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Abstract

The built environment faces the challenge of meeting the sustainable development goals of the Paris
Agreement with regards to building emissions. One aspect of this challenge is the energy transition
from fossil to more sustainable sources. A possible solution lies in the field of solar energy technology
which, over the last decades, has become the main sustainable energy source globally. Various types
of solar cells exist today, from large-scale solar parks to small strips of flexible organic photovoltaics,
or OPV. In parallel, the field of tensile architecture provides answers to the materiality challenge of the
same sustainable development goals. Tensile architecture is lightweight by nature, which reduces the
material use. This reduction in turn limits the embodied carbon of the material.

The current body of knowledge regarding textile engineering shows a wide variety of different types of
textiles in architecture. In parallel, the knowledge around the bending of semi-rigid elements such as
the OPV strips supports their use in curved geometries. However, gaps remain relating to the use of
uncoated textiles in tensile structures, as well as the non-adhesive integration of semi-rigid elements
such as OPV strips.

Given the context, the main research question of this thesis was:

To what extent can an uncoated woven hybrid textile, using non-adhesively integrated solar cells, be
applied in doubly curved tensile structures?.

SUNTEX, a newly developed hybrid textile consisting of rPET yarns and slender OPV strips, de-
fined the scope of this research. A number of design parameters was established to determine the
largest possible surface area, or maximum coverage, of OPV strips on a hyperbolic parabola and a
saddle surface between arches, or barrel vault. To this end, a two-step computational analysis, using
the Easy and Rhino Grasshopper software packages was performed. The analysis tool was designed
to be compatible with current, conventional design workflows.

Results from the research showed an OPV strip coverage on the hyperbolic parabola of 23%. This
best case scenario was produced on a shape which was divided into 5 cutting pattern segments. The
barrel vault supported a maximum of 30% of the total surface area. This coverage was achieved on a
shape which was divided into 5 cutting pattern segments. These results are global optima, as either
increasing or decreasing the numerical design parameters results in a reduction of coverage on both
shapes.

The conclusion of this thesis is that SUNTEX can be applied on doubly curved surfaces with a
coverage up to 30%, depending on the type of shape that is used in the design, as well as the right
combination of design parameters. Within a design sequence, the iterative analysis method that was
researched in this thesis should therefore be applied twice. Once at the early design stages, and once
at the detailed design stage.
It is recommended that the design parameters are further explored to better understand their influence
on the coverage on various shapes. Apart from that, the analysis method itself should be evaluated to
reduce the run time, and improve of the accuracy of the results.

Keywords: textile architecture, solar textiles, functional integration, developable surfaces, parametric
modelling
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Nomenclature

Terms

Term Definition

Coverage The proportional surface area that can be covered by a specified
volume or weight of a substance.

Cutting pattern The representation of the components of a membrane structure
when flattened into a 2D shape.

Easy Software package that performs form finding, structural analysis
and cutting pattern generation on membrane structures.

Embodied carbon The carbon emissions associated with the mining and construc-
tion of materials.

Fabric Cloth that is produced by knitting or weaving yarns in a given pat-
tern.

Force density Force per unit length that is applied to a shape in order to perform
form finding.

Functional integration The integration of a material into a textile structure with a specific
functionality.

Grasshopper Parametric tool within the Rhinoceros 3D modelling environment.
Hybrid textile Fabric that contains multiple types of structural yarn.
Membrane A flexible, thin surface that carries loads primarily through tension.
Minimal surface Smallest possible surface area under uniform internal stresses.
Radius of curvature The radius of a circle that best approximates a section of a curve

at a specific point.
Strain compensation factor Percentage by which cutting patterns are shrunk to ensure a fully

tensioned surface.
Sleeve Part of SUNTEX that keeps OPV strips in place.
Surface Geometrical set op points that has a length and width but no thick-

ness.
Warp The longitudinally oriented yarns on a weaving loom.
Weaving The act of interlacing warp and weft yarns to produce fabrics.
Weft The transversely oriented yarns on a weaving loom, perpendicu-

lar to the warp.
Yield The amount of energy that is harvested from the photovoltaic

cells.
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BIPV Building integrated photovoltaics
EFTE Ethylene Tetrafluoroethylene
FPV Flexible photovoltaics
IEA International Energy Agency
OPV Organic Photovoltaics
PTFE Polytetrafluoroethylene
rPET recycled Polyethylene Terephthalate
TE-FPV Textile envelope integrated flexible photovoltaics

Symbols

Symbol Definition Unit

E Elasticity modulus [Pa]
FT Tensile strength [N]
G Shear modulus [Pa]
R Radius of curvature [m]

γ Shear angle [rad]
κ Curvature [m-1]
σ Maximum membrane stress [Pa]



1
Introduction

1.1. Problem context
Globally, buildings account for approximately 37% of all carbon emissions. The majority of these emis-
sions, around 80%, come from the operational energy use by lighting and climate installations, to name
a few examples [2]. In the Paris agreement, the goal was set to restrict the global average tempera-
ture increase to 2°C above pre-industrial levels, and ”to limit the temperature increase to 1.5°C above
pre-industrial levels” [36]. This goal was reiterated during the COP28 summit in Dubai in 2023, where
the pledge was made to ”keep the global temperature limit of 1.5°C within reach” [11]. In parallel to
this, the Global Alliance for Buildings and Construction reports a steady increase in energy demand
from buildings, with a 4% increase between 2020 and 2021 alone [2]. This presents a contrast which
requires sustainable solutions that both keep up with demand and reduce carbon emissions.

One proven viable source of sustainable energy is solar power, which is becoming more common
at an increasing rate [1]. The International Energy Agency reported that solar PV generation exceeded
1000TWh for the first time in 2021. This constitutes the second largest increase in renewable energy
generation after wind energy. However, a 25% increase of PV energy generation is needed per year
to follow the Net Zero Emissions by 2050 Scenario, at a value of 7000 TWh of solar power. As of
2022, solar energy power capacity is projected to surpass the capacity of coal by 2027. This forecast is
displayed in figure 1.1. In order to maintain this projection the IEA argue that, along with more ambitious
policy, the applications of solar power need to become even more widespread [1].

