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Abstract: This article is a survey discussing the application of fiber-reinforced polymer composites in
freeform structures and their impact on the design and shape generation process. The analysis of
case studies showed that the use of FRP composites not only helps to overcome some challenges in
the construction of objects with complex geometry, but also creates brand new types of structures and
design approaches. On the other hand, there is a problem—although FRP materials are frequently
used in construction, the shapes of structures and design methods are often traditional and are simply
copied from materials such as wood, concrete, and steel. FRP composites have been applied in civil
engineering for several decades, since the 1960s, as building envelopes, facade skins, load-bearing
structures, and internal and external reinforcement. The article aims to analyze this accumulated
experience and to explore the role of FRP materials in the design of buildings with free, complex,
fluid, and organic shapes. A new classification of freeform composite structures is proposed. They
are classified in this article according to the methodology applied at the conceptual design stage:
structures created by using a geometric approach, a form-finding (equilibrium) approach, or a
biomimetic approach. Each approach is described in its own separate section, with a thorough
literature and state-of-the-art review.

Keywords: fiber-reinforced polymer (FRP) composites; freeform structures; bionic structures; biomimetics;
architectural geometry; double-curved surfaces; form-finding; static equilibrium

1. Introduction

The complexity of the design and construction process of freeform buildings and
structures means that they can be analyzed as a separate research area [1-3]. In the modern
world, this type of structure can be called a new architectural trend [4]. The development
of digital design and construction technologies has led to an increase in the complexity of
building shapes. Architects and engineers who work with these structures face a number
of challenges. Unique structural shapes may demand huge bending moments. Large spans
and complex formworks lead to high costs and difficult manufacturing procedures. The
sustainability of such structures is the important issue due to high resource requirements
for their construction and maintenance. All these issues push engineers and scientists to
conduct investigations in this area [5-10]. The increasing amount of research demonstrates
the high relevance of this topic [11-16]. Analysis of the state-of-the-art in the application of
FRP composites in these structures shows that the outstanding properties of these materials
help to solve some of these challenges and provide new opportunities in this field.

This article analyzes approaches and design methods for freeform structures. In these
methods, the key factors are the relationships between the shape of the building, material
properties, and structural behavior. This paper is dedicated to the first conceptual design
stage, which is closely connected to the shape generation process. In the context of the
design of buildings with complex geometry, this stage is one of the most important. To
understand the patterns of creation of freeform structures, the designer has to analyze the
relationships between the appearance of the building, shapes of the resisting structures,
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and materials used in it. Structural morphology is a research direction that deals with these
questions [17-19]. Structural morphology is defined by Wester as “the Study of Form” [18].
Abramczyk reveals the concept of morphology as “a study of the forms taking account
of the adopted interrelationships between the function, structure, internal and external
texture, static-strength work and comfort conditions ascribed to the designed building
object” [20]. A detailed theoretical framework for structural morphology is given by Li
in [4]. Many factors define the shape of the building, such as environment, culture, natural
laws, technologies, and scientific inventions. However, materials and manufacturing
techniques are the fundamental factors. The objective of this paper is to analyze the role
that advanced composite materials play in the design and shape generation process of
freeform structures.

Section 1 explains the concept of freeform structures and describes their classification,
which is developed in this article. It also gives a brief description of FRP composite
materials. The following sections of the article are organized according to the offered
classification of design methodology: disclosure of the key ideas of the approach, the role
of composite materials in the approach, and analysis of constructed objects produced using
this methodology. Each of the sections includes a literature review and state-of-the-art of
built structures.

1.1. What Are Freeform Structures?

By the term “freeform structures”, we here understand complex geometry buildings
and their resisting and non-resisting structural parts. The history of architecture and
engineering tells us that, for buildings of great importance, people have tended to create
impressive structures such as domes, vaults and cupolas, large-span spaces, and complex
facades. The development of CAD tools and computer graphics has led to the increasing
complexity of building geometry [21]. This has opened new dimensions in the design
freedom, but also added new challenges [22]. The result of these challenges has been the
appearance of new directions and areas of research, for example, architectural geometry,
bionics and biomimetics, form-finding, structural morphology, and structural optimization.

Freeform structures may be part of the load-bearing structure, or just a load to be held
(i.e., the envelope), or a combination of both. Thus, they can be classified in different ways.
In [4], a division into force-active and force-passive structural systems is provided, implying
the character of their response under loading. A structural system that significantly corrects
its shape under loads is called a force-active system, while a structural system that does
not actively change its shape under loads is called a force-passive structural system [4].

Shell structures are often used in unique buildings due to their expressive shapes.
They can also be defined as freeform or complex geometry structures, so they are discussed
in this article with particular regard. Shells are form-passive (or force-passive according
to [4]) structural systems defined by surfaces of double curvature, which resist external
loads predominantly with membrane stresses [23]. In most cases, shell structures are
part of a load-bearing structure or combine the functions of a supporting structure and
an envelope.

In this article, the classification of freeform structures is made with the methodology
used at the first conceptual design stage. We define three general approaches, expanding
the classification that Linkwitz offered in [24]: the geometric approach, biomimetic ap-
proach, and form-finding (equilibrium) approach (Figure 1). We distinguish the biomimetic
approach from the others, although bionic and bio-inspired motives can be found in many
complex geometry structures. The reason for this is that biomimetics has developed into a
separate research area with its own concepts, principles, and examples of built structures,
and it therefore deserves to be discussed individually.
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Approaches to a freeform J
structure design

| Geometric approach

The shape of a structure is created based on
the shapes that can be described
mathematically (based on the principles of
differential geometry and stereometry).

—)I Biomimetic approach }

The shape of a structure is created based on
the analysis of natural laws, systems and
mechanisms.

—)I Form-finding approach }

The shape of a structure is created based on
the laws of equilibrium and follows the flow
of forces acting in it.

Figure 1. Classification of approaches to a freeform structure design.

The analysis carried out showed that the principles of these approaches are signif-
icantly different. However, it must be noted that all the variety of freeform structures
is difficult to classify according to one of the approaches, since the principles of two or
more approaches can be used during the design process. For example, thin-walled cor-
rugated shells, described in [25,26], require use of all three approaches: geometric—the
structures are mathematically described ruled surfaces, biomimetic—the laws governed
by mechanical properties of folded orthotropic sheets—mechanical restrictions, and form-
finding—optimization of the resultant shell shapes, the location of the sheet’s contraction
line, and the appearing pre-stresses resulting from the initial elastic shape transformations.

1.2. FRP Composites

Fiber-reinforced polymer (hereinafter FRP) composites are a group of advanced mate-
rials that consist of fibers and polymers, and the properties of the final material are greatly
superior to the raw components. Typical FRP composites consist of a polymer matrix
with reinforcing fibers. Polymers are divided into three groups according to the chemical
structure: thermoplastics (or thermosoftening plastics) [27], elastomers, and thermosets (or
thermosetting plastics) [28,29]. All these types of polymers can be used as a matrix in fiber-
reinforced composites. By itself, a polymer matrix cannot provide mechanical properties
that meet the requirements for use in the civil engineering or aerospace industries, so fiber
reinforcement is added to increase these properties. Fibers are long micrometer-diameter
filaments. Fibers are used at a relatively high volume percentage (from 20% to 60%), and
their main aim is to reinforce the polymer resin matrix. The reinforcement fibers are typi-
cally made using carbon, glass, aramid, and basalt [28]. Reinforcement fibers are available
in a variety of forms: rovings, yarns, chopped-strand mats, non-looped systems (woven
fabric, non-woven scrims, and braid), or looped systems (knitted) [30].

