static knowledge was known in those days and the structure design was 

mainly based on geometry and experience. 

φȢφȢυȢφ -ÁÓÏÎÒÙ ÁÒÃÈÅÓ ÔÏ ÔÈÅ ÆÉÎÄÉÎÇ ÏÆ ÆÏÒÍ ÁÎÄ ÆÏÒÃÅÓ 

The exemplar of St. Peterôs Dome in Rome (1505) presents another widely-used application of 

shell morphology with its double layered shell framed by 16 large arched ribs. Compared to the 

old casting techniques, this is not innovative because the building typology of domes between 

the drums and lanterns can be found earlier in Brunelleschiôs dome in Florence and the rib 

structure based on the arches are the most common and typical building methods which are 

based on the use of concrete masonries in the Roman culture. 

The St. Peterôs however is so famous in the history of domes due to its cracks in 1742 and the 

following stability analysis which lead to the first application of the catenary theory from Poleni 

(Figure 2.2.1), and it is also the first use of the safe theorem of limit analysis on the masonry 

structure. Such an application has shown the powerful function of the graphical understanding 

of the coupling between form and force, and hence started the opening of the form-finding 

methods of shell structure later. (Schmidt, 2005)  

 

&ÉÇÕÒÅ ςȢςȢ ρ 3ÔȢ 0ÅÔÅÒͻÓ $ÏÍÅ ÁÎÄ ÔÈÅ ÓÔÁÔÉÃ ÁÎÁÌÙÓÉÓ ÂÙ 0ÏÌÅÎÉ ɉ3ÃÈÍÉÄÔȟ ςππυɊ 

Although the previous milestone has created the early structural typology of shells with many 

more arch domes from the ancient Roman time to the Renaissance and the Baroque era, the 

modern shell development with a change of the structural morphology didnôt appear until the 

engineering use of iron and steels. The new structure form of the iron domes can be found as 

pioneer work in the renewal of the dome ñHalle au bl®ò in Paris (1811). Although the iron dome 

got its structure system mainly due to the non-existent precursor of the binding-wood domes, 
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which has been first developed by Philibert de lôOrme in the mid-16th century (Graefe & 

Andrews, 1989), the first iron dome structure form still shows a similar translation of the old 

arch and ring systems like the masonry dome, but offers a better future of a light-weight, high 

efficient structure typology. (Figure 2.2.2) 

 
&ÉÇÕÒÅ ςȢςȢ ς 7ÏÏÄ ÁÎÄ ÓÔÅÅÌ ÓÕÃÃÅÄÁÎÅÕÍ ÏÆ ÁÒÃÈ ÔÙÐÏÌÏÇÙ ɉ3ÃÈÍÉÄÔȟ ςππυɊ 

φȢφȢυȢχ )ÒÏÎ ÁÎÄ ÓÔÅÅÌ ÔÏ ÔÈÅ ÅÓÔÁÂÌÉÓÈÍÅÎÔ ÏÆ ÔÈÅ :ÅÉÓÓȤ$Ù×ÉÄÁÇȤ-ÅÔÈÏÄ 

The truss system with iron and steel has opened a new age for domes and the establishment of 

the spatial framework structures. However, it is not until the first coming of the triangular 

arrangement of the iron truss system that the modern ñshellsò can be developed from the domes. 

Based on the previous experiments such as the Zimmermannôs dome and the theoretical 

research of the spatial framework from August Fºppl, the beginning of the modern reinforced 

concrete shell is also considered with the development of the Zeiss-Dywidag-Method (Figure 

2.2.3 B) with the building of the Zeiss planetarium shell (1925). Improving the old reinforced 

concrete system, it offered a better way to build thin shells with the tension capacity of steels 

for the concrete shells. Besides that, the on-site building process which was introduced also 

replaced the old techniques with huge scaffoldings or formworks. The triangular-based 

geometry also lead the future developments of the spatial framework structures, the free-form 

concrete structures and the numerical analysis and designs of the shell structure, such as the 

following concept of the ñgeodesic domeò by Buckminster Fuller. 

  

&ÉÇÕÒÅ ςȢςȢ σ 3ÃÈ×ÅÄÌÅÒ $ÏÍÅ ÁÎÄ ÔÈÅ ÐÒÏÔÏÔÙÐÅ ÏÆ ÔÈÅ :ÅÉÓÓȤ$Ù×ÉÄÁÇȤ3ÙÓÔÅÍ ɉ3ÃÈÍÉÄÔȟ ςππυɊ 

The first bang of the inventions of the reinforced concrete shells has opened a new era for shell 

history, with summaries and practices and also the following technicalisation of shell theory, 
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which had evolved in the tradition of the mathematical elastic theory. (Kurrer, 2012) With the 

great amount of applications of the Zeiss-Dywidag-Method, the blooming of concrete shell 

structures has been widely spread to Europe and the USA. In this blossomy era of shell designs, 

lot of improvements and experiments of structural morphology have been invented by lots of 

master works of many pioneers all over the world. 

φȢφȢυȢψ 'ÒÁÐÈÉÃ ÓÔÁÔÉÃÓ ÁÎÄ ÔÈÅ ÎÅ× ÄÅÓÉÇÎ ÍÅÔÈÏÄÓ ÏÆ ÓÈÅÌÌÓ 

Unlike the pre-stage of modern concrete shells, where the limited analytical geometry reflected 

the limitation of the early shell theory and designs, the new works in shells showed not only a 

desire of designers to create new forms, but also a new method of understanding the 

relationships between form and forces with new design tools. Graphic statics is the most 

impressive tool in this background. The practical application of graphic statics in shell designs 

came after a long preparation of the theoretical discussion about the geometrical analysis of the 

equilibrium of forces, from the establishment of the theory from Karl Culmannôs book ñdie 

Graphische Statikò to Wilhelm Ritterôs comprehensive graphical analysis of several structures 

in his book ñAnwendungen der Graphischen Statikò.  

The milestone of the graphical analysis of shell structures is Rafael Guastavinoôs research of 

the Guastavino tile (Figure 2.2.4 A), by which the graphical understanding of the force flow 

had inspired a new way to design more efficient structure forms that has been used by various 

modern shell pioneers such as Antoni Gaudi and also led the development of the form finding 

techniques. 

Pier Luigi Nerviôs works on shell structures are considered to be one of the typical 

morphological innovations of concrete shells. Like in other structures that are built by Robert 

Maillart, Gustav Eiffel and Eladio Dieste in the same age, Nervi has used graphic statics as the 

fundament for the design and calculation of his shell structures and his applications of ribs to 

stiffen the shell and lead the flow of forces (Figure 2.2.4 B) had enabled him to build thin shells 

with a low cost and less time-consuming way with prefabricated components. The pre-casting 

and erection of the lattice system was simple and fast and enabled a slender thin shell; it is also 

proved by Nervi that the separation into structural components didnôt disturb the global quality 

of the shell behavior. (Nervi & Desideri, 1979) Such rib-shells have also been used in many 

later designs and became an important typology of the concrete shells. 

  

&ÉÇÕÒÅ ςȢςȢ τ 'ÒÁÐÈÉÃ ÁÎÁÌÙÓÉÓ ÏÆ 'ÕÁÓÔÁÖÉÎÏ ÔÉÌÅ ɉ!ɊȠ 4ÈÅ ÒÉÂȤÓÈÅÌÌ ÂÕÉÌÔ ÂÙ .ÅÒÖÉ ɉ"Ɋ ÁÎÄ ÉÔÓ ÓÔÁÔÉÃ 
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ÁÎÁÌÙÓÉÓ ɉ#Ɋɉ.ÅÒÖÉ Ǫ $ÅÓÉÄÅÒÉȟ ρωχωɊ 

Being the founder of the IASS, Eduardo Torroja had led the modern concrete shell development 

in Spain and had also used graphic statics as the tool to do his design, especially on double-

curved shells with complicated forms. In both of his works, the first large span concrete shell 

in Spainðthe Algeciras Market hall (1933) and the Zarzuela Hippodrome (1935)ðhe used the 

concept of isostatic lines to generate two possible shell forms with double curvatures. This way 

to visualize the flow of forces referred to an original graphical form finding method where the 

forces guided the design of the form. (Figure 2.2.5) 

  

&ÉÇÕÒÅ ςȢςȢ υ 'ÒÁÐÈÉÃ ÖÉÓÕÁÌÉÚÁÔÉÏÎ ÏÆ ÔÈÅ ÆÌÏ× ÏÆ ÆÏÒÃÅÓ ÉÎ ÓÈÅÌÌÓ ɉ&ÅÒÎÁǲÎÄÅÚ /ÒÄÏǲÎǿÅÚ Ǫ .ÁÖÁÒÒÏ 

6ÅÒÁȟ ρωωωɊ 

φȢφȢυȢω 'ÅÏÍÅÔÒÉÃÁÌ ÅÌÅÇÁÎÃÙ ÁÎÄ ÔÈÅ ÎÁÔÕÒÅȤÉÎÓÐÉÒÅÄ ÆÏÒÍ ÆÉÎÄÉÎÇ ÔÅÃÈÎÉÑÕÅ 

In structural morphology, the generation of the design can be both carried out from the form 

and the forces. In the later shell master Felix Candelaôs works, the geometry method has shown 

its dominant position in the shell designs and has also enlightened architectsô enthusiasm in the 

forthcoming spread of shells all over the world. Candela has gotten his mathematical and statics 

education in a school founded by Torroja and learned the graphic way there. Although he had 

his dream to start a deep research in the theoretical analysis of shells following Dyckerhoff-

Widmann, the Spanish Civil War ñsavedò him and lead him in another way to spread the HP 

shell with his numerous elegantly built shells in Mexico. (CASSINELLO & TORROJA, 2010)  

Candela had a special preference in the HP form of shell structures, and this has given him a 

special way of doing the designs with a dominant geometrical method. In his academic works, 

the structural behavior of the HP thin shell has been well analyzed with the shell 

theory.(Candela & Faber, 1965) His design has also followed Torrojaôs method of the full scale 

model tests. With his success and numerous shells with appealing geometries, a fervor has also 

risen of shell in the later architecture designs. The simple formwork consisting of a system of 

straight planks supported by another system of straight lines also enabled the economical 

building technique which is favored by engineers for a long time. 



 

33 
 

  
&ÉÇÕÒÅ ςȢςȢ φ &ÅÌÉØ #ÁÎÄÅÌÁͻÓ ÓÈÅÌÌÓ ×ÉÔÈ ÁÎÁÌÙÔÉÃÁÌ ÇÅÏÍÅÔÒÙ ɉ#ÁÎÄÅÌÁ Ǫ &ÁÂÅÒȟ ρωφυɊ 

Another shell designer with profound influence is the Swiss architect Heinz Isler, who is also 

considered as the founder of modern form finding and optimization techniques of shells with 

the nature-inspired geometry. In his numerous concrete shell designs between 1950s and 1970s, 

Isler invented several structure concepts of shells such as the ñBubble shellsò (Figure 2.2.7 B), 

the expansion shells, free-form shells, inverted membrane shells and also many shells with 

analytical geometries. The numerous new imaginations and experiments on shells had an 

enormous impact on the contemporary development of shell designs and had opened the new 

trend of research of the structural morphology and the understanding of ñform follows forcesò. 

In his thesis in IASS 1993, Isler summarized a classification of the morphology of shells 

keeping the analytical and the experimental models with his physical form finding methods 

(Isler, 1993), with the class ñother methodsò he also implied and predicted the future importance 

of the structural morphology in the development of shell designs. (Figure 2.2.7 A) 

 
&ÉÇÕÒÅ ςȢςȢ χ (ÅÉÎÚ )ÓÌÅÒͻÓ ÆÏÒÍ ÆÉÎÄÉÎÇ ÔÅÃÈÎÉÑÕÅÓ ÏÆ ÓÈÅÌÌ ÄÅÓÉÇÎÓ ÁÎÄ ÔÈÅÉÒ ÁÐÐÌÉÃÁÔÉÏÎÓ ɉ#ÈÉÌÔÏÎ 

Ǫ )ÓÌÅÒȟ ςπππɊ 

The geometry-dominant design procedure has lead to the appearance of more concrete shells 

with free forms and also a tendency that architects came into the design process of the shells. 