IEA. CC BY 4.0. 
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Figure 1.1: Share of cumulative power capacity by technology, 2010-2027 [1]

17



1.1. Problem context 18

Currently, the most widely applied form of solar PV is crystalline silicon, which makes up 95% of the
global market. Panels using this technology have been manufactured for around 50 years, and have
been continuously developed since. For example, since 1990, the maximum achievable efficiency
using crystalline silicon has doubled from 10% to around 20% [23][20].

Figure 1.2: Solar park overview [14]

The applications of solar PV technology mostly
comprise the generation of electricity. To this end, the
PV panels can be used in configurations of varying
scale. In figure 1.2, one type of large-scale implemen-
tation of solar cells can be observed. The solar park in
the image is made up of a plot of land on which the so-
lar panels are placed in an orientation that maximises
their electricity generation potential. Since solar parks
are usually of large scale, they are placed at distance
from the energy recipients. This solution will require
additional infrastructure to transport the electricity from
the park to recipients, or to an energy storage facil-
ity. These additional facilities will put extra strain on
the electricity network, as well as result in extra op-
erational and maintenance cost. An alternative could
therefore be to place the solar cells closer to potential
users.

In terms of eliminating additional infrastructure, the most economic solution is the harvesting of solar
power on-site, which means that all energy generated is used by the user of the specific site. Examples
of this strategy are the application of solar cells onto buildings at the roof, facade or elsewhere. They
can simply be added on top of the existing structure, or used to replace certain building components.
The latter option implicates the use of the solar cells as both an energy generating tool, as well as a
building element. If this is the case, the solar cells are referred to as Building Integrated Photovoltaics,
or BIPV. Two examples of BIPV can be found in figure 1.3 below.

Subfigure 1.3a shows the implementation of solar cells into a more secondary building function,
as partial solar shading. Therefore they do not contribute to the structural function of the building.
Subfigure 1.3b on the other hand, shows a more structural implementation of the solar cells into glass
panels that form the outer shell of the facade. In this sense, the solar panels have both a structural and
energy generating function. In both situations, the cells are placed on planar surfaces. Solar panels
are most commonly produced this way, because their power production is highest when the cells are
at a normal orientation to the sun’s radiation vector [24].

Alternatively, solar panels can be combined with lighter structural supports in various ways. An
example of this is new Google campus in Mountain View, California, shown in figure 1.4. This structure
uses a curved grid of steel elements to support the roof, which is covered in solar cells. This curvature
is retained by using a dragon scale-like configuration of the solar cells.

The examples in figures 1.3 and 1.4 show that the current uses of BIPV mostly have non-structural

(a) BIPV in a roof structure [37] (b) BIPV in a facade structure [15]

Figure 1.3: BIPV examples
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(a) Dragonscale solar cell overview [5] (b) Dragonscale solar cell substructure [18]

Figure 1.4: Curved roof with planar ’Dragonscale’ solar cells

double functions, or require heavier core structures in order to function as a structural part of a building.
With the aforementioned reduction of carbon emissions in mind, the question arises if there is a struc-
tural system that can provide large surface areas that can be covered in solar cells, while maintaining
a low environmental impact.

One solution to this question can be found in tensile architecture. Tensile architecture comprises
the use of membrane-like materials to span surface areas of varying size. These membrane structures
have a unique combination of properties. They are lightweight, highly flexible, pliable, translucent and
have the ability to be used in architecturally expressive shapes. Since these structures are only loaded
in tension and adjust their shape according to the force flow through the surface, they are considered
optimal, meaning that a minimal amount of material is used to cover spaces [34].

Textile has been used in construction for millennia, but since the second half of the twentieth century,
the field of textile engineering has been more thoroughly researched by pioneers such as Frei Otto
and Buckminster Fuller. Frei Otto’s work includes the research of shapes by using soap-film scale
models, an example of which can be seen in figure 1.5. Buckminster Fuller incorporated mathematics
into geometric design, most prominent for geodesic domes, which were sometimes covered with a
membrane foil [13]. The developments that have followed since have allowed more complex designs
to be executed in textile, see figure 1.6. Current developments focus on multiple aspects of the material
and design methods, from generating composite materials for specific uses [30], to different methods
to computationally model the structural behaviour of textiles [39].

If BIPV is to be applied to tensile architecture, more lightweight and flexible alternatives to the con-
ventional solar panels have to be used. Over the last decades, the development of flexible photovoltaics
has delivered various options for solar cells that can be shaped in a curved manner. Three different
technologies have shown promising results in terms of performance. Those are amorphous silicon,
which is also common in the conventional photovoltaic panels, organic photovoltaics and perovskites.
All three technologies can be printed into flexible panels, offering efficiencies up to 18%. The use of
flexible photovoltaics on a large scale has not been implemented frequently yet, but research is ongoing
to improve the performance of the technology [40].

Figure 1.5: Frei Otto soap film model [41] Figure 1.6: Contemporary tensile architecture [10]
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Figure 1.7: SUNTEX weaving pattern overview [19]

1.2. SUNTEX
The large spans of tensile architecture can provide a basis for new applications of flexible solar cells.
The newly developed textile SUNTEX, conceptualised by Studio Pauline van Dongen, is an example
of this very combination. The textile allows the textile to be applied both in conventional buildings, as
well as tensile architecture [12].

The innovation in SUNTEX is most prominent in the method of integration of the solar cells. As
opposed to more conventional methods, SUNTEX is woven in such a way that sleeves are formed in
the fabric. These sleeves can be filled with strips of flexible Organic Photovoltaics, or OPV. The result
of this is shown in figure 1.7.
The development of SUNTEX has seen two stages completed. In the first stage, the feasibility of the
fabric was investigated by Bakr [4], whose research focused on the feasibility of the combination of
textile and solar cells as a structural fabric. The final layout comprised a 50% coverage of the textile
panel with PV strips, which is shown in figure 1.7 [4].