There is a large number of methods used for fiber-reinforced composite manufactur-
ing such as hand lay-up, vacuum infusion, pultrusion, filament winding, and braiding.
Hand lay-up is a manual method and probably the oldest manufacturing method of
fiber-reinforced composites. Its essence lies in laying up successive layers of fibers and im-
pregnating them with a polymer resin, which then cures to form a solid element. Vacuum
infusion methods are developments of hand molding methods, aiming to achieve better
structure quality and a smaller number of air inclusions. Filament winding, also known
as wrapping, is usually applied for the production of gas pressure vessels, different types
of pipes, aircraft fuselage, and other rotationally symmetrical composite elements. In the
filament winding method, pre-tension rovings, mats, or woven fabrics are wound around
a rotating mandrel. The braiding method requires expensive machinery and is usually
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used for highly stressed elements and structures with complex geometry in the aerospace
industry. Pultrusion is a highly automated and continuous process, which allows elements
with a constant cross-section along the length to be produced. There are a lot of variations
of shapes of cross-sections; they can be open or closed, solid, or multicellular [31-34]. The
advantage of pultrusion is that it is a cost-competitive method when compared with other
technologies, and the resulting product has highly specific properties due to the effective
manufacturing process [35]. Elements produced by pultrusion technology are widely
used in civil engineering for bridge construction [36,37], cooling tower components, and
building elements and systems, among other uses [38,39].

Another field of the application of FRP composites in civil engineering is FRP con-
crete reinforcement. The main areas of the application of FRP reinforcement are bars or
grids for reinforced concrete elements and stay-in-place formwork for reinforced concrete
members [40]. One of the actively developing directions in FRP concrete reinforcement is
textile-reinforced concrete (TRC), which is used in thin shell structures, facade systems,
pedestrian bridges, and other lightweight structures. TRC is a composite material consisting
of a fine-grained high-strength concrete, with a non-corroding carbon or glass fiber textile
reinforcement. The high tensile strength, good draping properties, and non-corrosiveness
of FRP textiles allow TRC structures to be much thinner than those using steel-reinforced
concrete [41]. These advantages make TRC a cost-effective alternative to traditional con-
struction methods in the area of new thin-walled components and the strengthening of
existing structures [42]. TRC can overcome the limitations of fiber-reinforced cement
composites: the limited tensile strength of the latter restricts its application to structures
carrying low tensile stresses, such as thin wall cladding or fagade renovation. On the other
hand, continuous textiles provide a more orientation-controlled and significantly higher
fiber volume fraction reinforcement for concrete than discontinuous fiber systems [43].
Another advantage of using TRC reinforced with glass fiber textiles in shell structures is
that the resulting structure has fire-resistant properties. The functions of the fiber reinforced
polymers in the building structure are provided in the Figure 2.

* Fagade cladding systems
Insulating = Rainscreens
structure = Insulating fagade and roof
panels
Insulating and = Shell structures
—>| resisting > * Resisting and insulating walls
Function of structure * Envelopes
FRP structures |——
in the building
Resisting * FRP beams and columns
structure = FRP gridshell structures
= Bars
= Grids
= Discontinuous
Internal oy
R e fibers
reinforcement -
= Textile and fabrics
External * Pre-cured strips
—> * Permanent molds

reinforcement

= Uncured sheets

Figure 2. Functions of FRP structures in a building.

1.3. Applications of FRP Composites in Freeform Architecture

Fiber-reinforced composites have a number of benefits that make them attractive
for architectural use. Composites have excellent corrosion resistance against salt and
other chemical products such as acids, hydroxides, and crude oil. This property means
lower life cycle and maintenance costs. FRP composites have high insulating properties,
so the combination of the load-bearing and insulating functions of the product leads to
cost-effectiveness for construction, although composite materials themselves are usually
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more expensive than metals. FRP composites are lightweight and have a high stiffness
to weight ratio, which means that the weight saving achieved during construction can be
high [44]. One of the main advantages of using FRP composites in architecture is aesthetics:
the freedom of geometry. The analysis of finished projects presented below shows that
for some cases, the use of FRP composites is the best, and sometimes the only possible,
solution. Some examples of this are the complex facades of the Chanel pavilion and the
seamless facade of the Stedelijk Museum in Amsterdam.

FRP composites have outstanding waterproofing, thermal insulating, and mechanical
properties, which make them increasingly popular for use as envelope systems and building
skins. They are used for facade retrofitting, reinforcement of concrete and masonry facades,
and blast resistance enhancement of fagades. They are also used in new structures for
elements such as cladding systems, solar protection components, and adaptable shading
systems [45]. The properties of FRP composites, considering the requirements of the
building envelopes and their use as suitable design methodologies for facade retrofitting,
are discussed in [46]. A thermomechanical study of novel glass fiber-reinforced polymer
(hereinafter GFRP) sandwich facade components is presented in [47]. A review of the fire
safety and fire performance of composites is presented in [48].

The production of freeform structures with composite materials involves using molds.
Contact molding, filament winding, and resin infusion methods require a one-part mold,
and press molding methods require a two-part mold. The quality of the mold surface
defines the quality of the item produced. The cost of the molds is usually relatively high,
so choosing the material for each one is a major challenge, defined by a number of factors
such as surface quality and the number of elements to be produced. Gypsum and clay,
rigid foams, polymers, metals, and wood are used for mold making. Gypsum and clay are
inexpensive and easy-to-use materials, but suitable only for small components and can only
be reused a few times because of their low strength. Fine pore foams (PVC, PUR, XPS) are
widely used in molding, especially for freeform shapes. Rigid foams are frequently left in
the finished component as the core material. Their main disadvantage is that they become
non-recyclable waste if the foam is not left as a core, and they are relatively expensive.
Metal molds are stable and durable, but expensive, so are only suitable for large production
volumes. Reconfigurable or flexible molds are competitive alternatives to traditional molds
in the manufacturing of freeform structures with single and double curvature [49-52]. Their
mechanism of work can be based on the flexible rod system, flexible tables with pistons, or
actuators and a surface membrane. Although the cost of these molds is extremely high,
their use in cases with large quantities of individual parts leads to substantial savings in
production costs and reduces the amount of non-recyclable waste. The comparison of
different mold types carried out by T. Henriksen et al. [52] is presented in Table 1. It can
be concluded that gypsum and clay molds are optimal for small amounts and small sizes
of elements. Metal molds are the best solution for a large number of repeating elements.
Foam molds are the best for cases when they remain in the structure as an additional layer.
Despite their high cost, flexible molds are the most optimal solution for freeform structures
with a large number of unique elements, due to advantages such as speed and the absence
of non-recyclable waste.
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Table 1. Mold types (Reproduced with permission from T. Henriksen from [52]).

Material Cost and

Mold

. e ww
Mold Type Labor Intensity Labor Costs * Production Time Reusability Comments
. Sometimes a structural calc. for a
'Wooden molds (limited to.. . Material 25 €/m?; ) . timber mold is also required
single-curved and large radii medium Labor 40 € /h 2-4h/m 1-20 times " d weich
(r> 0.5 m) double curvature) abor / (“"“C?e €pressure and weig H:
This adds additional cost.
Steel molds are used when it is
Steel molds High Material approx. 5.8 h/m? 20-500 times required to have a seamless
50 €/m’ appearance, largest size
400 x 600 cm.
Rubber molds High Material 80-200 €/m? 35h 10-50 times Must be applied fo a timber mold.
imited sizes.
Polyst I 1d Material will be calc. in Standard Polystyrene foam-block
olystyrene foam moids, Low m? foam; approx. 1h 5-30 times is 120 x 120 x 500 cm.
wire cut 3 L
30 €/m Significant waste.
The molds are typically made
. from foam or plastic. Timber or
3D computer numerical metal alternatives can also be
controlled (CNC) milled Low 300-400 € /m? 5-10h 5-10 times d. Th litv of th 1d
molds (foam, plastic) used. The quality of the mo
! depends on the quality of the
foam or plastic. Limited sizes.
. . . . . . Motors 10,000 times - .
Flexible tables with pistons Low High machine cost 20 min Surface 100-500 times Limited sizes, approx. 1 m x 2 m.
Flexible tables with actuators Low Hieh machine cost 5 min Motors 10,000 times Limited sizes, currently approx.
and membranes & Surface 500 times 12m x 1.2m.

* Prices are 2016 estimates, ** Depends on the mold geometry.