This has also caused a multi-criterion situation of the shell design and a need of a complex well-

designed design procedure. In the late 1950s, such a phenomenon occurred in the building of 

the Sydney Opera House by Jßrn Utzon from 1957 and the Philips Pavilion by Le Corbusier in 
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1958. The different understanding of the rule of forms have caused an intense collision of ideas 

from the architects and engineers. For example, Utzonôs persistence on the free-form of the 

shell to imitate sails (Figure 2.2.8 A) cannot provide an efficient and reasonable building plan 

of the shell for both the prefabrication and static analysis. This hence caused a more than one 

year of revision of the final shape and a great waste of budget. (Figure 2.2.8 B) Although in 

both projects, the form of the shells and the curvature were neither considered for the structural 

behavior and caused the hard work to revise the previous design, the innovational result of the 

cooperation between architects and engineers also showed its success with the attractive 

building and the reconsideration about the design methodology of the shell structure. 

In the design process, the design of shells got their successes mainly on the intensive 

collaboration procedure. (Tessmann, 2008) And in such a collaboration, the shell theory and the 

calculation didnôt help as the main solution to the problems. However, the tool that has worked 

was the role which the structural understanding of form and forces played as the feedback to 

the architects to revise the forms and the existing tools of the structural morphology for the 

materials such as the ribbed system in the Sydney Opera House and the combination of HP 

shells with the physical form finding techniques in the Philips Pavilion. (Figure 2.2.8 C, D) 

 

    

&ÉÇÕÒÅ ςȢςȢ ψ /ÒÉÇÉÎÁÌ ÄÅÓÉÇÎ ÏÆ ÔÈÅ 3ÙÄÎÅÙ /ÐÅÒÁ ÁÎÄ ÔÈÅ 0ÈÉÌÉÐÓ 0ÁÖÉÌÉÏÎ ÁÎÄ ÔÈÅÉÒ ÒÅÖÉÓÅ ÏÆ 

ÓÈÁÐÅÓ ÂÁÓÅÄ ÏÎ ÔÈÅ ÍÁÔÅÒÉÁÌÓͻ ÂÅÈÁÖÉÏÒ ÁÎÄ ÓÔÁÔÉÃ ÐÒÉÎÃÉÐÌÅÓ ɉ#ÁÐÁÎÎÁȟ ςπρυȠ +ÅÒÒȟ ρωωσɊ 

ςȢςȢς $ÉÓÃÒÅÔÅ ÌÉÎÅÁÒ ÓÙÓÔÅÍȡ ÓÐÁÔÉÁÌ ÆÒÁÍÅ×ÏÒË ×ÉÔÈ ×ÏÏÄ ÁÎÄ ÓÔÅÅÌ 

After the 1970s, the development of concrete shells fell into a sudden disappearance due to the 

relatively huge cost of the formwork and human power for such complicated geometry. At the 

same time, the emergence of using the spatial frameworks in the shell-like structures has guided 

a new trend for the pure ñshellò structure to the ñshell and spatialò structure, (Ramm, 2011) 

where the advantages of new materials and the design methods of new forms with computers 

had presented its great impact on the history of shells. 

φȢφȢφȢυ 3ÐÁÔÉÁÌ &ÒÁÍÅ×ÏÒË ÓÔÒÕÃÔÕÒÅ ×ÉÔÈ ÓÔÅÅÌ ÁÎÄ ÔÈÅ ÄÉÓÃÒÅÔÅ ÁÎÁÌÙÓÉÓ ×ÉÔÈ ÃÏÍÐÕÔÅÒÓ 

The popularization of the spatial framework structure showed the benefits of new materials 

with a proper structural morphological design. Dated back to the steel dome system such as the 

Schwedler Dome and Zeiss-Dywidag-Dome in Jena, the success of trussed framework based 

its structural logic mainly on the property and behavior of the new steel productions. On the 

theoretical side, from Fºpplôs establishment of the spatial framework theory to 

Mengeringhausenôs summarization and systematization (Fºppl, 1892; Mengeringhausen, 1975), 

the main topic of the new structure theory has also been around the structural morphology: the 

geometry laws, the structural laws and the construction laws.  

The geometry constitution is in the central consideration of the designs, where the discretization 
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of the curved surfaces into a discontinuous linear system should be achieved with as few types 

of elements as possible. Buckminster Fullerôs geodesic dome (Figure 2.29 A) and the following 

studies of the space structure (Loeb, 2012) and the law of spatial frameworks 

(Mengeringhausen, 1975) had inspired the first period of shells with spatial framework 

structures. 

The use of computers in structural engineering has started the wide spread of spatial framework 

structures in the free-form shell structure design. With the development of modern differential 

geometry and the subdivision methods of the surfaces and the FEM theory, the shell designer 

is enabled to control the free-form structure and understand the complex structure behavior 

inside. Hence a new era came with the large projects of stadiums, museums and large span 

spaces with curved forms which are built worldwide. (Figure 2.29 B, C) In designs, the various 

concepts were coming from bionics, geometry and the recent definition of the structural 

morphology was therefore defined. 

 

&ÉÇÕÒÅ ςȢςȢ ω $ÉÓÃÒÅÔÉÚÁÔÉÏÎ ÏÆ ÔÈÅ ÓÐÁÔÉÁÌ ÆÒÁÍÅ×ÏÒË ÓÔÒÕÃÔÕÒÅÓ ÁÎÄ ÔÈÅÉÒ ÁÐÐÌÉÃÁÔÉÏÎÓ ɉ"ÏÌÌÉÎÇÅÒ 

Ǫ !ÒÃÈÉÔÅËÔÕÒȤ$ÏËÕÍÅÎÔÁÔÉÏÎȟ ςπρρȠ &ÕÌÌÅÒȟ +ÒÁÕÓÓÅȟ Ǫ ,ÉÃÈÔÅÎÓÔÅÉÎȟ ρωωωȠ +ÎÉÐÐÅÒÓȟ ςπρπɊ 

The application of the spatial framework made an interesting change of the original design goal, 

where only the pure compression condition is welcomed. With the new structure system, the 

structure can be either in tension or compression. With the development of such a linear system, 

the computational form finding technology and the static analysis method developed also 

rapidly with the theory from mathematics and computational graphic. At the same time, such 

structural typology also got its advantage from the high quality steel products which can be 

efficiently supplied in any linear forms. With both appropriate ways to use the new efficient 

material and structural rules, such structures are still widely used nowadays. 

φȢφȢφȢφ 'ÒÉÄȤÓÈÅÌÌȟ ÐÈÙÓÉÃÁÌ ÆÏÒÍ ÆÉÎÄÉÎÇ ÁÎÄ ÔÉÍÂÅÒ ÂÅÈÁÖÉÏÒ 

The grid-shell is a morphological innovation of the traditional shell which can be understood 

in a structuralism way. It can be considered that the rest parts of the shell are removed and only 

the possible thrust lines remain. As in continuous shells where there are infinite possible 

membrane fields, in the grid-shell the membrane behavior is also defined and restricted by the 

design pattern. 

The grid-shell has come with a good understanding and usage of the physical hanging form 

finding technique and with the innovational use of timber material. After Frei Ottoôs research 

on the hanging roof (F. Otto, 1954), a summarization of such a technique and the structure 

concept of grid-shells are then established with experiments. (F Otto et al., 1974) After his 

several small scale grid-shells with timber and bamboos (Figure 2.2.10 A), the first large scale 

grid-shell, the Mannheim Multihalle, was built in 1975 and is considered to be the first 

application of such a structure concept. (Figure 2.2.10 B) 
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The appearance of the grid-shell concept is also an optimization with timber as material to build 

shells. Although the concept of designing the membrane force field can be applied to various 

materials theoretically, only the timbers are flexible enough for such building techniques so that 

they can deform and bend during the erection phase to reach the ideal shape. It is also the 

distinct characteristic of timber that the building element has a limitation of length so that a 

lattice pattern is therefore needed. The pattern of a grid-shell is often in quadrilateral forms so 

that the deformation can appear. In this sense, it is also similar to the physical form finding 

methods with a chain net or fabric. After the erection, the lattice can be stiffened by adding 

extra rods to change the pattern into a triangular grid so that a local stiffness can be guaranteed.  

 

&ÉÇÕÒÅ ςȢςȢ ρπ &ÒÅÉ /ÔÔÏȭÓ ÅØÐÅÒÉÍÅÎÔÓ ÆÏÒ ÇÒÉÄȤÓÈÅÌÌÓ ÁÎÄ ÔÈÅ -ÕÌÔÉÈÁÌÌÅ ÉÎ -ÁÎÎÈÅÉÍ ɉ& /ÔÔÏ ÅÔ 

ÁÌȢȟ ρωχτɊ 

The grid-shell is welcomed by architects because the design process is mainly begun with the 

architectural choice of forms and it also shows its efficiency with a similar membrane behavior. 

After the Mannheim Multihalle, the grid-shell has also been used in several designs of the 

landmarks such as the Japan Pavilion in 2000 (cooperation design between architect Shigeuban 

and the engineers from Buro Happold) and the Weald and Downland Museum (cooperation 

design between Edward Cullinan Architects and the engineers from Buro Happold) in England. 

The grid-shell is also widely researched nowadays with its computational form finding and 

optimization, and also with its building technique with new formworks. Due to the use of timber, 

it is also welcomed in contemporary building with a good sustainability. 

φȢφȢφȢχ 4ÅÎÓÉÏÎ ÓÔÒÕÃÔÕÒÅÓð#ÁÂÌÅȟ -ÅÍÂÒÁÎÅ ÁÎÄ 4ÅÎÓÅÇÒÉÔÙ 

Contrary to the traditional compression-only shells, tension structures considered the situation 

where only tension existed. It has the similar goal to find the efficient use and stresses for certain 

materials that are stronger in tension, such as the membranes, rods and cables. As materials 

such as membranes are too sensitive with compression, the development of such structures was 

first started with the structural consideration and also the form-finding methods. It has already 

been realized by the shell pioneers that in the old form finding methods, the hanging model has 

a reverse effect in that it enabled designers to find both the compression and tension-only from. 

Afterward, other methods such as the soap film method were also found by Frei Otto to be able 

to generate the minimal surfaces. In his design of the Germany Pavilion in EXPO 67 in 

Montreal and the German Olympic Stadium in Munich, such physical methods had been well 

used. In later designs, the form finding has been developed and improved a lot with more 

analyzing methods based on the computational way and more optimization algorithms. (Figure 

2.2.11) 
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Figure 2.2. 11 German Olympic Stadium in Munich (A, B) and the modern membrane structure with 

computational designs (C) (Saechtling, 1973) 

The tension structure with membranes and cables showed an example to build a new type of 

self-supporting structures, and based on the same idea, an innovational structure has been one 

of the most recent research topics of the spatial structures. Presented first by Emmerich, Fuller 

and Snelson, the tensegrity structures are shown in form of patents as the modular self-

supporting structure composed by a linear system with continuous tension elements and 

discontinuous compression rods (R. Motro, 2003) (Figure 2.2.12 A). The tensegrity structure 

opened the new future of the structural morphology with its simple structural behavior and 

geometry logic. During the past 30 years plenty of experimental applications have been raised 

to expand its form diversity and potentials in architecture. Although the pure tensegrity structure 

has not been completely used in large scale designs, such a morphological concept has given 

birth to many innovative cable-struts systems, such as the Cable-Dome in the Olympic Stadium 

in Atlanda and the Suspend-Dome in many of the recent Japanese and Chinese Stadiums. In the 

research fields, the design and calculation of new forms of tensegrity remain popular in 

structural engineering; ideas such as the free-form structures and foldable structures with 

tensegrity have appeared in its application. (Figure 2.2.12 B) 

 

Figure 2.2. 12 Tensegrity and its application in architectural experiments (Associates, 2011; Heartney 

& Snelson, 2009)  

ςȢςȢσ %ÍÅÒÇÉÎÇ ÅØÐÅÒÉÍÅÎÔÁÌ 3ÔÒÕÃÔÕÒÁÌ -ÏÒÐÈÏÌÏÇÙ  

φȢφȢχȢυ 0ÌÁÔÅ ÓÔÒÕÃÔÕÒÅÓȤ /ÒÉÇÁÍÉȟ 0ÁÎÅÌÉÚÁÔÉÏÎȡ  

Due to the outstanding membrane behavior in double-curved shells and the easy abstraction 

and calculation of the linear shell system, the planar materials are usually used in shell structures 

as skins and covering rather than a structural component. However, with more interest on the 

application in wood panels, steel panels and glass in the shell design, the plate shell structure 

became one of the topics of the structural morphology in recent research. The common key 

point in the research and experiments can be divided into the geometry discretization, the static 

analysis of plate actions and the material behavior. In the 1960s, Fuller has already applied 

paperboard and aluminum in several designs of domes to show the geometrical possibility to 
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use panel material in his geodesic dome concept. (Figure 2.2 13 D) 

 

Figure 2.2.13 Applications of planar sheets in architectural design (Ayan, 2009; Fuller et al., 

1999) 

On the structural side, Wester proposed the duality between the spatial plate structure and the 

linear lattice system and suggested the corresponding design and analysis rules for such 

structures. (Wester, 1984) Even in recent research, such a structural rule has been reused in an 

experiment of the TU Stuttgart to build their one-layered shell with thin wood panels. (La 

Magna, Waimer, & Knippers, 2012) With the development of computational techniques and the 

mesh method to describe curved surfaces in designs, the panelization method has been popular 

because of the easy fabrication and the increased choice of materials. Several algorithms have 

been proposed for mesh optimization and the generation of a planar panel based free-form 

building technique, and they have enabled more experimental buildings with panel materials. 