Woven fabrics respond to shear forces in a unique way, that determines the ability to be shaped in
double curvature, a concept which will be explained in section 2.2.

In her research on the shear behaviour of SUNTEX, Ramos investigated the shear behaviour of the
textile. This included the determination of the elastic modulus, the shear modulus and shear stiffness
for angles up to 30 degrees. This was achieved through bi-axial shearing tests [29].

In this thesis, the material properties and existing knowledge on textile geometry are used to determine
to what extent SUNTEX can be implemented into doubly curved tensile architecture. This is done
to determine design boundaries for the textile in terms of its shaping. Apart from that, analysing the
coverage will provide insights into the solar energy harvesting potential of the fabric in common textile
geometries.



2
Literature review

This chapter outlines the current body of knowledge about textile and functional integration. Each
research area relevant to the problem is explored and conclusions are drawn to form the framework for
the setup and execution of the research, which will be described in later chapters.

2.1. Design principles
Within the scope of tensile architecture, most projects follow the same set of steps to go from initial
ideas to a realised structure. These are:

• Form finding
• Static analysis
• Cutting pattern generation
• Construction engineering

The steps in this process have been researched and collected into a design guide by Mollaert et al,
which has become an industry standard [25]. They will be explained in this section.

2.1.1. Form finding
The procedure to determine the shape of a tensile membrane where equilibrium is achieved is known as
form finding, a term first described by Frei Otto [41]. This process relies primarily on how the boundaries
are arranged and the levels of initial stress applied. Form finding starts by establishing the setup
of all boundary conditions around the area where equilibrium is sought. The equilibrium is found by
solving a set of equilibrium equations. Each distinct boundary condition results in a unique surface
shape, and the variety of potential shapes corresponds to the different possible boundary and support
configurations. The initial stress level doesn’t dictate the surface shape; instead, it serves as a means
to further modify the surface. A shape determined through form finding is one where the combination
of support conditions and initial stress ratios together accomplish membrane equilibrium.

Figure 2.1: Fabric scale model [31]
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Both physical and computational numerical techniques are employed for the form finding process
and design development. In the past, physical models were used, involving soap films, elastic fabrics,
or spring systems to mimic membrane behavior. An example of a form finding model using fabric is
shown in figure 2.1. Before computer models, this was the most intuitive, iterative way to develop
and change shapes [31]. Another alternative is the use of soap films, as displayed in figure 2.2. This
method provides interesting insights into membrane shapes, as these models are relatively simple to
create using rigid wires and thread supports, and provide a visualisation of a uniformly stressed surface
with the smallest possible surface area [41]. Despite their short lifespan, photographs can be taken to
extract relevant geometric data.

Figure 2.2: Soap film model by Frei Otto [41]

Nowadays, computational numerical models are most commonly used in practice. Their starting
point comprises defining boundary conditions, followed by generating a 3D model using sets of non-
linear equations. The core principle behind most computational systems is equilibrium modelling. One
suchmethod is the force density method, defined by Schek in 1974 [32]. Themethod applies a force per
unit length, or force density to a geometry in order to linearize the equations for form finding. The force
density method determines the equilibrium in a shape based on its topology and the force density ratios
between the different cable network directions. In cases where textile is modelled, this cable network
is aligned with the warp and weft directions in the fabric. If the force density is uniformly distributed and
equal everywhere, a minimal surface is obtained. If fixed points and an edge geometry are also defined,
a finite element mesh with approximate nodal coordinates can be constructed. Internal forces at these
nodes can be assessed using various techniques. By applying external loads, the residual nodal forces
that cause instability can be determined. The model then adjusts the mesh positioning until nodal
equilibrium is achieved, resulting in a surface with uniform tensions and curvatures. Several methods,
including force-density and dynamic relaxation, can be employed for form finding and comprehensive
nonlinear analysis. All these methods divide the surface into a network of line elements or orthotropic
mesh elements, allowing the incorporation of other structural elements like masts, beams, and slip
elements into the model [25].

2.1.2. Structural analysis
The second step in the design process is the structural analysis that is performed on the form found
shape. This requires a unique approach, since the assumptions of smaller deflections, as well as linear
behaviour of material and structure, are not suitable for tensile structures. The mathematical models
are therefore completely different, and use an iterative approach [6]. Load assumptions and material
stiffnesses are applied to the textile, after which the analysis is performed. Since the form is closely
linked to the structure, even a small change in the structural analysis phase might require changes to
the form finding. This is another iterative process that continues until stability is reached and the shape
matches relevant requirements [25]. This static analysis is commonly followed by a dynamic analysis,
which can account for non-permanent loads. For tensile structures, these mostly comprise fluctuating
wind loads. This is a crucial part of the design process, as under certain conditions, a slight change in
wind pressure can cause the collapse of the whole structure [6].
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2.1.3. Cutting pattern generation
Woven textiles are generally manufactured on fabric rolls in widths ranging from 2 to 5 metres. Conse-
quently, to transform a flat fabric into a curved shape, the intended curved surface must be divided into
individual cuttable shapes. These shapes are then either sewn or laminated together at their connect-
ing seams. When dealing with doubly curved structures composed of two-dimensional panels featuring
a perpendicular weave, shearing of the weave becomes necessary. The degree of shearing depends
on factors like the flexibility of the coating (if present), the initial stress level, and the maximum width
and length of the panel. Fabrics possess a limited ability to resist shearing forces. To counteract this,
the warp and weft directions align with the primary stresses in the membrane, effectively minimizing
shearing effects. This can be achieved by ensuring that the central lines of the panels follow geodesic
paths across the curved surface. These geodesic paths are the shortest connection between two ends
of the surface, and therefore have no sideways curvature. These paths can be followed by a flat piece
of fabric without undergoing shearing. This practice not only caters to material efficiency but also en-
hances precision [25].