2. Freeform Structures Created by Using the Geometric Approach
2.1. What Is the Geometric Approach?

Freeform structures are usually created as mathematically described surfaces. Single
and double curvature surfaces such as spheres, hyperbolic paraboloids, and other transfer
and revolution surfaces are used to create freeform structures with this methodology. The
great engineers Pier Luigi Nervi, Felix Candela, Eduardo Torroja, and Vladimir Shukhov
created their masterpiece structures based on these principles. The development of compu-
tation design technologies has affected the fields of architecture and civil engineering and
has allowed even the most irrational and sculptural shapes to be described mathematically.

The principles of creating freeform structures with the geometric approach lie in the
field of differential geometry and surface theory. A broad description of analytical and
differential geometry of regular analytical surfaces, with regard to its application in various
fields of engineering and construction, can be found in [53]. One of the essential parameters
during the design of freeform structures is the curvature behavior. The way to measure
surface curvature is Gaussian curvature, which is a scalar product of two fundamental
curvatures [54].

The development of computer-aided design tools and digital design and manufactur-
ing led to the increasing complexity of the curved surfaces and structures in architecture.
To deal with these complex shapes, Bézier curves and Bézier surfaces came from the field
of automobile manufacturing. Now they are powerful architectural modeling tools. Bézier
curves were independently developed by two French engineers: Pierre Bézier, who worked
at Renault, and Paul de Casteljau at Citroén. NURBS, or Non-Uniform Rational B-Splines,
which were the subsequent development of Bézier curves and surfaces, are the mathemati-
cal representations for describing and modeling curves and surfaces in computer-aided
design and computer graphics [55,56]. They can accurately describe any shape of organic
freeform 3D surface. They are now widely used in several fields of design, from computer
mice to aircraft fuselages and ship hulls. NURBS geometry is applied in CAD software such
as Autodesk Maya, Autodesk 3ds Max, SolidWorks, and Rhinoceros 3D. Rhinoceros 3D
was created in 1998 and since then has become the most popular NURBS-based software
among designers and architects [57].

With the development of digital design tools, it has become evident that freeform archi-
tecture creates a lot of geometric challenges, as well as many opportunities for optimization
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that require geometric understanding. Architectural geometry is a research discipline
that has evolved in response to these challenges and solves the geometric issues of the
fabrication of complex freeform architecture at an architectural scale. Smooth freeform
surfaces usually require decomposition into flat panels and rationalization with polyhedral
surfaces to be embodied into a real building. This is usually required for facade panels
and gridshell structures. The way to approximate the smooth surface is to divide it into
segments, which is called discretization. Discretization methods vary in the number of
edges of the element, complexity of the joints, face curvature, material suitability, etc. [54].
For example, flat features are often preferred because manufacturing costs are generally
lower than curved features. Surface triangulation is a common method of discretization. It
is easy to represent a surface with a triangle mesh, but it is not usually the best solution
for the subsequent construction process. This is because six edges meet in one node in a
triangular mesh, which leads to complicated joints and a heavier structure [58]. Discretiza-
tion with a quadrangular mesh has several advantages over the triangular mesh. It has
fewer edges, which results in lower material usage, lower complexity of joints, and better
structural transparency. The representation of a surface as a mesh of planar quadrilaterals
is a much more complicated challenge. Architectural geometry solves these and similar
tasks using methods of discrete differential geometry and global optimization.

So, the principles of the geometric approach help to define geometric laws according
to which the structure will be generated, designed, and then manufactured.

The manufacturing technologies of FRP composites allow panels of double curvature
to be created, instead of aiming for flat panels. The lightweight nature of composites also
offers greater design freedom. Another benefit is that their properties allow FRP composites
to be used for both facades and roof structures, as now most freeform fagades and roofs
flow smoothly into each other, forming a continuous envelope or “building skin”.

2.2. Geometrical Composite Freeform Structures: Case Studies

The composite materials in freeform structures can be a part of the building or the
entire structure. The analysis of case studies helps to understand how designers work
with this material and how they use it as a non-traditional solution in their tasks. Fiber-
reinforced polymers have been used in civil engineering and architecture for a relatively
long period of time, since the 1960s [59,60]. The market hall in Argenteuil, France, built
in 1967, is one of the earliest complex geometry structures made of composite materials
(Figure 3a). The 30 m diameter dome of the market hall consists of 30 pre-fabricated 6 mm
thick GFRP shell elements on a supporting tubular steel construction [30].

Heinz Isler, an architect who is internationally renowned for his concrete shell struc-
tures, was also one of the first architects to experiment with composite materials in prac-
tice [61]. He appreciated the property of translucency of glass fiber-reinforced polymers,
and initially used them as roof lights in his concrete shells in the 1950s, as the requirements
for these shells were too large for Plexiglas [28]. The light domes were highly translucent
sandwich structures with woven glass fabric skins and glass mat cores. Later, in 1956, Isler
made a series of double-curved GFRP housings for pharmaceutical companies. The high
insulating properties and the strength of the composites allowed light, thin self-supporting
shell structures to be created. Another type of structure created by this great engineer
was the “honeycomb” plate, made of GFRP square coffers. These coffers were connected
together to form a flat corrugated plate, used as a translucent roof for structures such as
gas stations [28]. These roofs are still in service today, which also shows the durability of
composite materials.

The Clip-On project (Figure 3b), designed by Atelier van Lieshout with Klaar van der
Lippe and completed in 1997, is a GFRP cantilevered room cell structure, attached from
the outside to the surface of the facade of Utrecht’s Centraal Museum [30]. Clip-On is
an experimental project, which combines all the following functions in one object—the
envelope, insulating and load-bearing structure, and all the basic living functions. In this
project, the lightness of the fiber-reinforced polymers helped bring an experimental idea
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to life and create a cantilevered structure of this size. The walls and the floor flow into
each other to form the continuous sandwich envelope, composed of rigid polyurethane
(hereinafter PUR) panels with GFRP facing layers on both sides. A steel strip was integrated
into the perimeter of the envelope during production and fastened at each end to steel
plates directly adjacent to the sandwich structure. The object is attached to the building at
four points, which transfer the load to the wall [30].

The freeform composite roofs of the Yitzhak Rabin Center in Tel Aviv (Figure 3h),
designed by Moshe Safdie Architects and opened in 2005, is an outstanding example of a
GFRP large-span shell structure. The structural engineering was produced by Octatube
Engineering and Solico Engineering, and the contractors for the GFRP roofs were Octatube
International and Holland Composites. The design of the roof structures, described by
M. Eekhout in [62,63], was an innovative process, in which architects collaborated with
industrial, maritime, and aeronautical engineers. After a number of physical experiments
on prototypes, budget calculations, and structural analysis, the final version of the roof was
approved as a sandwich structure of foam with stressed GFRP skins on both sides. GFRP
stringers were also added as structural ribs into the sandwich structure, which appeared to
have too much flexibility. The manufacturing technique was taken from the techniques
used to produce sailing ship hulls. Vacuum infusion with negative molds was chosen as the
production technology. The roof shells were divided into more or less rectangular segments
to facilitate the processes of production and logistics, and they were later connected at
the construction site. This project demonstrates how an experimental mindset and close
interdisciplinary collaboration leads to great results.

The Chanel Mobile Art Pavilion, designed by Zaha Hadid Architects and built in
2010, is a building with a fluid organic shape, obtained by using parametric modeling
tools (Figure 3c). The pavilion was designed as a mobile structure, which would travel
to thirteen different countries. The project had to meet the following requirements: low
weight; resistance to wind, snow, and live loading; fire performance; compliance with
the numerous regulations and standards of all the countries where it was going to be
presented [64,65]. Moreover, the double-curved envelope demanded specific decisions to
be made on the material. The steel framework of curved I-section ribs with double-curved
GFRP panels was the solution to these challenges. The GFRP panels are 12 mm thick
sandwich structures manufactured with hand lay-up technology.