In the field of new structural concept designs, such a plane based morphology has also inspired 

the recent topic of the origami structure which based itself on the application of the folded plate 

structure. In its developments both the computational geometry and the robotic prefabricating 

methods are used to develop new possibilities for research. 

 

Figure 2.1.14 Recent developments of planarization and joining techniques for plate 

structures (Krieg et al., 2015; La Magna et al., 2012; Robeller, 2015; Schwinn & Menges, 

2015) 

On the side of material application, the plane based concept has also inspired the innovative use 

of glass plates in the thin free-form structures. Since Wester with his ideas of the morphological 

design with glass, the facetted glass shell structure and its structural behavior have been tested 

and researched several times. Since 1998, the frameless glass shells came back in the research 
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of new possibilities of shell structures and several tests has been done in the Netherlands and 

Germany. (Aanhaanen, 2008) (Figure 2.1.15 A) In Baggerôs Ph.D. research of plate glass shells, 

the details of the form and force and design methods are well discussed and a guideline of the 

design of such shells is suggested. (Bagger, 2010) (Figure 2.1.15 B C) 

    

Figure 2.1.15 Application of planar glass in shell structure experiments (Aanhaanen, 2008; 

Bagger, 2010) 

φȢφȢχȢφ #ÕÒÖÅ ÁÎÄ ÂÅÎÄÉÎÇð!ÃÔÉÖÅȤÂÅÎÄÉÎÇ ÓÔÒÕÃÔÕÒÅȡ  

With a better understanding of the shell behavior and the design methods of shells, the curved 

structures are also coming back into the central part of shell research. By determining and 

exploring the fundamental relationship between geometric curvature and mechanical properties 

of shell and membrane structures, the curved forms are used today more and more in the initial 

design of the shell structure. With this aim, both research of the curved structure behavior and 

plenty of designs of ñBending-Activeò structures are coming out to play an important role.  

An ñbending-activeò class of structure was categorized and summarized in 2011 as an approach 

to generate a similar structural behavior like arches and shells through the elastic deformation 

mechanism of material, i.e. bending. (Lienhard & Knippers, 2014) Unlike the traditional 

categorization of structures which is based on the structural mechanism and the load-bearing 

behavior, the bending-active structure offers a new strategy of design that is inherent from a 

physical deformation and its derived structural benefit. This new morphological topic doesnôt 

refer only to a trend of various emergences of new structure concepts with the design method 

or the dominance of physical understanding of the relationship of form and force, but also shows 

a fruitful design potential in an age when the structural analysis methods (e.g. FEM methods) 

are involved as a collaborative procedure in the architectural and structural design innovations. 

(Bollinger, Grohmann, & Tessmann, 2010) 

In the new experiments of bending-active structures, structures based on curved elements are 

sought and the potential of elastic materials such as plywood, bamboo and paper are developed. 

The bending-active structures are hence a popular research field worldwide since 2010. (Figure 

2.2.16 ) 

 

Figure 2.2.16 Recent experimental designs of bending-active structures  



 

40 
 

φȢφȢχȢχ 4ÒÁÎÓÆÏÒÍÁÔÉÏÎ ÏÆ ÏÌÄ ÓÔÒÕÃÔÕÒÅ ×ÉÔÈ ÎÅ× ÍÁÔÅÒÉÁÌÓȡ  

Apart from the direct generation of structure systems with the understanding of structural 

behaviors or design considerations, in many of the recent shell designs there are also many 

experiments with some new materials, which are used to replace some parts of the old structure 

system. With the fast development of the science of building materials and fabricating 

techniques such as laser cutting, CNC technique and additive manufacturing, many new 

ecological and efficient materials are developed and used in building experiments.  

However, this fever has brought not only some new applications and efficient designs but also 

a method of transforming the existing structural concepts. In designs from Menges, Clifford, 

Yu and Ban in many countries, the old structures of masonry shells and the spatial framework 

system have been renovated with the application of new materials and recent fabricating 

techniques. (Ban & Bell, 2001; Brownell, Swackhamer, Satterfield, & Weinstock, 2015; 

Gramazio, Kohler, & Langenberg, 2014) These novel attempts have opened a new way of shell 

designs to recall and improve the traditional structure system by showing a new appearance and 

energetic surface. (Figure 2.2.17) Nevertheless, when it is checked from the side of structural 

efficiency and the materialsô behavior, a simple replacement of the old system with new 

materials often returns a meaningless and costly design. A suitable system of structures today 

which follows the structure morphology is hence required for the development of shells today 

and even in the future. 

 

Figure 2.2.17 Recent experimental structures with novel uses of materials  

ςȢςȢτ #ÏÎÃÌÕÓÉÏÎȡ Á ÍÁÔÅÒÉÁÌȤÄÒÉÖÅÎ ÔÒÁÄÉÔÉÏÎ ÏÆ ÐÅÒÆÏÒÍÁÔÉÖÅ ÄÅÓÉÇÎ 

As it is shown in the previous review of the development of shell structures in the aspect of 

structural morphology, it is a comprehensive and multi-criterion process of shell structures in 

the design process. For a proper shell structure concept, not only should the structural behavior 

be taken care of and properly designed, the geometry and form, the form-force duality, the 
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building and fabricating technique and the materialsô behavior also have their importance.  

With the structure analysis based on a typological method, the materialsô application will often 

raise a great innovation of the shell structure typology. In this sense, such a tradition is called a 

material-driven tradition of the shell structure development.(Karana, Barati, Rognoli, & Zeeuw 

Van Der Laan, 2015) At the same time, the form of shells doesnôt follow any single element 

such as function, forces, nature or geometry, but a combination of these objectives. In 

conclusion, the development of shell structures is also a history of the structure morphology of 

material, and also a material-driven tradition of performative designs. 
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ςȢσ -ÏÒÐÈÏÇÅÎÅÓÉÓȡ .ÁÔÕÒÅȤÉÎÓÐÉÒÅÄ ÓÈÅÌÌ ÄÅÓÉÇÎÓ ÁÎÄ ÃÅÌÌÕÌÁÒ 
ÓÔÒÕÃÔÕÒÅÓ 

With material based design philosophy the morphogenesis can be seen as the most recent design 

methodology of the structural morphology of shell structures. It refers to a new thinking of the 

relationship of form and structure, that a structure design is not a decision-making process 

which is based on hierarchical commands of the structural mechanics, but rather a natural way 

which comes out from the materialsô logic, a way how the material finds its form under natureôs 

rules. (DeLanda, 2004; Menges, 2012) 

It is the most original and long-lasting design method of architecture and structures of human-

beings where people copy the structure forms in nature by understanding its reason of growth 

and generation. Since Darwinôs theory of evolution in the mid-19th century, the relationship 

between organic forms and natureôs rules has been reviewed by humans in a scientific way. It 

can also be seen that art of nature forms have also affected and inspired peopleôs understanding 

and creations in artworks since an early age. (Haeckel, 2013) The learning about the background 

principles of nature were highlighted by dôArcy Wentworth Thompsonôs work in the early 20th 

century (Thompson & Bonner, 2014), where he used theories in mathematics, geometry, 

physics and his theory of transformation to explain the generation of forms in nature, such as 

bodies, cells, tissues and so on. This tradition has also laid the foundation of research on biology, 

bionics and especially the morphogenesis method in structure design nowadays. 

ςȢσȢρ #ÅÌÌÕÌÁÒ ÓÔÒÕÃÔÕÒÅÓ ÉÎ ÓÈÅÌÌÓȡ 0ÉÏÎÅÅÒ ÐÒÏÊÅÃÔÓ 

φȢχȢυȢυ 3&" ɉ3ÏÎÄÅÒÆÏÒÓÃÈÕÎÇÓÂÅÒÅÉÃÈɊ ϊψ ÁÎÄ φχτȡ ÃÅÌÌÓ ÉÎ ÎÁÔÕÒÁÌ ÓÈÅÌÌÓ ÁÎÄ ÃÅÌÌ 

ÍÅÃÈÁÎÉÃÓ 

Cells are considered to be the central units and elements of natural structures and represent a 

simple way of how the numerous complicated forms in our daily life are built. Between the 

1970s and the 2000s, a research interest of the light-weight structure is raised in Germany with 

the establishment of several special research areas (Sonderforschungsbereich: SFB). Especially 

in the SFB 64 (on large span surface-structures by University Stuttgart) and its following 

program SFB 230 (on natural constructions by University Stuttgart and T¿bingen), topics about 

shell structures and the cell forms are first researched with an architectural and engineering 

aspect. In both research areas, the morphogenesis of cells in natural shell structures has been 

researched and the mechanics of cells are also discussed. 

As an architect, Frei Otto was most important to this topic with his numerous research during 

the time. In his book about shells in nature and the technics for the SFB 64, the natural micro 

structure of diatom valves and honeycombs were researched in detail and the theoretical 

morphogenesis of the cell forms are established. (Bach & Burkhardt, 1984) (Figure 2.3.1) 
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Figure 2.3.1 Research on the cellular structure in SFB 64 (Brinkmann & Flªchentragwerke, 

1990) 

The method of research by Frei Otto was mainly based on the observation of the formation of 

the micro cell system, and it emphasized the global morphology and related that to the load 

bearing behavior in the growth process (Figure 2.3.2). In this way, the early stage of the natural 

cellular structure research based itself also on this simplification of cells as a series of frames, 

and the studies focused mostly on the typological relationship and possible form finding 

technique with physical simulations with network materials. In the following special 

colloquium of the SFB 230 about ñcell mechanicsò in 1986, it was also suggested by Schnept 

that the general morphogenesis of cells in plants was the genesis of the cell walls. And Frei Otto 

had also proposed in his article his interests with the energetic form which was generated with 

the natural force principles, and had presented his method to find the possible linear grid-system 

with cellular elements with a physical simulation with pneumatic methods.  