Another crucial factor in panel creation is determining the strain compensation factor. This involves
reducing the size of the cut pattern by an amount that allows the panel to elongate during installation,
achieving the desired initial stress and preventing wrinkling in critical areas.

Creating the patterns involves three key steps: breaking down a surface into separate fabric shapes,
flattening the 3D structure onto a 2D plane, and calculating compensation values.

Figure 2.3: Cutting pattern generation [25]

The consideration of the cutting patterns is incorporated early in the design process, both during
the form finding and structural analysis phases. The connection of adjacent panels requires selecting
an appropriate seaming technique based on the type and composition of the membrane. Options in-
clude sewing, welding, and adhesive bonding. Sewing involves overlaps and stitches to mechanically
interlock the panels, providing flexibility suitable for convertible roof structures. However, stitching di-
minishes the fabric’s mechanical strength and water resistance. Welding, a favored alternative, fuses
the coating material together in the case of coated fabrics. High-frequency welding is employed for
PVC-coated polyester panels, while heat welding is used for PTFE-coated glass and ETFE foils. Vul-
canization is specifically employed for silicon-coated fabrics, whereas adhesives are used otherwise.
[25].

2.1.4. Construction engineering
Construction engineering is the final step in the design process, and comprises the detail design of
boundaries, cable sleeves, and anything relating to the connection between the textile and the support
structure. A plan is also drafted on how to transport and install the textile, which is often very large in
area. The special attention that needs to be paid to this fact is also determined in this stage [25].

As shown in this section, the general design principles behind tensile architecture are at this point well
researched and documented. A clear set of steps exists from initial ideas to construction. However, the
design guides show no standardised design steps with regards to the integration of additional elements
like solar cells. Particularly if those elements do not have a structural function. The current standard
practice also heavily relies on coated materials to create the architecture, which leaves examples using
uncoated fabrics scarce.
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2.2. Geometry
The most efficient load transfer in structures occurs when shapes allow forces to transmit solely through
compression or tension. Compression structures include shells, often made out of concrete, steel or
timber. Tensile structures on the other hand are often executed as membranes, which use a variety of
fabrics. These structures rely on tension forces within the membrane, achieved through prestressing
and curvature, to establish structural stability. The unique design workflow of tensile structures involves
the manipulation of boundary conditions and support geometries to achieve the optimal form for the
intended purpose. This allows the surface to take on a wide variety of free-form shapes [26].

Structural stability in tensile membranes can be achieved by utilizing anticlastic forms, which are
characterized by curvature in opposite directions along the axes of principal curvature. This concept is
illustrated through cable mechanics. Stabilizing a point on a cable within a plane requires three tensile
forces. Extending this stability into three-dimensional space requires a fourth force acting perpendicu-
larly. Full stabilization of all cable points needs additional pairs of opposing forces. This process is akin
to introducing extra sets of cables perpendicular to the main cable, resulting in a stabilized anticlastic
surface. An overview of this logic is given in figure 2.4.

Figure 2.4: Cable mechanics in tensile structures [26]

Alternatively, synclastic membrane structures derive their shape and stability from variations in fluid
or gas pressure across the membrane’s surface. This requires a closed membrane in order to contain
the pressure. The synclastic form finds applications in air-supported structures, air-inflated cushions,
and to a lesser extent, hydrostatically shaped structures. Both the synclastic and anticlastic principles
are displayed in figure 2.5.

Figure 2.5: Types of geometric curvature and their durvature directions

Taking a closer look into the anticlastic principle, the warp and weft directions of the used fabric
are aligned with load paths or principal curvature directions. These curvature directions are shown
in figure 2.6. The equilibrium of the surface is maintained by edge reinforcements arranged spatially
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using suspending and supporting elements. By manipulating the configuration of internal and external
supports, designers can achieve distinctive anticlastic doubly-curved forms. For large-area anticlastic
structures, it’s preferable to construct them as grouped single structures. This approach is favored over
expanding individual structures, as a significant increase in prestress load makes the prestressing pro-
cess cumbersome and may necessitate the use of high-strength fabrics to manage elevated stresses
[25].

Architectural textiles are in essence either coated woven fabrics or extruded plastic foils. This is
why the term “membranes” is used to refer to them collectively. Typically, a coated fabric is composed
of a woven textile which acts as the reinforcement compressed between two layers of coatings. The
coatings provide protection against environmental influences, as well as fire. This makes the textiles
suitable for use as a building envelope. In contrast, uncoated textiles rely on the properties of the yarns
or fibres themselves for durability [8].

The characteristics of the woven fabric provide the stiffness and strength that are needed to with-
stand prestressing and any external loads. This prestressing and the geometrical shape are closely
related, as stability with minimal prestressing is only possible when the radii of the double curvature
are as small as possible. In order to achieve this in practice, the membrane is translated into cutting
pieces or patterns with a curved geometry. These are then used to cut out pieces of fabric that can be
put together to form the three-dimensional shape [9].

To conclude, geometrical principles allow textiles to be applied in structures of varying curvature.
However, the notion that curvature and prestress are closely related currently does not provide insights
into how the fabric behaves on a detailed level, such as the PV sleeve edges. Knowledge about a
method to model and analyse the behaviour of such a detail, as well as the interaction between fabric
and PV strip does exist, but has so far not been used on full-scale geometries.

Figure 2.6: Synclastic and anticlastic: principal curvature directions

2.3. Functional integration in tensile structures
The integration of solar cells into, in this case, textile, falls under a category of tensile architecture
that relies on so-called functional integration. In order to provide a scope for functional integration,
the following definition by Sennewald et al is used: ”Functional integration refers to the creation of an
additional functionality beyond the original function of the woven fabric.” [33]. They elaborate by stating
that the additional functionality can be achieved by applying other distinct materials that have one or
multiple specific properties to the fabric, under the condition that the combination remains functional
[33].