The Heydar Aliyev Center in Baku, Azerbaijan, another project by Zaha Hadid Archi-
tects, completed in 2012, is an elaborate freeform structure, which organically unites the
urban landscape with the building envelope (Figure 3d). The complex curvilinearity of
the facade skin defined glass fiber-reinforced polymers (GFRP) and glass fiber-reinforced
concrete (GFRC) as the most appropriate materials for the envelope structure [64,66]. As in
the Chanel Mobile Art Pavilion, the composite panels were installed on a steel framework.

The Serpentine Pavilion (Figure 3e), created by BIG and opened in 2016, is a double-
curved structure made of pultruded fiberglass bricks. The idea of the design was an
“unzipped wall”, in which the straight line of the top of the wall splits into two curved
sides to create the interior of the pavilion [67]. The structure consists of approximately two
thousand fiberglass boxes, connected with cruciform aluminum extrusions. The properties
of GFRP define the unusual appearance of the pavilion: the light passes through the bricks
and ensures the permeability of the inner space and the environment. The Serpentine
Pavilion is an example of how a freeform structure can be created without large amounts
of unique, complex, and expensive elements being used.

The research pavilion of RWTH Aachen University (Figure 3f), constructed in 2015,
consists of four hyperbolic paraboloid umbrella structures made of textile-reinforced con-
crete (TRC) on four steel-reinforced concrete columns. Each umbrella structureis 7 x 7 m
square in plan. Use of a carbon fiber textile allowed the obtainment of a thickness of only
6 cm for shell structures. The concept of reinforcement was offered because of the flow
of the principal stresses within the shell structure, as the textile reinforcement can only
be activated in an optimal manner if the principal tensile direction coincides with the 0°
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orientation of the fibers in the fabric. Twelve layers of fabric were used in the shell structure.
The research presented in [68] is limited to the issues of the structural design, construc-
tion, and fabrication of the pavilion, such as using TRC and textile reinforcement. The
structural analysis of the pavilion, material behavior, and ultimate limit state assessment is
described in [69].

Research presented by W. Hawkins et al., in [70] examines a new flooring system
of textile-reinforced concrete shells with a foamed concrete fill, which can reduce the
amount of materials in the building by half. The paper [70] describes the construction
and testing of two TRC shell prototypes, each 18 mm thick, with a 2 m span, and 200 mm
tall. Both shells were reinforced with two layers of AR glass fiber textile. One of the
prototypes is filled with foamed concrete, and the second is unfilled. Both shells are a
quarter-scale representation of a typical application in an office or residential building with
8 m spans between the columns. The reinforcement is an alkali-resistant glass fiber mesh
with epoxy resin coating. A fine-grained concrete mix was developed to achieve good
workability for the hand formation of 3 mm-thick layers, and a target compressive strength
of approximately 32 GPa. The physical structural tests were carried out in several stages,
including uniform loading, pre-stressing of the tie rods, and final asymmetric loading to
determine the ultimate strength. In both cases, the design strength was exceeded. The
ultimate capacity of the filled casing was 11.5% higher than that of the unfilled casing,
and the rigidity also increased. The results of physical testing showed that both shells
failed similarly, with the development of distinct regions of high curvature and cracking.
The AR glass fiber textile reinforcement enabled large deformations to occur without
sudden failure.

E. Sharei et al. [71] present research, experimental study, fabrication procedure, and
physical tests on the TRC vault shell. The authors highlight the key issue of the application
of TRC in the field of construction—the necessity of new modeling approaches to com-
prehend the structural behavior of these structures, and they also present an anisotropic
strain-hardening material model specifically developed for the simulation of TRC shells.
The comparison of the model with test results demonstrates the model’s ability to capture
important aspects of the structural behavior of a structure, including the evolution of
damage due to cracking and the load-bearing capacity of a structure.

E. Verwimp et al. [72] investigate buckling behavior under uniform pressure of a thin
TRC dome structure with numerical and experimental tests. The numerical simulation was
carried out using the Riks method in Abaqus and implementing geometrical imperfections.
The dome had a base diameter of 2 m, a thickness of 3.7 mm, and a radius of curvature
to thickness ratio of R/t = 722. To understand the structural behavior of the dome, it was
observed during the experiment using strain gauges and digital image correlation. The
physical testing was successful, and the results showed that the failure of the GFTR-IPC
dome was the result of asymmetric buckling, which was the target, at the edge that was
affected by the bending effect and imperfections. The simulations correspond well to
the experimental data and validate the model, which enables the prediction of buckling,
necessary when designing thin TRC shells.
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Figure 3. Composite freeform structures, created with the geometric design approach: (a) Market Hall, Argenteuil, 1967,
Paris, France [73], ©Pamela Voigt; (b) Project “Clip-On”, 1997, Utrecht, Netherlands [30], ©Valerie Spalding; (c) Chanel
Mobile Art Pavilion, 2010, Paris, France [74], ©Stefan Tuchila; (d) Heydar Aliyev Center, 2013, Baku, Azerbaijan, ©Roman
Bortsov; (e) Serpentine Gallery Pavilion, 2016, London, Great Britain [67], ©Laurian Ghinitoiu; (f) Research pavilion of
RWTH Aachen University, 2015 [68]; (g) House of Dior Seoul, 2015, Seoul, South Korea [75], ©Kyungsub Shin; (h) Plastic
Tower Sculpture, 2007, Stuttgart State Academy of Art and Design, Stuttgart, Germany [30], ©Valerie Spalding; (i) Freeform
roofs of the Rabin Center, 2005, Tel Aviv, Israel, ©Octatube.

3. Freeform Structures Created by Using the Biomimetic Approach
3.1. What Is Biomimetics?

Biomimetics is a large interdisciplinary field of science, which is based on the analysis
of natural laws, systems, and mechanisms, and how they can be applied in different fields
of science and technology. It integrates research disciplines such as biology, engineering,
physics, architecture, chemistry, mathematics, and IT. The term “biomimetics” literally
means “imitation of life” (from Ancient Greek “bios”—"life”, and “mimeésis”—"imitation”).
The earlier term “bionics” is a concept related to “biomimetics” and means “biologically
inspired engineering”. The term “biomimetics” was established by Jack E. Steele in 1958
and used as an official term in a USAF Conference in 1960 [76].

Biomimetics deals with the analysis and understanding of natural processes and phe-
nomena, and the creative implementation of the principles emphasized to solve challenges
in other areas of science and technology, but it is not just a simple imitation of nature [77,78].
In the 1960s, the architect Frei Otto and biologist J.G. Helmcke drew parallels between
technical and “natural” structures and discussed the similarities. Later, Frei Otto and
his research group studied living and non-living structures within the framework of the
research program “SFB 64—Weitgespannte Flachentragwerke”. The research was focused
on the self-construction and self-organization of natural systems and the mechanisms of
animal and human behavior in the context of housing and cities [79].

The biomimetic approach to design implies the dialog of the disciplines: functionally
important features of biological systems are abstracted into models representing the prop-
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erties of interest and underlying the design principles. This model serves for the functional
implementation of morphology and provides technical implementation in biomimetic solu-
tions [80]. One such feature is that in the natural system it is difficult (almost impossible)
to separate the categories “material” and “structure”, and “structure” and “form”, which is
a fundamental difference for architectural human-made systems [81]. Natural structures
are multilayered, fine-tuned, and differentiated combinations of major components, which
leads to structures that have multiple network functions. For example, the functionally
important properties of a tree trunk (including mechanical properties such as stiffness,
damping, and pre-stressing; transport of water and assimilated substances; accumula-
tion of nutrients; adaptive growth; self-repair; thermal insulation, etc.) may vary in one
hierarchical structural system [82].

J. Knippers and T. Speck [81] distinguish the following natural principles of architec-
tural design: heterogeneity (natural structures are characterized by a geometric differentia-
tion of their elements); anisotropy (commonly, natural structures consist of fiber-reinforced
composite materials); hierarchy (biological systems are characterized by a multilevel
hierarchical structure from nano- to macro-scale); multifunctionality (botany fibers simulta-
neously serve mechanical and diverse physiological functions).