  

Figure 2.3.2 Diagrams of cell forms and the growth process (Teichmann & Konstruktionen, 

1996) 

φȢχȢυȢφ "ÉÏÎÉÃ ÄÅÓÉÇÎÓ ÏÆ ÃÅÌÌÓ ÁÎÄ ÍÏÄÕÌÁÒ ÂÕÉÌÄÉÎÇ ÓÙÓÔÅÍÓ 

The result of the research from the SFB 64 and 230 was based on a bionic ideological trend, 

which explained most of the emerging structures at that time and also affected the later 

architects and engineers a lot. The first uses of the cellular idea with a network system in shell 

structures can be considered the rib systems such as Nerviôs innovation in his reinforced 

concrete shell. With the organic research and the understanding the flow of force, more 

energetic rib shells were later built. Another innovation of the building method during this time 

is the modular system in all kinds of structures. Such examples can be seen in Manleitnerôs 



 

44 
 

ñWaldb¿hneò of the Olympic Stadium in Berlin with the individual hexagonal components 

(Figure 2.3.3 A) and also Torrojaôs attempts in building nature-inspired shells with separated 

triangular elements.(Figure 2.3.3 B) 

   

Figure 2.3.3 Cellular and modular building methods (Nachtigall & Pohl, 2013; Teichmann & 

Konstruktionen, 1996) 

However, the most far-reaching applications of such modular methods happened in the 

development of dwelling buildings; it is famous that the modular building in Expo Montreal 67 

had brought the revolution and new tradition to modern architecture. (Figure 2.3.3 C) 

ςȢσȢς -ÁÔÅÒÉÁÌ -ÏÒÐÈÏÇÅÎÅÓÉÓ ÁÎÄ ÒÅÃÅÎÔ ÃÅÌÌÕÌÁÒ ÓÔÒÕÃÔÕÒÅ ÄÅÖÅÌÏÐÍÅÎÔÓ 

The cellular structure for shell structures didnôt develop so fast in the 20th century mainly due 

to the restriction of material. With the most common shell building materials such as concrete 

and steels, a modular based structure is not so welcomed because the building technique 

preferred a large scale curved surface which should be built on the formwork and the linear 

system. Although the natural ideas have inspired the pioneer work such as the ñEden-Projectò 

and that the ñPlate-lattice Dualityò has lead the plate glass domes, the large numbers of new 

experiments with cellular concepts in shell structures come recently in the 21th century with the 

new trend of material morphogenesis and computational technology.  

The emergence of cellular structures of shells got its appearance with the building experiments 

and geometrical research of the structures which use plate materials. With a large demand of 

free-form spatial framework structures, a structural optimization of the spatial structure 

geometry with planar covering elements are studied first in the geometry fields to fulfill the 

projectsô requirement. For the geometrical consultation on several projects, parametric 

strategies for freeform glass structures using triangular or quadrilateral planar facets are 

proposed. (Glymph, Shelden, Ceccato, Mussel, & Schober, 2004; Schober, 2003) As a result, 

the strategy and the optimization method for the form finding of such meshes are generated. 

These research for plate materials started the following study of another structure type: the 

structures which can be built with a series of ribs that connects two layers of meshes and hence 

form plenty of cell walls. Such studies were quickly made and the definition of ñoffset-meshò 

is then established. (Pottmann, Liu, Wallner, Bobenko, & Wang, 2007) With the same aim and 

as form tests in the architectural studies of computational fabrication, such forms were also 

built in building experiments since 2000, in which mostly simple triangulation and its reciprocal 

hexagonal and voronoi forms are tested. (Figure 2.3.4)  
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Figure 2.3.4 Cellular frames in triangular, hexagonal and Voronoi forms 

With the success in building such structures, the most recent research of such structures have 

focused on the potential of new patterns of such cell-walled structures. In the geometrical 

research, more variations of the existing structures are found with concepts such as reciprocal 

structures. (Song et al., 2013) And in architectural building experiments, such geometries are 

also being tested and the construction details for the digital fabrication are also discussed. 

(Scheurer, Schindler, & Braach) (Figure 2.3.5) 

 
Figure 2.3.5 Variation of cellular frames in various forms 

Besides the form design and the geometrical research, the materialization and the fabricating 

techniques are also an important research topic nowadays. It is also a hot area in architectural 

research to find the possibility of new kinds of materials and to test the application of new 

digital fabrication of the materials in the complex design and construction process. Such 

techniques and materials like recycled cans, paperboard and CNC laser cutting, 3D Printing 

techniques are being tested in a lot of small scale structure research. (Figure 2.3.6) It has been 

argued that the application of new materials is changing the design of free-form shell structures 

with their advantages such as low cost, environmentalfriendliness and easier prefabrication. At 

the same time, the digital and parametrical design and fabricating process today have also 

shown the urgency to establish a proper design strategy of such structures for architecture. 
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Figure 2.3.6 Experiments of cellular frames with new techniques 

Since 2010, the shell behavior and the static principle have been considered and added into the 

new developments of the digital design and fabrications as a determination rule. The traditional 

form finding techniques and design strategies have been reused and improved with new 

developments with computational techniques. (Figure 2.3.7) With the multiple structural design 

software and plugins such as RhinoVault, Grasshopper and Kangaroo, the generation of such 

structure forms can be achieved by a modular design process with different algorithms. 

However, such algorithms worked like a ñblack boxò in the design process so that the real 

behavior and generating process still need to be researched. 

   

Figure 2.3.7 Recent developments of cellular structures in architecture 

The cellular shell structure concept is nowadays the cooperating and gap area between 

architectural design, geometry research and structural engineering. With the advantages in the 

materialsô property and application, such a structure concept has also shown its importance in 

the architectural research for the shell structure designs. As a recent topic in the structural 

morphology for plate materials, new issues of the geometrical form finding, the materialsô 

behavior and fabrication, the structural mechanisms and the designing procedure are integrated 

to the argument of an urgent research field in order to realize it in the building practice. 
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σȢ &ÕÎÄÁÍÅÎÔÁÌÓ ÏÆ ÔÈÉÎ ÓÈÅÅÔ ÍÁÔÅÒÉÁÌÓ  

Based on the previous discussion of the developments of material-driven shell designs, this 

research aims to focus on the recent development and applications of new building materialsð

the thin sheet materialðand to develop a new corresponding structure concept. Being some 

newly widely-applied materials, the thin sheet material implies a series of industrial materials 

which are in sheet forms and usually very thin (usually less than 10mm1) compared to the other 

traditional materials in architecture. In this chapter, such materials, their characteristics and the 

existing applications will be explored and analyzed mainly from two points of views, the 

constructive and architectonic sides. As a conclusion, the design considerations of such an 

innovational structure concept will be summarized as the basis of the next chapter. 

σȢρ 4ÈÉÎ ÓÈÅÅÔ ÍÁÔÅÒÉÁÌÓ ÁÎÄ ÔÈÅÉÒ ÁÐÐÌÉÃÁÔÉÏÎ ÉÎ ÉÎÄÕÓÔÒÙ ÁÎÄ 
ÁÒÃÈÉÔÅÃÔÕÒÅ  

σȢρȢρ )ÎÎÏÖÁÔÉÏÎÁÌ ÃÏÎÓÔÒÕÃÔÉÏÎ Á×ÁÒÅÎÅÓÓ ÏÆ ÍÁÔÅÒÉÁÌÓ ÁÎÄ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ 

ÔÈÉÎ ÓÈÅÅÔ ÍÁÔÅÒÉÁÌÓ 

The 20th century has witnessed a blooming development of building materials and techniques. 

Until the mid-19th century, only a few materials have been applied in construction and 

architecture and the selection was highly limited to the availability of natural materials such as 

stone, wood, sand, straw, masonry, concrete and a few metals. With the large application of 

steel and the modern architecture movement, a great number of architectural experiments and 

research started on the new possibilities of structure and building techniques for new efficient 

materials. As a result, the architecture materialsô category has been largely expanded with the 

new material types and the emerging member products.  

In the past decades, this explosion has come to a high level and has started to impact more on 

architecture and constructions. As it is mentioned in the discussion of the changes of 

manufacturing methodology (Kieran & Timberlake, 2004), although the explosive increases of 

material products has been exponential in the past 150 years, the large application of new 

materials in the architecture designs has only been well developed since the last quarter of the 

past century and still remains at a relative low level. (Figure 3.1.1) 

 

Figure 3.1.1 Explosion of new materials (Ashby & Cebon, 1993; Kieran & Timberlake, 2004) 

                                                             
1 CƻǊ ŘƛŦŦŜǊŜƴǘ Ǌŀǿ ƳŀǘŜǊƛŀƭǎΣ ǘƘŜǊŜ ƛǎ ǎƻƳŜ ŘƛǾŜǊǎƛǘȅ ƻŦ ǘƘŜ ŘŜŦƛƴƛǘƛƻƴΣ ǳǎǳŀƭƭȅ ŘǳŜ ǘƻ ǘƘŜ ƛƴŘǳǎǘǊƛŀƭ ǎǳǇǇƭȅ ŀƴŘ ǘƘŜ 
ƳŀƴǳŦŀŎǘǳǊƛƴƎ ǘŜŎƘƴƛǉǳŜΦ CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ ǘƘƛƴ ƳŜǘŀƭ ǎƘŜŜǘ ƛǎ ŘŜŦƛƴŜŘ ŀǎ ǘƘƛƴ ŀǎ лΦрπоƳƳΣ ŦƻǊ ǘƘƛƴ Ǝƭŀǎǎ ǘƻ ōŜ 
ǎǇŜŎƛŦƛŎŀƭƭȅ ŘŜŦƛƴŜŘ ŀǎ мΦсрƳƳΣ ŦƻǊ ǿƻƻŘ ǎƘŜŜǘǎ лΦрπмнƳƳ ŀƴŘ ŦƻǊ ǇŀǇŜǊōƻŀǊŘ ǘƻ ōŜ лΦрπтƳƳ 
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The renovation and development of architecture has also a close relationship with the 

industrialization, the new construction techniques as well as the new characteristics which the 

new materials have brought. Apart from the aesthetical infatuation, the newly applied building 

materials have in general often better structural efficiencyðhigher ratio of strength to density, 

and yield significantly greater strength than the traditional materials. At the same time, the 

modern industrial manufacturing has also enabled a large and fast prefabrication and mass 

customization of building components from new materials such as plastics, steel and glass. In 

recent years, along with the development of digital design methods and the robotic application 

in architecture design, several novel on-site fabrication techniques such as 3D-printing, robotic 

stone and wood cutting, CNC techniques, have also affected and changed the traditional 

building techniques and structure types of several materials.  

The innovational construction awareness and experiments will finally be reflected in the form 

and building system of the development of architecture itself and will then catalyze the 

generation of a new tradition. As it is described in Giedionôs book (S. Giedion, 1967), many 

innovational methods of assembly, such as the balloon frames which benefited from the large 

use of metal nails in wood structures, had totally changed the traditional building system of 

wood structures and even the American residential architecture.     

The thin sheet material is one type of the new popular materials in architecture and refers to a 

certain type of industrial materials, which are often semi-finished products in thin sheet forms. 

Although it is known that most of daily life products and even cars and aircrafts are often made 

from such materials like plastic panels and thin metal sheets, such materials have just started to 

be popular in architecture design. In this chapter, their characteristics in the application of 

architecture will be analyzed and used as a foundation for the further discussion.  

σȢρȢς -ÁÎÕÆÁÃÔÕÒÅȟ ÁÄÖÁÎÔÁÇÅÓ ÁÎÄ ÉÎÄÕÓÔÒÉÁÌ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ ÔÈÉÎ ÓÈÅÅÔ 

ÍÁÔÅÒÉÁÌÓ 

χȢυȢφȢυ 0ÒÅÆÁÂÒÉÃÁÔÉÏÎ ÁÎÄ -ÁÎÕÆÁÃÔÕÒÉÎÇ 

As a type of material collection, the thin sheet material can be made by many raw materials 

such as wood, steel, plastic, glass and paper. The basic performance of such materials varies 

due to the characteristics of the raw material so that the density, strength and the E-modulus are 

at different levels. However, with the same form of thin sheets, such materials also share some 

similarities even from the manufacturing process. All thin sheet materials are made from a long 

industrial manufacturing process from the raw material to the final sheet. In this part, several 

typical typesðplastic, steel, glass, wood/paperðwill be introduced and discussed. 

ρȢ 2Á× ÍÁÔÅÒÉÁÌ ÐÒÅÐÁÒÁÔÉÏÎ 

The raw materials for the thin sheet materials are originally found in nature, such as the natural 

ore for steel (Figure 3.1.2 B), Tripoli for glass, timber and plant fiber for wood (Figure 3.1.2 C) 

or paper sheets, and there are also some artificial source materials like the polymer plastic raw 

material (Figure 3.1.2 A). Such raw materials cannot be directly used in many industries or 

architecture and need to be further treated. 