A review by Li et al [22] shows a small variety of textiles with integrated PV cells that have been
manufactured to this day to form so-called hybrid textiles. Buildings that are realised with functional
integration are shown to be constructed using a different process, so no two examples are the same
in any respect. Textiles includes EFTE foil, PTFE coated woven glassfiber and PVC coated woven
polyester. Different types of flexible photovoltaics, or FPV, exist that have been used to integrate the
solar energy functionality onto the textiles above. The types considered are amorphous silicon solar
cells, CIGS solar cells and organic solar cells or OPV. Various methods were used to integrate the
FPV into the various textile types, as shown in figure 2.7. The first method comprises the mechanical
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integration of the FPV by welding the edges of the FPV base, or substrate, to the textile. Using the
second method, the FPV is laminated onto the textile. The last method involves the direct printing of
the FPV onto the textile which serves as a substrate.

Figure 2.7: Integration methods for FPV. a: Mechanical integration; b: Lamination; c: Printing [22]

Integration is referred to as a textile envelope with integrated flexible photovoltaics, or TE-FPV.
Various examples have been realised, all using unique combinations of PV and textiles. One example
to look at is the Japanese pavilion for the 2010 Shanghai World Expo, as shown in figure 2.8a. This
project, with the name ’Breathing Organism’, was made up of two-layer EFTE cushions, which create
an clear separation between the inside and the outside. The amorphous silicon solar cells were placed
on the inner layer of EFTE, in order to generate electricity to power the LED lighting. The air inside the
cushions, apart from maintaining the cushion shapes, was used as thermal energy storage.

Another example is possibly the first experiment with TE-FPV in 1998, shown in figure 2.8b. This
project, named ’Under the Sun’, consisted of a PVC canopy with flexible amorphous solar cells lami-
nated onto its surface. The structure was designed as a solar shading structure that could demonstrate
the potential for off-grid power generation for temporary or permanent structures [17].

A third example, shown in figure 2.8c, was the German Pavilion for the Milan 2015 Expo. This
structure was meant to show the potential of using flexible OPV in tensile architecture. It used OPV
which was laminated between two sheets of EFTE foil and hung in a cable net structure between the
canopies to create the esthetic of seedlings [7]. This cable net was not just a structural component, but
also served to transport the generated power to the lighting in the structure [22].

These three examples show that the integration of FPV in tensile geometries is viable. However, the
review by Li et al shows that projects like these have very unique requirements and therefore a unique
design process. This makes standardisation difficult. Another point to note is that all textiles make use
of either EFTE or coated woven textiles in order to comply with structural regulations. In this sense,
uncoated woven textiles remain unexplored as an alternative, due to their general lack of weather
tightness and fire retardency. This knowledge gap is in part filled by research done by Bakr [4] and
Ramos [29]. However, these theses focus on more fundamental and mechanical aspects of the textile
itself, and do not focus on the shaping aspects of the uncoated textile.

Another important observation from the examples is that all types of FPV are placed onto the textiles
using some form of adhesive method, or they are placed in a configuration next to the textile, like the
example in figure 2.8c. This limits the demountability and therefore recyclability of the materials. Li
et al call for more investigation in terms of the performance prediction by computational analysis and
simulation, as it is proposed as a cost-efficient and fast way to design TE-FPV applications [22].
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Figure 2.8: Application examples of TE-FPV. a: Japanese pavilion for the Shanghai expo; b: Under the Sun; c: German
Pavilion at the Milan Expo [22]

2.4. Developable surface modelling
When applying strips of PV on a curved textile, special attention needs to be paid to the shaping of those
cells, and more importantly the limitations of shaping. Given the geometry of most FPV, which has very
limited thickness compared to its length and width, they can be regarded as developable surfaces. In
order to understand developable surfaces, its geodesic property needs to be known. Wallner et al
provide an explanation for this property in their research into the discretisation of surfaces into curved
timber panels. They consider long and thin panels to have a weak and strong axis. The weak axis
allows for relatively large amounts of bending, as well as twisting. The strong axis allows little to no
bending [38].
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(a) Bending around weak axis (b) Torsion (c) Bending around strong axis

Figure 2.9: The geodesic property of panels

If these panels are flattened out, they follow a geodesic curve. A geodesic curve in turn is defined
as the shortest distance between two points on a surface. This is shown in figure 2.10. In case of a flat
surface, this means that a straight line is formed, or a line with zero geodesic or sideways curvature.
With this in mind, taking a rectangular developable surface and bringing it into space, the element will
retain a constant width. In other words there will be no stretching or tearing [38].

This geodesic property of an element with constant width provides the backbone of various methods
to populate surfaces with geodesic curves, and subsequently decompose the surfaces into developable
strips. The insights from these methods help to determine how and to what extent these curves can
be placed on surfaces at all. When applying curves onto surfaces computationally, shapes are often
represented using triangulated meshes. This means that the geodesic curves will be represented by
polylines, which form the shortest connections between the mesh corners. This can lead to certain
ambiguities. Polthier et al solve this by introducing the concept of so-called straightest geodesics
[27]. The application of straightest geodesics uses distance fields, the algorithms for which have been
researched extensively for various cases.

In other words, important insights can be taken from the state-of-the-art in terms of how geodesic
curves and developable surfaces can be employed in curved geometries. An important takeaway is the
distinction between the strong and weak bending axes, and the use and limitations of using geodesic
curves on curved surfaces as the base for panels. This is important to note because it differs from
textile modelling on one crucial aspect, namely the use of bending stiffness of a material. One limiting
aspect of the current body of knowledge is that the research focuses mostly on discretising a surface
into panels, as opposed to having the panels and surfaces interact with one another. Another limitation
is that all the previous research makes use of materials that are well-researched and serve the purpose
of being a structural element. This changes the nature of the questions and assumptions that are done
with respect to the amount of curvature, location and orientation of the panels onto the target surfaces.
Also, the surfaces are merely used as a reference, and not as a base which the developable surfaces
must follow to within a limited tolerance.