L. Badarnah and U. Kadri [83] generalize existing investigations in biomimetic design
and identify two strategies: (1) problem-based, which implies the search for a solution
to a particular engineering problem in nature, and (2) solution-based, when the solution
inspired by nature leads to development of new technology. The first strategy is known
as top-down [84], challenge to biology [85], biomimetics by analogy [86], and problem-
based [87]. The second strategy is defined by scientists by the following terms: biology-
to-design [85], bottom-up [81,84], biomimetics by induction [86], and solution-based [87].
Bottom-up and top-down approaches, described by J. Knippers and T. Speck [81], can be
found in Figure 4. The “bottom-up” or “biology push” approach implies that the first step
is biological research. The “top-down” or “technology pull” approach is the opposite. The
first step is the technical problem statement, and then the search for biological analogies
and the identification of appropriate principles begins.

Top-Down
6. Bionic product 1. Technical problem
5. Technical 2. Search for biological
implementation analogies
4. Abstraction, detachment 3. Identification of
from biological model morphological principles
3. Understanding the 4. Abstraction, detachment
principles from biological model
2. Biomimetics, functional 5. Test technical feasibility
morphology, and anatomy and prototyping
1. Biological research 6. Bionic product

Bottom-Up

Figure 4. Bottom-up (biology push) and top-down (technology pull) processes of biomimetic research
(adapted from [81]).

Developments in structural optimization show that biologically inspired methods
have significantly higher potential to improve technical structures than a pure engineering
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approach [79]. Biomimetic research on FRP composites has been carried out by a large num-
ber of scientists [88-92]. The current review is limited to the analysis of biomimetic research
and developments in freeform structure design. In this area, biomimetic developments take
place in insulating, resisting, and envelope structures and also in the properties of materials.
Biomimetic research in building skins includes energy waste control systems, kinematic
systems, and adaptive architectural envelopes inspired by natural mechanisms [93,94].

3.2. Biomimetic Composite Freeform Structures: Case Studies

The FRP composites play a significant part in biomimetic research. One of the
first architects who experimented with composite materials was R. Buckminster Fuller
(1895-1983). He designed the bionic structure called the Fly’s Eye Dome (Figure 5a), which
was based on his famous geodesic dome and aimed to combine a skin and a supporting
structure, like an insect’s exoskeleton [73]. This dome structure was made of GFRP com-
posite pre-cast module elements, and its shape was inspired by a variety of fly-eye lenses.

Pavilion COCOON_FS is a research pavilion, constructed of glass fiber-reinforced
plastic modules (Figure 5b). Its organic shape was inspired by the geometric pore struc-
ture of marine diatoms [95]. The process of geometry optimization, segmentation, and
preparation for fabrication is described in [96]. GFRP was used as a material for the con-
struction because of its lightweight nature, high compressive and tensile strength, and the
fact that it can be formed flexibly. Rhinoceros and Grasshopper software programs were
used as digital form-finding and optimization tools. The pavilion was developed with
self-supporting cell elements, which, at the same time, played the role of the envelope [97].
An optimization procedure was used to reduce the number of unique elements.

The research group of the Institute for Computational Design (ICD) and the Institute
for Building Structures and Structural Design (ITKE) at the University of Stuttgart has
made a great contribution to the research in the field of the biomimetic approach in freeform
architecture. Several pavilions were developed with robotic coreless filament winding
technology to transfer biomimetic principles into fiber-reinforced polymer laminate design.

The ICD/ITKE Research Pavilion 2012/2013 was a result of the biomimetic anal-
ysis of the structure and behavior of the cuticle of the American lobster (Figure 5c).
S. Reichert et al. [98] presented a new integrative computational design methodology for
design and fabrication of complex geometry structures with robotic filament winding
technology. The methodology was demonstrated on the full-scale ultra-lightweight ar-
chitectural pavilion of glass and fiber composites. The focus of the biomimetic research
aspects is the analysis of the exoskeletons of arthropods with respect to their properties
as natural lightweight fiber composites and their potential to provide information on the
applications of FRP in architecture and design. Biological principles, such as anisotropy,
heterogeneity, and multifunctionality, were integrated into this research using fabrication
and structural principles to achieve a lightweight, performative material system on an
architectural scale [99,100].

The ICD/ITKE Research Pavilion 2014/2015 (Figure 5d) is an adaptive, robotically
manufactured fiber composite shell structure with pneumatic formwork. The shape of the
pavilion was based on the biomimetic research of the diving bell water spider Argyroneta
aquatica [101]. A description of the fabrication process of the pavilion is presented in [102].

The structure of the ICD/ITKE Research Pavilion 2016/2017 (Figure 5e) is a 12 m
long cantilevering lattice composite shell, produced by the coreless filament winding
method [103]. The aim of the research was to create a pavilion that exceeds the fabrication
capabilities of one robotic arm, so the fabrication setup consisted of two KUKA robots and
a drone. The structural design of the pavilion was carried out in two stages: in the first
stage, the shape of the structure was considered a continuous shell with pseudo-isotropic
material properties. In the second step, a detailed beam element model was used to define
the correct layout and the amount of glass and carbon fiber reinforcement needed. The
research project demonstrated the great potential of the innovative design and fabrication
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process proposed, and it also showed that the dimensional limitations of robotic fabrication
can be expanded.

The BUGA pavilion was made to demonstrate the opportunities provided by robotic
coreless filament winding to create lightweight lattice composite structures (Figure 5f). The
span of the pavilion is 23 m, and the height is 6.8 m. Its structure is a gridshell made of
bone-like load-bearing elements, covered by an ETFE membrane. The elements, which
are made by using the coreless filament technique, are of prime interest to discuss. Each
element was fabricated by a robotic arm in two stages, using different materials. Glass
fibers were used in the first stage as a base lattice structure because of their lower cost, and,
in the second stage, carbon fibers were added as reinforcement on the top of the glass fibers
because of their higher strength and elastic modulus. The structural design, structural
behavior, and geometrical optimization of the BUGA fiber pavilion are described by Gil
Perez et al., in [104]. The pavilion was made according to biomimetic principles, as well
as by following other research projects carried out by ICD and ITKE. The project uses
principles borrowed from the natural world, from a morphological and a procedural point
of view, to optimize the placement of materials in terms of quantity and location [105].

Adaptive or kinematic building structures and systems are extremely interesting in the
field of biomimetic architectural and engineering research. Kinematic systems can respond
to changing environmental conditions, for example temperature and solar radiation, and
are widely used in facade systems. The biomimetic kinematic fagade system, developed by
Schleicher et al. [106,107] and Lienhard et al. [108], works by using the elastic deformation
of the entire structure instead of local hinges. This system was inspired by the movement
principle of the Strelitzia reginae or ‘bird of paradise’ flower. Strelitzia reginae has two
adnate petals, which bend down and open their anthers and their style under the load of
the bird. The bending leads to the opening of the petals. The functional-morphological
analysis of the natural kinetic system and top-down biomimetic approach was used to
create a kinematic fagade shading system [109,110]. In this case, the use of fiber-reinforced
polymers was crucial because these materials can combine high tensile strength with low
flexural stiffness, thereby offering a wide range of calibrated elastic deformations.

8 ' (h)

Figure 5. Biomimetic composite structures: (a) Fly’s Eye Dome by B. Fuller, 1965, Miami, USA [73],
©Pamela Voigt; (b) Pavilion COCOON_FS, 2011, Jena, Germany, Pohl Architects [96], ©Jan-Ruben
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Fischer; (c¢) The ICD/ITKE Research Pavilion 2012/2013, Germany [111]; (d) ICD/ITKE Research
Pavilion 2014/2015, Germany, 2015 [112]; (e) ICD/ITKE Research Pavilion 2016/2017, Germany [103];
(f) BUGA fiber pavilion, 2019, Germany [104]; (g) Flectofold prototype (kinematic fagade system
element), based on the Aldrovanda curved folding movement principle [113]; (h) Kinematic fagade
system for One Ocean Pavilion for EXPO 2012, based on the biomimetic principle of movement of
the Strelitzia reginae [114], ©soma.