In the raw material preparation, complicated physical and chemical processes will be applied 
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to prepare the source material for the final semi-products of the thin sheets. (Figure 3.1.2 D, E) 

For example, in the paper making process, the raw materials (wood chips) will be treated 

through the mechanical/ chemical pulping process which separates the fibers, the refining 

process which increases the flexibility and conformability of fibers to achieve good bonding, 

and the final finishing process to add some other components, such as mineral fillers and 

chemicals, to obtain a water-based furnish ready for papermaking. (Niskanen, 2012) 

   
 

Figure 3.1.2 Raw Materials and the preparation (Bollinger & Architektur-Dokumentation, 2011; 

Knippers, 2010; Niskanen, 2012) 

ςȢ &ÏÒÍÉÎÇ 0ÒÏÃÅÓÓ ÁÎÄ 3ÅÍÉȤ0ÒÏÄÕÃÔ 0ÒÅÐÁÒÁÔÉÏÎ 

The raw material preparation is followed by the forming and pressing process to make the final 

semi-product of the sheet material. In the forming process, large machines and production lines 

(Figure 3.1.3) will be used to make the raw material into the sheet form, and also make some 

other preparation to improve the performance of the product. For example, in the forming 

process of plastic sheets, different processing steps and also different additives are used between 

the polymer reactions and the end process of the plastic sheet manufacturing, in order to make 

the different performances of the material (thermo-plastic, elastic-plastic, duro-plastic). 

(Knippers, 2010) And for different end-products, the processing technique varies a lot too.  

 

Figure 3.1.3 Production line of paper manufacturing (Niskanen, 2012) 
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χȢυȢφȢφ !ÄÖÁÎÔÁÇÅÓ ÁÎÄ ÉÎÄÕÓÔÒÉÁÌ ÁÐÐÌÉÃÁÔÉÏÎÓ ÏÆ ÔÈÉÎ ÓÈÅÅÔ ÍÁÔÅÒÉÁÌÓ 

The large increase of building materials has not only expanded the architectural form but also 

has brought an increase of other parameters which determine the building material choice and 

hence promotes the new trend of multi-functionalism. Such multi-functionalism can also be 

seen from the construction industry and the change of most products and the designersô attitude 

to the material selection. Because of this, it is necessary to analyze the advantages and industrial 

applications of thin sheet materials for its use in architectural design. 

ρȢ !ÄÖÁÎÔÁÇÅÓ ÏÆ ÔÈÉÎ ÓÈÅÅÔ ÍÁÔÅÒÉÁÌÓ 

3ÔÒÅÎÇÔÈ ÁÎÄ ÌÉÇÈÔ×ÅÉÇÈÔ  

The load capacity is usually the most important characteristic for a structure and also for the 

construction material. At the same time, a lightweight structure is also being pursued by every 

designer. 

In general, conventional materials have a relatively low ratio of strength to density. A great deal 

of materials are required to yield relatively little strength. (Kieran & Timberlake, 2004) As can 

be seen in Figure 3.1.4, through the development of engineering materials, light materials with 

more strength are invented and recent popular materials such as plastics, CFRP and alloy metals 

all share a higher value of the ratio of strength to density.  

At the same time, the new thin sheet materials have also a relatively thin cross-section and this 

enables a light weight of the structure unit. In contrast, traditional masonry and concrete which 

are in the form of blocks and massive solids become too clumsy and counterproductive. 

 

Figure 3.1.4 Strength-Density diagram of engineering materials (Ashby & Cebon, 1993) 
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#ÏÓÔȤÅÆÆÉÃÉÅÎÃÙ ÁÎÄ ÍÁÓÓ ÃÕÓÔÏÍÉÚÁÔÉÏÎ  

The cost-efficiency of construction materials involves not only the cost of the materials 

themselves but also more about the manufacturing costs through the whole fabricating process 

of the final products. Although it is true that many of the traditional materials offer a very good 

structural strength per cost (Figure 3.5), the development of material selection has changed 

itself a lot with the consideration of mass production and mass customization. 

 

Figure 3.1.5 Strength-Cost diagram of engineering materials (Ashby & Cebon, 1993) 

The idea of mass production introduced by Henry Ford with the success of the ModelT of the 

Ford Motor Company has given an innovational awareness of the important prior developments 

in the production of interchangeable parts, the idea of continuous flow and the rise of an 

efficiency movement. (Hounshell, 1985) According to Giedion (Siegfried Giedion, 1955), such 

a transition comes not at the start but at the end of the mechanistic phase which has also arisen 

to be the first great development of the construction materials. The new application of machines 

and the high demand after war had also required for low cost products, which inevitably 

improved the mass production and standardization techniques. 

Nowadays, the new innovations with computer and digital designs have also changed culture 

and art and have also arisen as a rapid replacement of mass customization to mass productions. 

Apart from the aesthetic requirement of customers, such a phenomenon can also find its cause 

with the limitation of materials, the fabricating process and the humanlabor costs. Taking the 

concrete building as an example, for a good cost-efficiency of a concrete structure, it is required 

to get rid of complicated moulds or form-work which cost a lot of humanlabor; hence this leads 

to a restricted form to satisfy the large quantity of repetition of prefabricated components. In 

this sense, the advantage of mass customization of the thin sheet material as a well-developed 

industrial material shows us the potential of low cost, light weight and being less complicated 

for manufacturing. 
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0ÌÁÓÔÉÃÉÔÙ ÁÎÄ ÆÏÒÍÁÂÉÌÉÔÙ  

Plasticity and formability are also the most important reasons that make the thin sheet materials 

widely used in the construction industry nowadays. Free forms which are derived from the 

plasticity have become the popular preference of product designs and also architectural designs 

in the last decades. The thin sheet materials, which can be easily shaped in a desired form, have 

greatly satisfied the designersô lust. 

Compared to the traditional massive materials such as the concrete and masonry, due to the cost 

issues, construction inefficiencies, weight and also the detailing disadvantages, new sheet 

materials and cladding materials are also more and more popular in modern structure designs 

as a surface material or fa­ade material. For the cladding materials, the construction efficiency 

is not much improved because of the complicated manufacturing process. It always requires 

special moulds and complex hand work to cast and shape the material. (Figure 3.1.6 A, B) In 

contrast, the thin sheet materials can nowadays be shaped and formed easily by hand or with a 

lot of new no-mould processes (Figure 3.1.6 C, D) and hence have become the most efficient 

new materials in both industrial and architectural construction. 

 
 Figure 3.1.6 Formability and forming techniques of thin sheet materials (Castaneda, Lauret, Lirola, & 

Ovando, 2015) 

ςȢ )ÎÄÕÓÔÒÉÁÌ ÁÐÐÌÉÃÁÔÉÏÎÓ ÏÆ ÔÈÉÎ ÓÈÅÅÔ ÍÁÔÅÒÉÁÌÓ 

The industrial application of thin sheet materials are far earlier and wider than its uses in 

architectural construction. Due to the development of the vehicle and aircraft industry, it is since 

the 1930s that such materials as metal sheets have started to be used for vehicle bodyworks and 

aircraft wing and body-skins. (Petsch & Petsch-Bahr, 1982) (Figure 3.1.7 A-C) Nowadays also 

the composite materials made by polymers and reinforced by fibrous and particulate materials 

are gaining their popularity in such applications because they are stiffer, stronger, more ductile 

and light-weight. (Happian-Smith, 2001)  
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Figure 3.1.7 Industrial applications of thin sheet materials (Baker, 2004; Happian-Smith, 2001) 

Apart from the uses in the large manufacturing industry, thin sheet materials are also now 

widely used in our daily life, such as food packaging (Figure 3.1.7 D), model making and also 

the covering of smartphone displays. With the rapid development and the high efficiency of the 

materials, they are being used nowadays in more and more fields including architectural 

experimentation. 

σȢρȢσ %ØÐÅÒÉÍÅÎÔÓ ÁÎÄ ÁÐÐÌÉÃÁÔÉÏÎÓ ÏÆ ÔÈÉÎ ÓÈÅÅÔ ÍÁÔÅÒÉÁÌÓ ÉÎ ÁÒÃÈÉÔÅÃÔÕÒÅ 

ÁÎÄ ÌÉÇÈÔ×ÅÉÇÈÔ ÓÔÒÕÃÔÕÒÅ ÄÅÓÉÇÎ 

The experimental architectural application of thin sheet materials has started in the 1950s, just 

after the war and along with massive rebuilding movements. Such materials have also arisen 

from the inspiration of architects to create more efficient construction techniques with novel 

form languages. In general, there are four types of thin sheet materials which are popular in 

architecture designs: plastic and polymer composites, thin metal sheets, thin glass panels and 

timber/ paperboards. 

υȢ 0ÌÁÓÔÉÃ ÁÎÄ ÐÏÌÙÍÅÒ ÃÏÍÐÏÓÉÔÅÓ 

Building with glass-fiber reinforced plastics (GFRP) has started with the large manufacturing 

of glass fibers in 1932 and the discovery of unsaturated polyester in the USA in 1942. (Genzel 

& Voigt, 2005) Since the 1950s, experimental buildings with plastic sheets have been built in 

the USA and Europe. 

The well-known and wide spread use of plastic structures should mainly be owed to 

Buckminster Fullerôs many experiments with his geodesic dome theory and his patent for the 

radome, which served as the construction to protect a wide-range of military or weather radars. 

The special function shows a particular requirement for such structures which must be metal-
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free and cannot be disturbed by electromagnetic waves. In the time, plastic and polymer 

composites just satisfied this requirement and enabled Fuller to build domes with a diameter of 

16.8m with a laminated composite from glass fiber mats and epoxy resin. (Figure 3.1.8) During 

the time there were more than 200000 such structures which were built all around the world, 

and it just stimulated the rapid development of plastic architectures. (Genzel & Voigt, 2005)  

 

Figure 3.1.8 Radome structure by Buckminster Fuller (Genzel & Voigt, 2005) 

Because the manufacturing of plastic composites at the time was still relying on the laminating 

techniques and manual operation with certain moulds, more free-form pre-fabricated sheets are 

produced and used in architecture with new forms. In 1954, the Monsanto Chemical Company 

had started the design of a plastic house research with the idea from the Massachusetts Institute 

of Technology, and then had built the ñHouse of Futureò in Disney California. (Figure 3.1.9 A, 

B) With the patent of Monohex from Fuller, (B.F. Richard, 1965) the Fly Eyeôs dome had been 

designed by a modular structure concept and worked as an ñautonomous dwelling machineò in 

1965 for many sheet materials such as metals and wood, and then first realized in 1975 with 

GFRP. (Figure 3.1.9 C) Such projects had shown a great future for the plastic structures and 

inspired more architects to create their innovations with such materials. 

   

Figure 3.1.9 Project ñHouse of futureò(A,B) and ñFly-eyesôs domeò(C) with GFRP (Genzel & Voigt, 

2005) 

With the desire to build the structure much lighter, architects had also been trying to apply 

thinner materials in the building experiments. However, it is the inherent characteristic of plastic 

materials that the lower stability with thinner cross-sections will cause a great deformation. To 

solve such problems, apart from the former use of curve shaped sheets which were laminated 

with moulds, the planar industrial sheets had started to be used with folding forms. In 1966, the 

Renzo Piano Architects and the research institute had built a barrel vault based on a uniformed 
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FRP panel in rhombus form. Every panel was 14kg and measured 2.72*1.20m. (Figure 3.1.10 

A,B) In 1968, the research group ñTragende Kunststoffbaukºrperò had focused on the folding 

structures for plastic sheet panels which are suitable for the industrial prefabrication and had 

built a prototype of such a structure also with the uniform GFRP panels. (Figure 3.1.10 C) 

   

Figure 3.1.10 Applications of planar sheets in the architectural experiments (Genzel & Voigt, 2005)  

The use of the planar industrial thin sheet panels had led to the emergence of some new structure 

forms which were rooted from the folded structure and combined with the spatial grid-

framework system. In the late 1960s, such structures were designed and well researched in the 

University of Surrey (Saechtling, 1973) and were also realized with a lot of variations in real 

building projects by architects such as the Renzo Piano Architects. (Figure 3.1.11) 

   

Figure 3.1.11 Spatial grid-frameworks with planar thin sheets (Genzel & Voigt, 2005) 

The plastic thin sheets are nowadays also used widely in architecture designs, mostly as the 

fa­ade element and covering skins for many structures. In many present projects and research, 

such materials are being used in combination with spatial frameworks and also as self-

supporting structures. (Figure 3.1.12) 

   

Figure 3.1.12 Modern application of plastic thin sheets in spatial framework structures or as self-

supporting structures. (Knippers, 2010)  

φȢ -ÅÔÁÌ ÓÈÅÅÔÓ 

Among all the thin sheet materials, the metal sheets are the most common materials in 
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architectural construction due to their high strength. Metal components had been brought into 

architectural designs since the industrial revolution and were well developed in the past century. 