Figure 2.10: Geodesic curves as the shortest path between two points [28]
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2.5. Problem statement
Assessing the state of the art as described in this chapter, various research gaps can be identified.
Firstly, there are unanswered questions when it comes to the place that non-adhesive functional in-
tegration will take within the design process. The examples from section 2.3 show that each project
has a unique design process. Consequently, apart from the design steps as described in section 2.1,
no overarching principles are present. As described before, the design process is an iterative process
within each step and between various steps, so a clear definition of the integration of the additional
elements is vital for the success of any project.

Secondly, although functional integration using OPV is already seen in practice, no peer-reviewed
examples exist of non-adhesive integration of any type. Apart from that, all adhesive methods rely on
coated fabrics.

Lastly, the understanding around the modelling of OPV as developable surfaces requires further
research. This is due to the fact that most research done on this topic considers the developable
surfaces as structural elements that will approximate a base surface. The interaction between straight
OPV strips and a curved textile sleeve requires specific assumptions and tolerances for which the
current body of knowledge provides a starting point, but insufficient answers.

The aforementioned gaps come together in the research regarding the shaping capabilities of SUN-
TEX. In order to understand how SUNTEX works and how it can be used, the design process needs
to be explored, so that any additional requirements might become clear. In terms of the geometrical
limitations of SUNTEX, the material needs to be analysed while used in common anticlastic shapes. In
addition, the interaction between the OPV cells and the fabric sleeves needs to be explored in order to
define boundaries for the shaping of the fabric.



3
Research design

Chapters 1 and 2 have established the relevance and context to this thesis, as well as a state of the art
regarding the relevant research areas. This chapter builds on this foundation by determining the goal
of this research, as well as the questions that need to be answered to this end. These are described in
section 3.1. They are followed up by the scope of the project in section 3.2, where the relevant parts
and boundaries of the project are stated. The last section, section 3.3, contains a description of the
methods that were applied in this thesis.

3.1. Research goal and questions
The objective of this thesis is to investigate the extent to which hybrid textile using non-adhesive in-
tegrated PV strips can be shaped in double curvature under static loading. The main question that
follows from this goal is therefore:

To what extent can an uncoated woven hybrid textile, using non-adhesively integrated solar cells, be
applied in doubly curved tensile structures?

In order to answer this question, the following sub-questions have to be answered:

1. Which design parameters are important to consider when covering textile with OPV strips?
2. How can the coverage of a textile shape with OPV strips be modelled computationally?
3. Where does functional integration fit in the general design workflow for hybrid textiles?

3.2. Scope
To answer these research questions as posed in section 3.1, the scope of this research is defined with
regards to three elements, being the material, the geometries and the computational methods.

Firstly, the material used in this research is SUNTEX. Due to the lack of a case study in this thesis,
only the self weight of the fabric will be taken into consideration when constructing the shape. Dynamic,
temporary loads are not included in the structural analysis. In addition, the target coverage and yield
of SUNTEX are listed below [4]:

• An OPV to fabric proportional coverage of 50%
• An energy generation yield of around 6.8 watts per m2

Secondly, a geometrical constraint is defined for the modelling of SUNTEX. Based on its material
properties and the fact that the material is uncoated, anticlastic shapes were the only shapes consid-
ered. Within this category, two basic shapes can be distinguished, of which all other occurring shapes
are either a variation or a combination. These two shapes are saddle surfaces and barrel vaults.

Lastly, the method for shaping and analysing SUNTEX is determined. The initial form finding and
static analyses were performed in Easy GmbH, an industry-standard tensile architecture program. The
parameter study and analysis of the textile on the basic shapes will be performed in Rhino Grasshopper.
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3.3. Methodology
Based on the scope as described before, the methodology for the research is established (figure 3.1).
Each sub-question, as described in section 3.1, requires a separate approach to draw the final conclu-
sions. Sub-questions 1 and 3 are answered largely by the outcomes of the literature review, described
in chapter 2. Sub-question 2 is answered by performing a parametric design study, which is set out
in chapter 4. This study is performed in two steps, which have been already introduced in section 3.2.
Firstly, the Easy GmbH software is used to construct the shapes that are analysed. Secondly, Rhino
Grasshopper is used to calibrate the Easy results, and analyse the shapes for the placement of solar
cells. A detailed overview of these steps is shown in figure 3.2.

Parametric modelling 
study

Results & discussion

Main research question

Research sub-question 3 Research sub-question 2Research sub-quesion 1

Conclusions

Literature review

Figure 3.1: Overview of the methods to answer the research questions as listed above
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Figure 3.2: Detailed overview of the two steps of the parametric modelling study



4
Shape generation and analysis

This chapter describes the computational program that was set up in order to answer the research
questions. This program comprises three main steps. The first is a number of physical trials that was
set up in order to gain insights into the behaviour of textile under loading, see appendix A. The second
step is the construction of a form finding workflow in order to generate shapes. The third step is the
analysis of the shapes in terms of both their curvature, and their OPV coverage.

The first step to get to the analysis of the shapes is the determination of the material properties,
as well as the shaping boundaries that are applied to the geometries. Afterwards, the computational
software is briefly discussed to determine the use cases and limitations. This is then followed by the
previously described research workflow and its validation.