4. Freeform Structures Created by Using the Form-Finding Approach
4.1. What Is Form-Finding?

The main idea of the form-finding approach is that physical and mechanical laws
play a key part in the form generation process. K. Linkwitz [24] defines form-finding as
searching for the equilibrium shape of a structure, which has to be adapted according to
the forces acting within it. One of the examples of such shapes is soap film suspended
within given boundary edges, which forms a very thin tension surface. In [23] the following
definition of form-finding is given: “Form-finding is a forward process in which parameters
are explicitly /directly controlled to find an ‘optimal” geometry of a structure which is in
static equilibrium with design loading.” In [115], Pottmann et al., define this approach as
statics-aware design, highlighting its main idea—the insertion of statics analysis at the
very first stage of conceptual design when the geometry of the structure is in the process of
being defined. Bletzinger K. U. and Ramm E. in [116] describe form-finding as an iterative
process of reducing the “design noise”, i.e., applying suitable filters to an infinite design
space to obtain the shape of the structure that best suits the design objectives.

The simplest example of a shape in equilibrium, where form interacts with forces,
is a freely hanging chain or catenary. This shape was one of the key ideas for further
development of form-finding methods. It was formalized by Robert Hooke in 1676 into
the law of the hanging chain: “As hangs the flexible line, so but inverted will stand
the rigid arch”, although Hernandez-Montes et al. [117] showed that hanging models
were used by ancient builders in the design of Tag-i Kisra (540 AD). The form-finding
methods can be classified as physical methods and numerical methods (Figure 6). For
an extremely long period, only physical methods of form-finding were available. Two-
and three-dimensional hanging models by Antoni Gaudi demonstrate the opportunities
provided by physical modeling to create elegant equilibrium structures that follow the flow
of the forces within them. Heinz Isler contributed greatly to experimental and physical
form-finding and created a number of naturally form-found structures. His experiments
with hanging models began when he saw wet burlap hanging on reinforcement mesh,
and was inspired by its natural shape, hanging under its self-weight [118]. During his
long creative process, he created more than a thousand shell structures, based on physical
form-finding experiments instead of geometric concepts, with shapes defined by the laws
of nature [119].

Form-finding methods

* Hanging chains and membranes
Physical methods I—) * Soap films
= Pneumatic models
= Stiffness matrix method (1964)
Stati ilibri = Force density method (1971)
_AuCequIlbIIum = FDM + Topology mapping (2006)
® Thrust network analysis (2007)
Numerical methods

D DT = Dynamic relaxation (1988)
yIIAnNCCqUITDITH) = Particle spring systems (2005)

Figure 6. Classification of form-finding methods.

Extensive scientific work on the physical methods of the form-finding of freeform ten-
sion structures, membranes, and gridshells was carried out at the Institute of Lightweight
Structures at the University of Stuttgart, founded by Frei Otto in 1964. The construction
of the cable net structures of the Olympic stadium in Munich in 1972 became a full-scale
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implementation of this research work. To overcome the limitations of the physical methods
of form-finding, Linkwitz and Shek developed the concept of force densities or force:length
ratios [120]. This was the starting point for the force density method, a new numerical
method of form-finding, which allowed a membrane structure to be presented as a gen-
eral pin-joined network, and its equilibrium state to be described with a system of linear
equations [121,122].

The result of the invention of the force density method and other numerical form-
finding methods was overcoming the main disadvantage of physical modeling—a limited
number of variants. With these tools, a lot of different equilibrium shapes can be defined at
the conceptual design stage without time-consuming and expensive physical experiments.

The force density method was later modified and further developed by different
researchers to give rise to a number of new form-finding methodologies, based on static
equilibrium. Some of these are the geometric stiffness method [123], thrust network analy-
sis [124,125], topological mapping for tension and compression structures [126-128], and
the form-finding of compression structures with pre-stressing tendons [129]. Additionally,
based on dynamic equilibrium, methods such as dynamic relaxation [130,131] and particle
spring systems appeared [132]. A thorough review of existing analytical form-finding
methods was made by D. Veenendaal and P. Block in [133].

Form-found or equilibrium structures can be classified, because of their equilibrium
states, as compression structures, tension structures, or hybrid structures with both tension
and compression elements (Figure 7). Tension structures are, for example, membranes and
pre-stressed cable nets. Examples of compression-only structures are unreinforced domes
and vaults [134]. Examples of hybrid structures are tensegrity structures, or compression
structures with pre-stressing tendons [129].

The main principle of all the form-finding methods can be formulated as “the form
follows the forces acting in it”. Therefore, the objective of the form-finding approach is to
unite the static analysis of load bearing behavior and finding of the aesthetically expressive
shape of the structure.

Tension structures * Membrane structures
—>{ (all elements of the = Cable structures
structure are in tension) = Prestressed cable-nets

Hybrid structures

Form-found or

equilibrium structures elements in compression

* Domes with prestressed tendons
* Tensegrity structures
= Cable-stiffened arches

(the structure has

and elements in tension)

Compression structures
(all elements of the
structure are in
compression)

= Domes and vaults
—> = Unreinforced structures
* Masonry vaults

Figure 7. Types of form-found structures.

4.2. Form-Found Composite Freeform Structures: Case Studies

An elastic gridshell is a structure whose shape is obtained by using form-finding meth-
ods. This type of structure was invented by Frei Otto during his form-finding experiments.
The construction process of these structures is highly specific. A gridshell is a structure that
acts as a shell, i.e., resists the loads through the membrane action because of its curvature,
but it is made of a grid instead of a solid surface. An elastic gridshell is a double-curved
freeform structure, whose final shape is obtained by raising the initially flat grid of elastic
elements and then fixing it into the curved spatial shape.

As the form of an elastic gridshell results from a post-buckling state of the tubes, it
is difficult to predict its equilibrium shape, and traditional form-finding methods are not
suitable for these purposes. C. Douthe et al. [135] present an adaptation of the dynamic
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relaxation algorithm for structures that have been pre-stressed by bending, and develop
a numerical tool implemented in Scilab. The researchers also provide the validation of
the algorithm by comparison with the finite element software, and its application to the
form-finding of a gridshell. The analysis of the model indicates that the structural stresses
remain quite reasonable, so this type of structure can be efficient for the construction of
temporary or permanent buildings. C. Douthe et al. [136] highlight the limitations of
the traditional approach to construction with composites, when structures made of new
materials blindly copy existing structural types, while their specific properties require
specific structural forms and construction methods. Investigations into the short- and
long-term behavior of GFRP composites under permanent bending, presented in [136],
show that they are attractive materials for gridshells. To confirm these investigations, a
prototype of an elastic gridshell, form-found by using the dynamic relaxation method, was
built and loaded (Figure 8d). The prototype is 3.7 m high, 22 m long, and 8 m wide. The
approximate area covered by it is about 160 m?. The gridshell consists of GFRP pultruded
tubes. Results of physical and numerical experiments demonstrate the high potential for
application of composite materials in elastic gridshell structures [137]. In [138], a new, more
general form-finding model is developed, where the twisting of the beams in the structure
is taken into account.

F. Tayeb et al. [139] consider the buckling of a 300 m? composite gridshell prototype
for Solidays festival (Figure 8e). Buckling has to be avoided in such structures because it
causes high stresses in the beams and may lead to the sudden collapse of the structure.
The analysis of the prototype under Ultimate Limit State has to be far from buckling. The
accident simulation is modeled in the research: several elements are broken from the
ULS in order to understand the behavior of the structure in the event of an accident. The
pseudo-plasticity of the designed structure is demonstrated because of the redundancy
of the structural concept of the gridshell. The problem of buckling of elastic gridshells is
thoroughly discussed by B. Lefevre et al., in [140].