It is almost in the 1920s that the forming techniques of metal sheets were well mastered and the 

thin sheets were also from that time widely used in all aspects of building structures, such as 

furniture, structures, fa­ades and roof details. 

For the metal sheetsô application, Jean Prouv® could be one of the first masters of metal sheet 

forming and its early developments in architecture. After the previous experience of forging 

techniques and his artworks with iron and metal, Prouv® started to advocate the new form 

possibilities of metal sheets with new fabricating techniques such as stamping, welding, edge 

bending and roll bending, which can be finished by special machines. (Hachul, 2006) During 

the time, Prouv® devoted himself to designs of such metal sheets of 1-4mm in various scales. 

At first, experiments had been done in all kinds of small constructions such as tables and chairs. 

(Figure 3.1.13 A) The series of products and the connection details he created gave him the 

enough experience to make some small building projects like walls, doors and elevator cabins 

(Figure 3.1.13 B) finally in 1929.  

The building project Maison du Peuple in Clichy in 1939 was one of the first building projects 

that was built entirely from metal sheets of less than 4mm width. With the edge bending 

technique Prouv® was able to establish a robust structure system to create a large space, opening 

roof, detailed canopy and large fa­ade element from metal sheets with a maximum size of 1.2 

by 4 meters. (Figure 3.1.13 C)    

   

Figure 3.1.13 Project Maison du Peuple in Clichy by Jean Prouv® (Sulzer & Prouv®, 1991) 

Almost at the same time, structures of metal sheets were also researched by Buckminster Fuller 

in the USA. Fascinated by the performance of aluminum such as its light weight and natural 

qualities, long term durability, recyclability and lack of maintenance or painting, Fuller started 

to design his first metal housing projectðthe Dymaxion Houseðsince 1927. Although the first 

several designs of the Dymaxion House were not satisfiying to Fuller and finally not realized, 

the experimentation of a subordinated designðthe Dymaxion Washroomðhad a surprising 

success and impacted Fullerôs future designs significantly in plan, and clearly reflected his 

many intentions in this project. (Figure 3.1.14 A) In this project, Fuller has designed a fully 

packaged toilet which was composed of 4 pieces of metal parts. For every part, layered copper 

metal sheets were used and stamped previously with moulds. The whole structure was only 

210kg and also cost only 300 US dollars. The design has shown the impact of the industrialized 
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pre-fabrication technique on Fullerôs design method and also effected the future designs of 

Fuller for the lightweight structure with thin sheets.  

Between 1944 and 1946, after several new optimized designs of the Dymaxion House and the 

prototype of the Dymaxion Deployment Unit in 1940, Fuller had designed and built a pioneer 

projectðthe Wichita House. (Figure 3.1.14 B) Affected by his experiences with formed thin 

metal sheets, Fuller tried to optimize the design with more advanced techniques from the 

aircraft industry and specialized structure concepts. With a central mast which integrated tensile 

members within the top of the roof and the crisscrossing tube elements as a system of strut 

framework, it also became a prototype and a test for Fullerôs geodesic dome structures. (Neder, 

2008) (Figure 3.1.14 C-E) The material in the Wichita House was mainly aluminum, and it was 

shaped and prefabricated in the aircraft industry in a factory.  

The first experiments of Fullerôs showed his preference of formed sheet materials and his 

interests in mass-production. (Fuller et al., 1999) After his patent of the geodesic dome structure, 

such interests have become a typical structure logic of his to use modular elements to build 

surface-active hybrid structures. In his many later works, it can be seen that this tactic has been 

tested and optimized in construction details for several times. In his Kaiser Dome project in 

1957, Fuller designed a double-layered structure, where the creased aluminum sheet stabilized 

the rhombus structure as a local shell membrane. (Figure 3.1.14 F) And in the Union Tank Car 

Company Dome in 1958, 3mm planar steel plates were used to build a larger dome with a 

diameter of 130m. The structure system and its geometry form are always the key aspect of the 

research by Fuller, and this can also be seen his many patents as well as the construction details. 

(Buckminster, 1954; Richard, 1959; Buckminster Fuller Richard, 1965) 

     

    

Figure 3.1.14 Applications of thin metal sheets in the experimental designs by Buckminster Fuller 

(Fuller et al., 1999) 

The aircraft industry and the new construction and forming techniques have not only affected 

the building technique in the USA, but also changed the structural design in Europe. Like Fuller, 
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Hugo Junkers brought the thin metal sheet into the use of architecture after he had invented the 

full-metal aircraft and opened his own company. Accompanying Bauhaus and his colleges such 

as Okkokar Paulssen and Siegfried Ebeling, he opened his own architecture office and research 

group for the ñmetal houseò and started to develop a small metal cabin in 1924, which was also 

the start of research by Junkers for lightweight structures. (Walter Scheiffele, 2003) The 

Lamellenhalle was the first large scale structure by Junkers in 1926, which was based on the 

Zollinger structure concept for the spatial framework system and used thin metal sheets 2-6mm 

thick and 1-3m long. (Figure 3.1.15 A,B) As a large scale experimental structure, the 

Lamellenhalle has shown a great example for the advantages of thin metal sheets with industrial 

prefabrication techniques. Although the C-profile was only a substitute for an existing structure 

form of wood and metal rods, the new technique has shown people the new possibility of mass-

production, high accuracy, low transport fees and a simple assembling process.  

At the same time as the Lamellenhalle, innovational structures with thin metal sheets were also 

being researched by Junkersô team in the ñmetal houseò group in Bauhaus. Inspired by the 

simultaneous invention of the Dymaxion House by Fuller, Junkers also focused on the new 

possibilities of metal houses. (Hachul, 2006) Based on his experience in aircraft design and the 

forming technique of thin metal sheets, Junkers invented a mostly thin-walled building system, 

where walls, floors and elements were built with metal sheets and used a special structure form 

to improve their stability. The target of Junkers was to spare the structure weight and the use of 

materials as much as possible. Instead of using massive solid materials or simply adding to the 

cross-section of the material with laminating, Junkers created several sandwich structures and 

also hollow structures. The most creative characteristic of his inventions was the concave 

membrane sheets which were bent with the cold-bending technique and were facing each other. 

(Figure 3.1.15 C,D,G) By doing so, the surface would gain at first a tendency to bend inwards 

and with local stiffness by either using filling materials (Figure 3.1.15 F) or perpendicular 

supports (Figure 3.1.15 E), the structure itself would be well stabilized. (Hugo, 1933)   

    

    
Figure 3.15 Structures and patents of constructions with thin sheet metals by Hugo Junkers (W. 

Scheiffele, 2016) 

The pioneer works between the 1920s and the 1950s have established an ingenious tradition of 

using thin metal sheets as a structural material, and they are also followed by too many 
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architects to use such materials in the building projects. With the development of the steel 

industry and the popular use of spatial framework structures in architecture, thin metal sheets 

are more and more widely used as cladding and surface materials instead of structural materials. 

(Figure 3.1.16 A,B) In recent years, a renaissance of research and experimental constructions 

with metal sheets have arrived due to the rapid development of digital design techniques and 

the new tradition of building with new materials for lightweight structures. Most of the modern 

forming techniques, such as laser-cutting, CNC cutting, and incremental sheet forming 

techniques are used together with the new structure concepts and design logics. (Figure 3.1.16 

C-G)  

       

  

Figure 3.1.16 Modern architectural applications with thin metal sheets and the development of forming 

techniques (Bailly et al., 2014; Bollinger & Architektur-Dokumentation, 2011; Hachul, 2006) 

χȢ &ÌÁÔ ÇÌÁÓÓ ÓÈÅÅÔÓ 

Although it has been 2000 years since flat glass was firstly used in architecture, the continuous 

technique development and the industrial manufacturing and refining process have made it one 

of the most modern building materials which is present modern architecture today. (Wurm, 

2007) Nowadays, glass has gotten a new significance in architecture due to the pursue of 

architects for enhanced transparency. With the development of the steel structure and spatial 

frameworks, glass was integrated mainly in many large projects with skeleton structures which 

minimized the structural function and materiality of glass. (Figure 3.1.17) 

   

Figure 3.1.17 Integration of flat glass sheets in the spatial framework structures (Wurm, 2007) 

In the glass industry there are many semi-products such as the glass block, glass profiles and 

flat glass. The material discussed here is the flat glass, which is often used as a building material. 

Over 70 percent of float glass today is used in new buildings or the renovation of old glass skins. 
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(Klindt & Klein, 1977) The discussion in this part is not only limited to thin glass, which 

sometimes has a special definition with a thickness of less than 1.65mm due to the special uses 

as photos, lantern slides and coating materials in LCD/LED displays. (Commission, 1985) 

Because it is discussed here in the possibility and experimental uses of planar sheet materials 

which all have similar properties such as a relative thinness, the industrial manufacturing 

process and also the sheet forms, the sheet glass (mostly manufactured up to 10mm) is used for 

a specific definition in this part.  

The use of sheet glass as structural elements has just started in recent decades, and was first 

designed to replace traditional structural elements in the orthogonal structure systems, such as 

the column, beams and fins in the frame constructions. It is since the 1950s that the glass fins 

started to be used to stabilize shop windows and since the 1980s that glass beams were 

increasingly used in roof structures. (Wurm, 2007) Later in 1994, the first glass beam that 

subjected to bending was used in a horizontal glass roof in Paris. (Schittich, Staib, Balkow, 

Schuler, & Sobek, 2007)  

Since the 1990s, research about the structural uses of sheet glass has been started worldwide. 

In 1995, an experimental glass pavilion was built for research in RWTH to transform the 

traditional frame structure with glass elements. (Figure 3.1.18 A and B, column 3*12mm, beam 

2*6mm roof and wall 12mm) In most of this research, it is found that the glass structure could 

provide a sufficient capacity for structures with reasonable designs to be placed in the 

compression area of the structure and with adequate stabilizations. In 2002, a ñglass cubeò 

pavilion was built by ILEK (Institute for Structural Systems and Structural Design) from 

Stuttgart with a large span roof of 5.5m. For the roof panels which were made from VSG of 

2*10mm TVG, 6 supporting GFRP ribs were added to make the stabilization. (Figure 3.1.18 C) 

   

Figure 3.1.18 Experiments of flat glass sheets in self-supporting structures (Wurm, 2007) 

With plenty of experiments and experiences for understanding the materiality of flat glass, 

structural forms were also developed to fit the specific performance of the material. In the later 

experimental research, developments were mainly done in a typological way to establish a 

corresponding structural system for the efficient use of flat glass.  

In such experiments, the first principle which was generated was an abandonment of the pure 

structural uses of flat glass in a hierarchical structure system. Being a brittle material which is 

very sensitive and can fracture suddenly under a critical load, it is not suitable to be used in the 

hierarchical structure where a sudden failure of the primary elements will cause the failure of 

the whole structure. At the same time, due to the bearing behavior of glass in that it prefers 

compression to bending moments, compression only structures such as arches, barrel vaults, 

grid-shells and facetted shells have started to be developed in the experimental flat glass 
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structures.  