4.1. Material properties
In chapter 1, the material SUNTEX was introduced as a hybrid textile, composed of rPET fabric and
OPV strips. One aspect that determines the coverage is the production layout of the textile. The lay-
out as adopted from previous research comprises a 50% coverage of the fabric with sleeves to fit OPV
strips. This is achieved by weaving 30mm wide sleeves into the textile using monofilaments in the warp
direction. This results in sleeves that are oriented in the transverse, or weft direction. These sleeves
are then filled with 25mmwide OPV strips while weaving. An example of an OPV strip is shown in figure
4.1. In order to achieve the 50% coverage, the sleeves are placed at 60mm intervals. In this configura-
tion, which is shown in figure 4.2, textile failure was shown to occur at the ends of the solar cells. This is
due to high contact stresses that develop under extreme loading. Previous research recommends that
the OPV should not be designed to carry load. Another important observation from his research is that
the so-called active area of the strips, meaning the area where sunlight is actually converted to elec-
tricity, does not encompass 100% of the strip surface area, but only 52,8% [4]. This influences the final
solar power yield, but has no influence on the geometrical challenges which are discussed in this thesis.

Figure 4.1: OPV strip overview, sample size 25x500 mm [4]

Having established the aforementioned, the next stage of the SUNTEX project comprised experi-
mental research, which established the material properties of SUNTEX. These properties are needed
for the form finding stage of the research. The properties are listed in the tables below. In table 4.1,
the tensile strength, maximum membrane stress and modulus of elasticity are given for both the warp
and weft directions. In table 4.2, the shear stiffnesses of the material is shown. Her research found
two distinct values, one for shear angles below 2.5 degrees and one for shear angles between 2.5 and
27 degrees [29].
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FT σmax E
Warp 56 11.2 62
Weft 68 13.6 58

Table 4.1: rPET fabric material properties, unit [kN/m]
[29]

G
0 ≤ γ ≤ 2.5 42
2.5 ≤ γ ≤ 27 17

Table 4.2: rPET fabric shear stiffness, unit [kN/m] [29]

Figure 4.2: Schematic SUNTEX layout [4]

4.2. Shaping boundaries
In order to define a limit of curvature for SUNTEX, the interaction between the OPV strips and textile
sleeves is looked into in more detail. As established in section 4.1, the SUNTEX layout remains un-
changed. This means that the sleeves are modelled with a width of 30mm for OPV strips of 25mm,
leaving a 5mm gap. This results in room for geodesic curvature in the textile. This phenomenon is
shown in figure 4.3.

25mm 30mm

1.5m

1.5m

Figure 4.3: Detail of geodesic bending in SUNTEX OPV sleeves
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As was also described in section 4.1, previous research showed that the OPV should not be de-
signed to carry loads. This means that the edges of the OPV strips cannot come into contact with the
edges of the sleeves. Since the sleeves are 5 mm wider than the OPV strips, there is limited room for
geodesic curvature in the textile. This curvature limit needs to be known in order to provide a design
space for curving the textile after the production of the cutting patterns. Within this design space, no
contact stresses are expected between the OPV strips and the sleeves when the structure is erected.

The situation in figure 4.3 shows the limit state for curvature, as the top corners and bottom edge
are just about to make contact with the edges of the sleeve. This limit state is used in order to define the
largest allowable curvature, or the smallest radius of curvature in the sideways direction. This process
involves a simple hand calculation based on the Pythagorean principle. The necessary parameters are
displayed in figure 4.4.

Maximum allowed deviation, Rdev,max

Half of the PV strip length, L/2

Rcrv,min - Rdev,max

Minimum curve radius, Rcrv,min

Figure 4.4: Calculation parameters for the determination of the minimum radius of curvature

The maximum allowed deviation is a set value of 5mm, but the other parameters are left free to
manipulate. The final equation to establish the curvature boundary is therefore found to be:

A2 +B2 = C2 ⇒ L2

8 ∗Rdev,max
+

Rdev,max

2
= Rcrv,min (4.1)

Where the inverse of the radius of curvature equals the curvature in the sleeve, or:

1

R
= κ (4.2)

From the state of the art, which was established in chapter 2, anticlastic geometries are know to
have a common basis, which can be roughly divided into three shape categories. These categories are
depicted in figure 4.5. Two of these, the cones and conoids, have a radial ground plane, whereas the
saddle shapes have a cartesian ground plane. Within the scope of this research, two saddle shapes are
modelled. One shape is modelled as a simple saddle surface or hyperbolic parabola. The other shape
is modelled as a saddle surface between arches, otherwise known as a barrel vault. Representations
for these shapes can be seen in figure 4.5 at the bottom left and right respectively.
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Figure 4.5: Tensile structure shapes [26]

For this research, the orientation of the warp and weft directions of SUNTEX are set to follow the
principle directions of curvature on the shapes. These directions are drawn into the shapes of figure
4.5. This is done in accordance with conventional design techniques as described in section 2.1, in
order to ease the process of integrating the research steps into more conventional design workflows if
the research were to be used in industry.

4.3. Computational software
For the first computational step, the technet GmbH software package Easy is used. It is made up
of several modules, each of which forms a step in the process of form finding, statical analysis and
cutting pattern generation. Each individual step returns a text file, containing all information about the
geometry and its properties. Alternatively, the produced shapes can be exported as digital drawing
files. This method is used in the scope of this research. The workflow in Easy is depicted in figure 4.6.
The method of form finding in Easy is the force density method, which requires an assigned initial mesh
length, force density, and stiffness in order to determine the final shape of the geometry.

Figure 4.6: Easy workflow

The first step in the form finding process is the definition of a shape. This is done by defining
boundary conditions such as fixed boundary points, boundary curvature, force density and mesh size.
The program then constructs the closed boundary, as well as the internal net that will represent the
geometry. The next step is the application of the force density onto the net, which will pull it into shape.
An example of a finished geometry is shown in figure 4.7.