The hybrid structural skin is a prototype of a GFRP elastic gridshell braced by a
fiber-reinforced concrete envelope (Figure 8g), which was built at the Ecole des Ponts
ParisTech in 2017. This project investigates the feasibility of a new kind of shell, which
combines an elastic gridshell with a bracing fiber-reinforced concrete envelope to create a
rigid lightweight roof system with no additional scaffolding and limitless forms [141]. The
shape of this structure was found by using the dynamic relaxation method. The aim of the
research project was to overcome the limitations of two types of structures: the difficulties
in the bracing and covering of elastic gridshells and the expensive formwork for concrete
shell structures. The grid of GFRP rods plays the part of a lightweight elastic permanent
formwork in the shell structure. The prototype consists of the following layers: GFRP
gridshell, fiberglass mesh formwork, and a 15 mm thick concrete envelope, making up a
hybrid composite structure. Research work in [141] shows the high potential of the novel
type of shell structure for larger scale applications.
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Figure 8. (a) The soap model prototype structure of the German Pavilion, Montreal, 1967 [142],
©Institute for Lightweight Structures and Conceptual Design; (b,c) Photos of experiments by Heintz
Isler [23], ©Frank Doring; (d) The prototype of a composite gridshell at the UR Navier laboratory
and the Ecole Nationale des Science Géographique, 2010 [136], ©Cyril Douthe; (e) Solidays festival
gridshell prototype at the UR Navier laboratory, 2011 [139]; (f) Bending-Activated Tensegrity struc-
ture, 2015 [143]; (g) 3 x 3 m prototype of a GFRP gridshell braced by a concrete envelope built at the
Ecole des Ponts ParisTech [141], ©Cyril Douthe; (h) The elastic gridshell at the Ephemeral Cathedral,
2013 [144]; (i) The full-scale prototype of the roof of the NEST HiLo unit, 2017 [145].

The roof of the Ephemeral Cathedral of Créteil (Figure 8h), built in Paris in 2013, is a
large-span elastic GFRP gridshell, which demonstrates the advantages of the application of
composites in full-scale complex architecture projects [144]. It was designed as a temporary
church building during the two-year renovation of the permanent cathedral. The edifice
covers an area of 350 m? and can accommodate up to 500 people. Its double-curved
organic shape was obtained by using the dynamic relaxation algorithm [146]. The gridshell
structure was constructed of pultruded GFRP tubes with a diameter of 42 mm, connected
together with scaffold swivel couplers. An innovative installation process was developed,
taking advantage of the flexibility of thin GFRP elements. Initially, a regular flat grid of
tubes was built on the ground. The elements were fastened together in such a way that the
mesh had no shear stiffness in plane and could withstand large-scale deformations during
installation. Then the mesh was elastically bent to its definitive shape, and finally, was
fixed in the desired shape with a third layer of stiffening tube elements.

The Bending-Activated Tensegrity structure (Figure 8f) is a modular 6 x 6 m installa-
tion that was made by the team of Chair of Structural Design in the Technische Universitat
Miinchen for the 2015 IASS Symposium Contest. The combination of the benefits of active
bending with a tensegrity and membrane system resulted in a brand new structural type.
Elastically bent GFRP rods were used in combination with PVC membranes and polyester
belts to form a pre-stressed and self-stabilizing structure [143,147]. The form of the struc-
ture was determined through FEM simulation, as a result of the relation of stresses between
rods, membranes, and belts.

The full-scale prototype of the roof of the NEST HiLo unit (Figure 8i) is an experimen-
tal research project carried out at the Robotic Fabrication Lab at the Institute of Technology
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in Architecture at ETH Ziirich in 2017. The project was carried out to demonstrate the
opportunities of a new formwork and reinforcement system for thin concrete shell struc-
tures [145,148]. The aim of the research was to develop a new cost-effective and efficient
way to build structures with complex double-curved geometries. Carbon fiber reinforce-
ment was used in the project as it is the most suitable material for this type of structure.
Carbon fiber mats as 1.2 x 5 m flat panels were patterned and cut to adapt to the shape of
the double-curved roof.

The ICD/ITKE research group of the University of Stuttgart presented investigations
in the field of production of load-bearing components for slabs with coreless filament
winding (CFW) technology [149]. The research develops a new approach to design and fab-
rication of filigree shell structures, and an optimization module with stress and associated
manufacturing data. The results of the study were evaluated by fabricating and testing
a prototype of the supporting slab weighing 10.2 kg. The structure withstood a load of
559 kg with a span of 2.7 m, which demonstrated the effectiveness of the approach. The
range of analyzed FRP freeform structures in chronological order from the beginning of
the application of composite materials to the present day is presented in Table 2.

Table 2. Applications of FRP composites in freeform structures in chronological order.

Type of Structure,

N;::jc(;fl::e Year Location Architect Manufacturing and Fuxgltlli(;gi;n the Ty};e Ofr(?;i:gn Source
Construction Method & PP
Petrol station 1962 Thun, Switzerland Heinz Isler GEFRP coffers (boxes) Roof structure Geometric [28]
approach
Three prototypes in
different parts of Richard . Supporting L
Fly’s Eye Dome 1965 the world; Buckminster GFRP fé{g;iitt;nodule structure + B;onﬁ(r)r;fzﬁc [150]
Miami, USA Fuller envelope PP
(present)
30 pre-fabricated 6 mm thick
. Stephane GFRP shell elements mounted . Geometric
Market Hall 1967 Argenteuil, France DuChateau on a supporting tubular steel Roof covering approach [30]
construction
Geisslingen, Baden .
The yard of the 1967 Wouerttemberg, Heinz Isler GFRP coffers Roof structure Geometric [61]
Realschule approach
Germany
. . Modulus CFRP sandwich Supporting .
Futuro 1968 Different logatlons Matti Suuronen elements, which form the structure + Geometric [30]
worldwide approach
envelope structure envelope
Atelier van Continuous sandwich Supporting
. Utrecht, Lieshout with envelope, composed of rigid Geometric
Clip-On 1997 Netherlands Klaar van der PUR panels with GFRP facing Stﬂiftlu re + approach (301
Lippe layers on both sides envelope
Solid PS foam structure Supporting .
HOOfddf)rp bus 2003 Hoofddorp, NIO architecten covered by GFRP skin by structure + Geometric [30]
station Netherlands : approach
spraying method envelope
Double-curved shell roof
Yitzhak Rabin . Moshe Safdie structures, made as sandwich Geometric
Center 2005 Tel Aviv, Israel Architects structures with PUR core and Roof structure approach [62,63]
GFRP facing layers
Lincoln Park Zoo . Studio Gang Fiberglass pod-shape 3D Geometric 15
South Pond 2005 Chicago, USA Architects panels Envelope approach (151]
« Supporting Biomimetic
Ljusglober 2005 Sweden, Ostersund Monika Gora GFRP double-curved slices structure + h [152]
envelope approac
Fiberline .
. . GEFRP pultruded profiles and .
;tomposﬁes 2006 Middelfart, KHR Arkitekter plates for fagade and window Envelope Geometric [153]
actory and Denmark approach
) structure
offices
Badajoz Pultruded GFRP elliptical Geometric
Congress Centre 2006 Badajoz, Spain SelgasCano profiles, which form a Envelope roach [30]
and Auditorium fence-like woven structure approac