Although it was proved with the ñStuttgart glass shellò in 2003 that the pre-formed glass could 

be able to construct shell structures with only 10mm thickness and reach a ratio of thickness to 

span of 1:850, the double-curved glass is still too costly for the present fabrication technique. 

Structural and morphological innovations which make use of the planar characteristic of flat 

glass panels are developed nowadays, such as the glass rib structure, which was renovated from 

the Lamelle shell concept (Figure 3.1.19 A) and the facetted shell, which was based on the 

concept of lattice-plate duality. (Figure 3.1.19 B,C) (Bagger, 2010)  

  

   

Figure 3.19 Development of the recent applications of thin glass sheets in the experiment building 

projects (Wurm, 2007) 

Meanwhile, cellular structures which are made from flat panels have also become a trend for 

the flat glass structures. The modular building concept fits well with the industrial products of 

sheet glass and the elements can be easily cut from standard float glass into different sizes. The 

polyhedral shape of the cells can be made with planar surfaces and the connection can also be 

achieved with adhesives and solders. Since the work of Fuller (the discovery and application of 

geodesic domes), the cellular forms started to be used in architectural experiments. In 1980, 

Renzo Piano invented a semicircular pavilion for the IBM travelling exhibition where a tunnel 

vault was composed of 34 self-supporting segments, each of which contained a row of 12 

polycarbonate pyramids. The segment used a three-hinged arch structure that was composed of 

a series of three-chord beams, which were supported by glulam rods and stiffened by the 

polycarbonate pyramids. (Figure 3.1.19 D) In this way, a complex cellular structure which was 

under mainly axial loads was made by a mixture of materials and started the innovations with 

transparent materials. In 2000, a similar ñtetra archò with a span of 8m was built as a prototype 

and presented at the exhibition Glasstec 2000. The structure also used a cellular form which 

composed of tetrahedrons and half-octahedrons to conform a fixed-ended three-chord trussed 

arch. (Figure 3.1.19 E) The shape was controlled with the section design to ensure the structure 

was mainly subjected to compressions and to enable the whole structure to be built out of 2 x 6 

mm heat-strengthened glass and fixed by anodized aluminum joints. The cellular structure is 

today still an experimental structure form which is being tested by architects and engineers and 

many variations of form details such as the polyhedron packing and the tetra grid (Figure 3.1.19 

F) are being developed. 
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ψȢ 4ÉÍÂÅÒ ÁÎÄ 0ÁÐÅÒÂÏÁÒÄ ɉ.ÁÔÕÒÁÌ ÆÉÂÅÒȤÂÁÓÅÄ ÍÁÔÅÒÉÁÌÓɊ 

Thin timber sheets and paperboards are extensively used in daily industry from food packaging 

to interior elements such as furniture. It has made such fiber-based materials and their 

byproducts welcomed mainly due to advantages such as their relatively low cost, high degree 

of recyclability and environment friendliness. The structural use and the analysis of such 

products have also been studied and it has been proved that paper and cardboard have been 

shown to have analogous strength, stability and stiffness in comparison with other common 

building materials. (Sedlak, 1975)  

Meanwhile, due to limitations such as their vulnerability to humidity, fire, chemicals, UV rays, 

and temperature changes, timber sheets and paperboard are relatively less used in large scale 

architectural design due to their weakness compared to metal and plastic sheets. However, for 

experiments of light-weight structures, such materials were often applied in the prototypes in 

relatively small scales in the last decades.  

Since the first emergence of the cardboard building, the 1944 House, paperboard became 

popular for temporary experimental buildings and accommodations for low-income people and 

refugees. (Critchlow, 1970) After the first uses of plastic panels and the application of geodesic 

structures, in 1960 Fuller developed the Geospace Dome for Monsanto Chemical Co. as 

temporary buildings, which were made of 12.7mm layered carton panels. (Figure 3.1.20) The 

panels were mainly composed of 2 layer paperboard, one for water-proofing and the other for 

stabilization, whose in-between space was sprayed with PUR foam. The dome showed its great 

efficiency with a covered space of 32.5m2 and a cost of only 345 US dollars. In 1966, Hirshen 

and van der Ryn built a new experimental structure, the Plydome, for migrant agricultural 

workers in California, where a pre-folded shell was built from a 10mm kraft paper panel with 

a polyurethane core. The structure first applied the origami technique in architectural and 

structural design and enabled a very efficient building with a total cost within 1000 US dollars. 

   

   

Figure 3.1.20 Early applications of cardboard in temporary architectures (Critchlow, 1970) 

In both of the Geospace Dome and the Plydome the applications of the basic structure concept 

of folded plates can be observed, which encouraged the later developments of the spatial 

structure built with planar materials, such as Fullerôs various geodesic plate structures and the 

innovation of composite polyhedrons and the building of the dome ñSt®r®ometriqueò in 1970 
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by D.G. Emmerich. (Emmerich, 1990; Georges, 1967) However, until the 1990s, the 

development of the structural use of thin wood sheets and paperboard was slow mainly because 

the materials were being researched by the specific industry to overcome the disadvantages and 

limitations. With the development of the material industry it became possible to see many 

building experiments in the 1980s and 1990s. During these years, a dome artist, Steve Millers, 

built several domes with the Self-strutted geodesic plydome patent by Fuller (Richard, 1959) 

and showed the new possibilities of thin plywood as a building material. (Figure 3.1.21) The 

different projects in various scales all applied the same principle of structure and got full use of 

the bending behavior of the thin plywood sheets.  

 

Figure 3.1.21 Application of bent plywood in free-form architectural experiments 

Pioneered by the previous architects and artists, the recent 10 years have witnessed an 

emergence of such experimental projects with prototypes with the thin sheets of wood panels 

and paperboards. And with the new development of the digital design research and the industrial 

fabrication technique, theoretical research about the form finding and the modern joining and 

assembly techniques were tested in different projects. In architectural projects, the bending form 

which is brought by the using of thin sheets are often used to present a modern plasticity and 

formability to create impressive space with a lightweight structure. Such projects can be seen 

in the Winnipeg skating shelter in Canada in 2011 (Figure 3.1.22 A), where the 2 layered 10mm 

plywood was used and bent into a shelter form to accommodate a few people. It can also be 

seen in the temporary fire shelter in Copenhagen in 2013(Figure 3.1.22 B,C), where a 4.7m 

high structure was built from 2-9mm plywood pre-fabricated with the CNC-technique. Such a 

bending form of the materials has also inspired a recent upcoming category of structure 

typologyðthe bending-active structures. In the Ph.D. dissertation of Julian Lienhard (Lienhard 

& Knippers, 2014), the structural characteristics and projects were analyzed in aspects of form-

finding techniques, structural analysis and the prefabrication techniques. Such a structural 

concept was also tested in the ICD/ITKE research pavilion in 2010 (Lienhard & Knippers, 

2013), which covered the space with a diameter of more than twelve meters and was constructed 

using only 6.5 millimeter thin birch plywood sheets. The bending-active structure is one of the 

popular research topics in lightweight structure research, mainly because the sufficient use of 

bending behavior enhanced the load-bearing capacity of materials and enabled the thin 

materials to be used in large scale structures. Such examples can also be seen in the on-going 

research of the timber-fabric structures from the IBOIS (Figure 3.1.22 D, E) (the laboratory for 

timber construction of the EPFL) and also the research pavilion from EmTech (AA) and ETH 

Zurich. (Figure 3.1.22 F, G) 
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Figure 3.1.22 Modern applications of timber sheets and paperboard in architectural experiments 

Similar to the recent applications of plywood, paperboard is nowadays also widely used in the 

experimental projects for lightweight structure designs. Although the problem of water-

proofing and moisture-proofing for the paper products is not yet well solved, such materials 

have already been used in indoor structures and temporary structure experiments. At the TU 

Darmstadt, structural cardboard has been used in experimental structure courses and new 

special structure concepts were suggested, analyzed and tested in full scales. (Figure 3.1.22 H) 

At Tongji University, a worldwide academic structure competition was held every year to 

promote the structure innovations with new materials, and cardboard has been chosen for 

several years. (Figure 3.1.22 I, J) As the one-layered thin paperboard is too weak and soft for 

its mechanic performance, in most cases multi-layered corrugated cardboard or honeycomb 

cardboard are used to derive a better stabilization. The possible using of thinner paperboard is 

still to be developed. In the experimental prototype of this dissertation, 1mm press-paperboard 

is used to build a large scale dome structure. 

 

  



 

65 
 

σȢς -ÁÔÅÒÉÁÌÓȭ ÂÅÈÁÖÉÏÒ ÁÎÄ ÐÈÙÓÉÃÁÌ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ  

The development of a structure system relies on the reasonable understanding and use of the 

materialsô characteristics. And after reviewing the existing thin sheet materialsô applications in 

both industrial and architectural designs, it is the aim of this part to work on the basic description 

of the materialsô mechanical and physical characteristics. The target is to make an overview of 

the materials and further data collection and comparison. After that the special bending behavior 

and buckling problem will be characterized and the geometrical stabilization and forming 

techniques based on such features will be introduced. Because the aim is to use this 

understanding to develop a novel structure system, the discussion aims to derive a guideline 

and empirical deduction from both the pioneer works and the engineering theory. 

Comprehensive actual material behavior as well as the calculation and tests will only serve as 

the tool for deduction of the understanding or the later designôs basis, but will not be further 

developed.  

σȢςȢρ 'ÅÎÅÒÁÌ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÍÁÔÅÒÉÁÌÓ 

As it is discussed in the previous sections, the thin sheet materials are mainly classified into 4 

categories: the metal sheet, polymer and plastic composites, glass and the natural fiber-based 

materials. There is a wide range of material properties such as density, strength and stiffness. 

(see Table 3.1) Metal is stiff and strong, glass is brittle, paper is soft and polymer is lightweight 

and flexible. However, from the case studies above it can be seen that all the materials are 

adequate for structural uses and the structural form and typology also share some similarities.  

In structural design and material selection, it is always a complicated decision making process 

with multiple criteria to seek the best match between design requirements and the properties of 

the materials that might be used. (Ashby & Cebon, 1993) A proper combination of the properties 

of materials can result in a better choice of materials than considering only a singular factor of 

the mechanical behaviors. (Lienhard & Knippers, 2014) It is also the reason why metal sheets 

are popular with curved bent forms even though they have a relatively large Youngôs modulus, 

the concomitant high yield strength enabling the deformation and the load carrying behaviors.  

Objectives and constraints are the main important factors that determine the material choice 

and the geometrical structure morphology of architectural designs. In Ashbyôs book of material 

selection, such a general principle is described with the method to evaluate the performance of 

the structural elements. (Ashby & Cebon, 1993) For a building or a structure, the basic units 

are considered to be the structural elements, they carry the load, define the space, transfer the 

heat and store the energy. The different structural elements together compose the structure 

system. In a structural design, the decision-making process also equals finding their best 

performance, which is often determined by several factors of design: the functional 

requirements, the geometry and the materialsô properties themselves, and sometimes the local 

considerations of the section design and construction details. The performance of these 

elements can be simply written as the following form: 

0  
ὊόὲὧὸὭέὲὥὰ

ὶὩήόὭὶὩάὩὲὸίȟὊ
ȟ
ὋὩέάὩὸὶὭὧ
ὴὥὶὥάὩὸὩὶȟὋ

ȟ
ὓὥὸὩὶὭὥὰ

ὴὶέὴὩὶὸὭὩίȟὓ
 ƻǊ 0 ÆὊȟὋȟὓΣ 

 



 

66 
 

An optimum design is therefore a better selection of both materials and structural forms which 

maximize or minimize P by an analysis according to the different combinations of the functions, 

objectives and constraints. In reverse, for a given material property and the target of design, a 

proper design of the geometry of the structure can also be analyzed to optimize the performance 

of the structural elements. 