Buildings 2021, 11, 481 19 of 27
Table 2. Cont.
Type of Structure, - .
N;:r::c(:f ::e Year Location Architect Manufacturing and Fm;tli(l’giiln the Ty];\e oi(lii;lgn Source
v Construction Method " 8 143
Research group Double-curved GFRP module
Plastic Tower of Stuttgart State elements, made with hand Supporting Geometric ,
Sculpture 2007 Stuttgart, Germany Academy of Art lay-up process, connected structure approach [30,154]
and Design together with bolts
Novartis campus Seamless sandwich slab
reception 2007 Basel, Switzerland Marco Serra structure Wlt}.‘ .GFRP facing Roof structure Geometric [30]
P layers and a rigid PUR foam approach
building Y &
core
Chanel Mobile 2010 Paris. Fran Zaha Hadid GFRP double-curved Envel Geometric [64]
Art Pavilion ans, france Architects thermoformed panels velope approach
o Jena + Supporting P
Pavilion 2011 international, Pohl Architects GFRP modulus elements structure + Biomimetic [96]
COCOON_Fs G approach
ermany envelope
One Ocean,
Thematic Yeosu-si, South . . Fagade shading Biomimetic )
Pavilion EXPO 2012 Korea SOMA Lima Curved GFRP laminas structure approach [114]
2012
Stedelijk Amsterdam Benthem FRP seamless envelope Geometri
Museum 2012 N &Sl el a d ¢ Crouwel structure with aramid and Envelope come ; [155]
Amsterdam etheriands Architects carbon fibers approac
Heydar Aliyev . Zaha Hadid GFRC and GFRP Geometric
Center 2013 Baku, Azerbajjan Architects double-curved facade panels Envelope approach (661
Composite curved fagade
Amsterdam Benthem elements 7 x 3.5 m, thickness Geometric
Fletcher Hotel 2013 Netherlan ds/ Crouwel 150 mm, finishing on the Envelope approach [156]
Architects outside with vinyl with built-in PP
windows
. . . Fagade composite elements .
Enexis office 2013 Maastricht, Atelier PRO 16 X 2.8 m, with a thickness of Envelope Geometric [157,158]
buildings Netherlands approach
200 mm
House of Dior Christian de Sculptural free-shape facade of Geometric
Seoul 2015 Seoul, South Korea Portzamparc GFRP facade panels Envelope approach [159]
ICD/ITKE Shell structure made by using 5 .
. 1. upporting P .
Research ICD/ITKE coreless filament winding Biomimetic
o 2015 Stuttgart, Germany . . structure + [112]
Pavilion research group method with pneumatic envelope approach
2014/2015 formwork P
BBVA . . Herzog & de L Fagade shading Geometric
Headquarters 2015 Madrid, Spain Metron FRP solar protection fins Structure approach [160]
London, Great
BIG’s Serpentine Britain (in Supporting Geometric
Gallery Pavilion 2016 2016)Vancouver, BIG GREP pultruded boxes structure approach (671
Canada (present)
ico/mc Contlovhll rucue e et
Research ICD/ITKE Y using . PP 8 Biomimetic
o 2017 Stuttgart, Germany fabrication system using structure + [103]
Pavilion research group - o approach
coreless filament winding envelope
2016/2017
method
BUGA flbre 2019 Heilbronn, ICD/ITKE Coreless filament winding Supporting Biomimetic [104,105]
Pavilion Germany research group structure approach

5. Future Trends

The review of built objects has shown many factors that constrain the use of composites
in architecture. These factors can help to define the direction that further research should
take. One such issue is the improvement of the properties of composite materials, such as in-
sulation and fire resistance properties, to widen their use in building construction. Another
research direction is the development of new types of composite structures, for example
kinetic gridshell structures [161,162], structures with shape-memory polymers [163-165],
and tensegrity composite structures.

A. E. Naaman [166] highlights possible future research questions in thin TRC struc-
tures, such as 3D textiles with built-in curvature in one or two directions; 2D or 3D textiles
with hybrid reinforcement, such as carbon and PP; and development of highly drapable
2D and 3D textiles for use in curved shell structures. One high-potential research field is
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the exploration of self-stressing composites using fibers or textiles with useful deformation
recovery properties, which can be achieved by a possible combination of controlled matrix
expansion and fiber or textile deformation recovery.

Another potential area of future research is the development of new specific design
and manufacturing methods for structures with advanced composite materials, as well as
development of existing ones. L. Vasey et al. [101] highlight the synthesis and synergy of
design and production processes as an inevitable future trend. The development of factory-
based design methods, for example, the multistage filament winding method [167] and the
shape optimization-to-fabrication method [149,168], is relevant for composite structures.

The environmental impact of building structures is one of the most important issues
in civil and industrial engineering, and also an important direction of ongoing research
and innovative developments. The factory-based production of FRP materials, with high
thermal insulating properties, high durability, and minimal repair costs, makes composites
a competitive material in this area [169]. Comparison of the costs of different materials
for bridge construction shows that combining initial costs and maintenance costs makes
steel the cheapest material, followed by FRP, aluminum, and then stainless steel. The
analysis of embodied energy demonstrates that FRP uses less than half the energy of other
materials, and when assessing the impacts of pollution, FRP is a winner [169]. Although
the construction and maintenance of FRP show good results, the end of life, utilization, and
recycling process of FRP materials are critical issues that demand further investigations. A
detailed review of the recycling of composite materials is presented in [170].

6. Conclusions

This article provides a survey analyzing freeform structures from the shape generation
and conceptual design point of view. An attempt to analyze and classify the diversity
of freeform structures was made in the paper. The role of FRP composites in freeform
structure design is also discussed. Both a scientific literature review and a historical review
of constructed objects are presented. A new classification of freeform composite structures
is developed. Freeform structures are classified according to the methodology applied at
the conceptual design stage: the geometric approach, the biomimetic approach, and the
form-finding approach.

After the analysis of the three approaches, we can highlight the following main
problems or challenges that each approach aims to solve. In the geometric approach, in
most of the cases, the purpose is to create an artistically expressive structure by the means
available to architects and engineers. These means are knowledge about the geometric
laws of shape generation or tools created on the basis of this knowledge (for example, tools
of the Rhinoceros software, created on the basis of NURBS). The main aim of the geometric
approach is to define any complex double-curved shape (even the most sculptural) as a
mathematically described surface, or some discretized mesh. In the biomimetic approach,
the main challenge is to create a structure that mimics some natural system and imitates
some natural mechanisms or behavior. In the form-finding approach, the aim is to create a
structure whose shape follows the forces acting in it. The strength of this method is that the
static analysis is part of the shape-finding process. So, comparing the three approaches, we
can conclude that the main weakness of the geometric approach is that the issues of static
equilibrium, stability, and structural behavior are commonly not taken into account during
the shape generation process. This may lead to ineffective structures with consequences
such as large bending moments, excessive consumption of materials, and, as a result, high
construction costs. Structures created by the biomimetic approach are more competitive
in this sense, because in this case designers are deeply studying, analyzing, and adopting
natural structures and systems. Biological structures appeared much earlier than artificial
ones and are much more effectively designed to perform the functions for which they were
conceived. Nature has the tools of thousands of years of evolution, and it is still a better
engineer than a human can be. The form-finding approach, in a sense, is based on the
physical-mathematical principles of the bionic approach, as the first structures were created
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after observations of nature and natural laws (stretched web, soap skin, hanging ropes).
Therefore, the advantage of form-found structures is that they are more well-conceived
ones with a more rational use of material, and consequently a decrease in cost, which is
especially valuable for complex geometry buildings. The important issue in this case is
that the shape of form-found structures is designed for some special equilibrium state,
most commonly under the dead load. So, further structural analysis is necessary to fully
understand the performance of the structure (e.g., analysis of live or dynamic loads).

The analysis of case studies shows that the properties of composite materials signifi-
cantly affect the design and form generation processes in all of the three methodologies.
The application of FRP composites in structures created by the geometric approach helps
to overcome the above-described limitation of this method due to the extremely light own
weight and high stiffness to weight ratio of these materials. Thus, the bending moments
from the dead loads can be significantly reduced. In the case of the biomimetic approach,
composite materials play a significant part due to their anisotropy structure, which is most
commonly found in biological systems. Another important property that justifies the use of
FRP materials in biomimetic structures is the combination of different functions in one ma-
terial, as well as a smooth change in the properties of the material along its thickness, again
due to anisotropy. For example, composites can provide a load-bearing structure and at
the same time integrate protective functions of the envelope, because of their chemical and
corrosion resistance and excellent insulation properties. The application of FRP composites
in form-found structures, for example, elastic gridshells or Bending-Activated Tensegrity
structure, demonstrates that the material can directly define the form-finding and design
methods. The elastic properties of composites here are the key factors of design. On the
other hand, it has to be noted that these properties add challenges to the design process.
For example, anisotropy of composite materials requires more sophisticated methods of
structural analysis, as well as specific methods of manufacturing. This review demon-
strates the high potential for the use of advanced composite materials to create efficient
and performative structures, especially in freeform, complex, and non-standard cases.
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