For thin sheet materials, as the initial forms are often the flat, planar forms of slabs, the 

calculation methods of panels are usually applied, and different from the ties and rods, the main 

objectives are often the stiffness of the structure rather than the strength. Therefore, the density, 

yield strength and flexural strength, Youngôs modulus are usually the most important 

mechanical parameters of such materials. A table of the corresponding parameters is presented 

below: 

 Density(Mg/m3) Yield Strength 

(MPa) 

Youngôs Modulus 

(GPa) 

Metal 

Cast irons 7.05-7.25 215-790 165-180 

Carbon steels 7.8-7.9 250-1155 200-216 

Stainless steels 7.6-8.1 170-1000 189-210 

Al Alloy 2.5-2.9 30-500 68-82 

Cu Alloy 8.93-8.94 30-500 112-148 

Mg Alloy 1.74-1.95 70-400 42-47 

Ti Alloy 4.4-4.8 250-1245 90-120 

Zn Alloy 4.95-7 80-450 68-95 

Glass 

Borosilicate Glass 2.2-2.3 264-384 61-64 

Slica Glass 2.17-2.22 1100-1600 68-74 

Soda-lime Glass 2.44-2.49  68-72 

Polymer and Polymer Composite 

PC 1.14-1.21 59-70 2-2.44 

PVC 1.3-1.58 35.4-52.1 2.14-4.14 

PE 0.039-0.96 17.9-29 0.621-0.896 

PET 1.29-1.4 56.5-62.3 2.76-4.14 

PP 0.89-0.91 20.7-37.2 0.896-1.55 

ABS 1.01-1.21 18.5-51 1.1-2.9 

PMMA 1.16-1.22 53.8-72.4 2.24-3.8 

CFRP 1.5-1.6 550-1050 69-150 

GFRP 1.75-1.97 110-192 15-28 

Natural Fiber 

Wood    

OSB Plate 0.55 11.9 4.3 

Hardboard 0.85 26 4.8 

Medium board 0.65 9 3.1 
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MDF Plate 0.65 18 3.1 

Bamboo 0.6-0.8 35-44 15-20 

Paperboard(wood 

paper) 

0.8 21-30 2.53-3.5 

Table 3.1: basic mechanical parameters of thin sheet materials (the values of the table are taken from 

(Ashby & Cebon, 1993), Euro-code 1993-1996 and 1999, and also the other norms such as the DIN 

622-2,3,5, DIN 17721 and DIN 12369. For glass the compressive strength is used as the yield strength, 

as it is more relevant in the structural designs.) 

χȢφȢυȢυ )ÓÏÔÒÏÐÉÃ ÁÎÄ ÁÎÉÓÏÔÒÏÐÉÃ  

Not all the sheet materials are isotropic or anisotropic, and it depends on the characteristics of 

the raw materials and the manufacturing process.  

For most of the natural fiber-based sheet materials, such as wood panels and paperboards, the 

mechanical performance shows a great difference between the directions parallel and 

perpendicular to the arrangement of the grains and fiber. Apart from the natural constitution of 

fiber, the anisotropy also comes from the forming process, such as the inhomogeneous 

shrinkage caused by the rolled-method in the drying-process of the thin wood sheets and 

paperboard manufacturing. 

For the other materials which have a network of molecular structures, even though typical 

molecular networks have some basic forms (like the hexagon grids and tetrahedron forms in 

glass molecules), their arrangement in the materials is often irregular and this can make the 

overall performance of such materials also isotropic. The glass sheets are one of the typical 

materials in this type.  

Metal and polymer plastics are also the materials which are composed of regular molecular 

networks with irregular arrangements, hence the materials also show an overall isotropic 

property before the forming process. However, during some of the forming process of the sheet 

manufacturing, the rolled-method which is used for the metal sheet and the shrinkage after the 

extrusion of the thermal plastic also makes the global arrangement ordered. Similarly, a so-

called quasi-isotropic property appears in composite materials such as laminated plywood and 

fiber-reinforced plastics. Laminated with different materials or the same anisotropic materials 

in different directions, the final products will show an isotropic in-plane property but not with 

an isotropic out-plane (bending) property. 

The anisotropic nature of materials often results in a different strength and stiffness in the 

manufacturing direction and the cross direction, and this also leads to an orthogonal physical 

performance of the material. Such a performance can be observed with parameters such as: 

--- The strength of materials in the manufacturing direction is often higher than in the cross 

direction. This difference is in most cases linear with a factor. Analogical differences also 

happen in stiffness with the E-Modulus in both directions. 

--- For the manufacturing direction the E-Modulus in both the compressive and tensile-zone are 

very similar and can be considered the same in most cases. 

For the architectural design procedure, it is often necessary to consider the anisotropic property 
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of some materials in advance. A reasonable arrangement of the materialsô direction in the 

structure system will possibly enhance the performance of the structure. However, although it 

is possible to clearly recognize the anisotropy of the material through the shape of products, it 

is usually too hard to guarantee the materialôs best direction, especially when a complicated 

prefabrication process (such as complex nesting by cutting the form), complicated load cases 

or geometry for the structure is needed. 

The anisotropic property of the material is usually more important to be noticed in the structural 

analysis process. The different yield strength and Youngôs Modulus in different directions will 

cause a complicated stress and strain state and also the complex failure condition of the 

materials. In this case, for the anisotropic materials, the special failure criterion is usually 

applied in the structural analysis. For isotropic materials, criteria such as the Von-Mises and the 

Tresca can be applied, and for the anisotropic materials, various criteria such as Tsai-Wu, Tsai-

Hill, and maximum stress can be used in different cases.  

Although the failure criterion method can give an exacter result of the structural analysis, it can 

still only be used in limited simplified cases. Due to the above difficulties to estimate the 

materialôs direction or the complicated application of materials in three dimensional structures, 

the compromising assumption of a quasi-isotropy is also used, where for the orthotropic 

materials the arithmetic mean value of the materialsô property is used in the structure analysis. 

In the cooperation research of this dissertation, such a method is applied in the detailed 

structural analysis of the demonstrative pavilion with paperboard. For details and discussions 

see (Werth, 2015b). 

χȢφȢυȢφ 3ÔÒÅÎÇÔÈ ÁÎÄ ÓÔÉÆÆÎÅÓÓ  

Strength and stiffness are the most important properties of materials in the structural design. As 

it is listed in the table of material parameters above, different parameters of properties are 

chosen from several design codes of corresponding materials. The relationship and the 

combination of material parameters determine the material choice and performance of the 

structure. For each different objective of the design tasks, different matches of material 

properties are required. A practical and effective method in material selection has been 

introduced by Ashby to use the material property chart to define ñthe guideline of designò and 

ñthe search regionò to find the adequate selection of materials with different design 

requirements. (Ashby & Cebon, 1993) In the example of ñdesign requirement of a light, stiff 

panelò, the fatal relationship of ñὉȾȾ”ò is deducted and the better choice of materials can be 

visualized with the property chart ñ% ʍò. (Ashby & Cebon, 1993) 

Similarly, in the materialôs characteristic selection in the ñbending-active structuresò introduced 

by Lienhard (Lienhard & Knippers, 2014), the sufficient strength of materials is often a 

prerequisite of the structure with bendable materials. In comparison, the stiffness problems are 

usually the most important problems because in most cases the 3-dimensional forming of planar 

sheets (such as folding and bending) and the local insufficiency of stiffness (buckling behavior) 

cause the structural failure at first. For such materialsô behavior it has been discussed by 

Lienhard that the factor of material propertyðthe „ȟ ȾὉ- takes command and divides the 

materials into different categories. (Lienhard & Knippers, 2014) A detailed discussion about 

the elastic and bending behavior will be discussed later in the next section. 
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χȢφȢυȢχ $ÁÍÐÎÅÓÓ ÁÎÄ ÈÙÇÒÏÓÃÏÐÉÃÉÔÙ  

Natural fiber-based materials such as timber and paper are hygroscopic materials which respond 

to the air moisture content and water contact; at the same time, the structural properties of such 

materials are affected by the moisture content, and deformations such as expansion and 

shrinkage will occur. Water molecules are kept and held by the molecular forces in the fiber 

cells, they become attached by the hydrogen bonds to the OH-groups of the cell wall 

components, especially the cellulose. (Ridout, 2000) In natural timber, such access to the groups 

may be blocked by the extractives within the timber, and it has been demonstrated that the 

removal of these will increase the hygroscopicity. (Skaar, 2012)  

Natural raw materials have a large amount of moisture content. In the manufacturing process 

of plywood and paperboard the raw materials are treated in several procedures, where for 

example the drying process removes the moistures in the materials. In some preparation 

processes in the paper production, the extractives such as lignin are removed from the natural 

fibers. These treatments of the sheets result a relatively large hygroscopicity of such materials 

and a great capacity to absorb the moisture content in the air. 

The hygroscopicity makes the thin sheets from such materials highly dependent on the climate 

conditions and sensitive to the sudden change of the air moisture content (and slightly to the 

temperature). When the hygroscopicity increases, the water comes into the cell wall of the 

materials and makes the winding of the fibers loose, and hence decreases the structural strength 

and stiffness of the material. (Figure 3.2.1A shows the decrease of strength and stiffness in 

wood and Figure 3.2.1B shows the decrease of E-Modulus and tensile strength in paperboard). 

At the same time, due to the water absorption, some deformations which are critical to the 

structure will also occur. 

The hygroscopicity also affects the viscoelastic behavior of the materials. The instability of 

relative humidity will increase the growing trend of long time deformation. Especially under 

the long-time stable and quasi-stable compression loads, it has been tested that both the creep 

progress and creep value of such materials are greater and faster in the humid summer rather 

than the dry winter. (Pohl, 2009) Paper products are a little different to the timber sheet when it 

faces a sudden change in humidity. Contrary to the reaction of wood panels over several hours 

or days, it reacts very fast with the changes of relative humidity almost without delay. It is 

always necessary to consider the water-proofing process to isolate the structure to water and 

moistures. For materials such as timber and paperboard, some coating materials is already in 

use or being developed. 

 
Figure 3.2.1 Decrease of strength and modulus of paper products with higher humidity (Niskanen, 

2012) 



 

70 
 

χȢφȢυȢψ &ÁÔÉÇÕÅȟ #ÒÅÅÐ ÁÎÄ ÒÅÌÁØÁÔÉÏÎ  

The special characteristic of creep and relaxation shows the properties of materials with a time-

dependent nature. And this time-dependence of the mechanical response extends across large 

time scales from microseconds to decades. At very short times, where relaxations have not 

started, most of the materials will appear brittle and stiff. But at long time-scales, they will 

appear more ductile and compliant. 

Such behavior appears remarkable on most of the sheet materials except the brittle glass and 

also shows the special viscoelastic (plastic) behavior of such materials. In general, the creep 

compliance and relaxation modulus can be functions of the stress and strain in different 

directions, temperature, and moisture content. (Niskanen, 2012) In this research, this time-

dependent behavior is considered as an effector of the materialsô behavior, especially the 

parameter for the structural calculation. As a result, it enables a non-linear material behavior of 

the time-dependent delay of strains to the long-time applied stresses. For wood, plastics, paper 

and steel under a high stress or temperature, it can be observed that an obvious non-linear 

behavior occurs in the stress-strain diagram. (Figure 3.2.2) As a method for the analysis of many 

materials, the ñmaster-curveò method can be used to describe such a behavior in a linear 

expression or a simple non-linear expression with a master-curve. (Niskanen, 2012) For a brittle 

material such as glass, although it is demonstrated that the creep behavior exists especially 

under bending, the deformations is still so small as to be in the nanometer scales, so the behavior 

of such a material can be understood as linear-viscoelastic. (Vannoni, Sordini, & Molesini, 2011) 

 

Figure 3.2.2 Ordinary tensile stressïstrain curves (left) and post-peak cohesive stress (right) of a 

70g/m2 Kraftpaper in the Manufacturing Direction (Niskanen, 2012) 

The fatigue of materials is related to the cyclic long-term loading, and the fatigue problems 

sometimes need to be considered in the elastic kinematic structures. For this research such 

problems are not deeply considered and only the references and design codes will be considered 

as a reduction of stress limit according to a safety factor in design. 

According to the Ph.D. research by Lienhard (Lienhard & Knippers, 2014), taking GFRP as an 

example, both the referenced research projects showed that a given maximum stress under 

approximately 60 % of the permissible stresses would not lead to the fatigue problems. 

 








































































































































































































































