For the generation of the cutting patterns, the form found geometry from the precious step serves
as the input. Geodesic curves are drawn onto the surface, either manually or automatically. For the
automatic drawing, the desired amount or width of the patterns, as well as the orientation of the geom-
etry is used as input boundary condition. The geometry is then cut along the curves and flattened to
reveal the shape of the cutting patterns. A visual representation is given in figure 4.8 [35].
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Figure 4.7: Form found shape, initial mesh length: 0.5m;
force density: 1N/m; stiffness: 1000N/m

Figure 4.8: Cutting pattern generation through geodesic
curve placement

The last step comprises the re-tensioning of the cutting patterns from the last step in order to form
the initially form found shape. This gave the most accurate representation of how the patterns and
seams will act in reality. This process is visualised in figure 4.9.

Figure 4.9: Full Easy workflow overview

The Easy software provides the ability to alter the workflow steps because of the fact that they are
split up. The main limitation of this is that, while iterating design decisions, changes have to be made
manually and automation is limited. This is mitigated by replicating the shapes in Rhino Grasshopper
and performing the parametric study on those shapes.

From Easy, the final patterned shape can be exported to Grasshopper. This program is used for
the analysis of the geometries for curvature. Within Grasshopper, the end goal is to produce a compli-
ance check to see whether the curvature of the cutting patterns remains within the bounds of extreme
curvature of the solar cells, using equation 4.1. The main steps for this workflow are shown in figure
4.10.

Figure 4.10: Grasshopper workflow
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Grasshopper provides the ability to handle various parameters simultaneously. This means that
parameter studies can be performed on multiple pattern segments within the geometries at once. One
drawback of the program is its linear workflow. A set of input parameters is defined, which are taken
through a script to produce a set of outputs. Iterative processes are not standard practice in this work-
flow. Therefore, a plugin by the name of Galapagos is used to create an iterative maximisation tool to
determine the maximum amount of OPV strips on each geometry.

4.4. Sleeve placement and analysis
Using the material and shaping data as established in the previous sections, the sleeve placement
workflow can be set up. The first step in the process is the construction of a hypar and a barrel vault in
Easy. They are both designed on a rectangular ground plan. The design space for the hypar comprises
a box of 5 by 5 by 2.5 metres. For the barrel vault, a design space of 4 by 6 by 2.5 metres is used. The
difference in size allows for a similar free height under both structures while the same force density is
applied. Both shapes are assigned a mesh of 0.06 by 0.06 metres in order to replicate the distance
between the OPV sleeves. The design spaces for the shapes are shown in figure 4.11.

5m

5m

2.5m

(a) Hypar design space

4m

6m

2.5m

(b) Barrel vault design space

Figure 4.11: Design space overview for the evaluated shapes

The form found shapes provide the basis for the static analysis. This step serves as a check to see
whether the shape, fabric orientation and force density work together to keep the membrane fully in
tension. Both the membrane and edge cable stresses can be viewed and used to perform extra form
finding iterations as needed. The results are visualised, which is shown in figure 4.12.

(a) Hypar results (b) Barrel vault results

Figure 4.12: Visual static analysis results following form finding

The following step is the construction of the cutting patterns, as shown in figure 4.13. In this step,
the maximum allowable width of the produced fabric has to be taken into consideration, in order to
account for the width of the weaving loom. Therefore, a target segment width of 1.75 metres is used.
Another factor that is determined in this step is the stretch compensation factor. As the main fabric
directions are aligned with the two principle axes of curvature, this factor was set empirically at 2%.
This factor ensures the absence of negative tensile forces in the digital model in later stages.
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Figure 4.13: Cutting pattern generation

With the cutting patterns constructed and compensated, the last step involves the hanging up of the
cutting patterns according to the original form found shape. This process is shown in figure 4.14. This
step allows the perpendicular mesh on the patterns to be curved along the geometry. These curved
lines will later be used for the validation of the curvature analysis.

100%

9x%

(a) Hypar pattern shaping sequence

100%

9x%

(b) Barrel vault shaping sequence

Figure 4.14: Cutting pattern compensation and reshaping sequence

With this step complete, the first phase of the research is done, and the shapes are taken into
Grasshopper in order to place and analyse the OPV sleeves. The first step in the Grasshopper workflow
is the calibration of the form found Easy meshes. In order to do this, the shapes are replicated using
the built-in form finding tool in Grasshopper, called Kangaroo2. This method makes use of the dynamic
relaxation method, which requires inputs slightly different from the force density in Easy. The result
of this form finding is then used to find out which parameters are needed in Grasshopper in order
to replicate the Easy form most closely. This includes the parameters for the initial form finding as
described before, but also the manual drawing of geodesic lines in order to replicate the cutting pattern
segments.

Since the Kangaroo2 shape does not have amesh pattern representing the warp and weft directions,
the weft lines have to be constructed on the mesh. This is done through a local analysis of the curvature
of the shape, which results in a number of base points, on which the curves can be placed and projected.
This process is shown in figure 4.15. Firstly, the orientations of all pattern segments have to be aligned.
In order to achieve this, the center line for each segment is drawn. At each base point on this line, the
tangent and normal vectors are extracted, shown in figure 4.15 a, and the cross product is taken to find
the sleeve curve direction. From the normal vector and the curve direction vector, a local alignment
plane is formed, as seen in figure 4.15 b. The third step comprises the projection of the local vector of
the U-direction of the segment onto the plane, as shown in figure 4.15 c. When this is done, the curve
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direction vector is rotated around its base point in order to align with the U-direction. This is depicted in
figure 4.15 d. This rotated vector is then used to draw the sleeve lines and pull them onto the surface,
as seen in figure 4.15 e. Lastly, a buffer needs to be placed at both end of the sleeve lines to allow
room for detailing and connections between the OPV strips. The final result is shown in figure 4.15 f.

FED

CBA

Figure 4.15: Placement of weft curves on the Kangaroo2 mesh

The base vectors as displayed in figure 4.15 a are used for the next step, which is the placement
of projection planes on the midpoint of each weft curve. These planes are used to project the weft
curves onto, which eliminates normal curvature and allows for the geodesic curvature to be measured
on each curve locally. This time, the middle curve tangent and the cross product vector serve as the
local x and y axes, and the normal vector, in blue, is normal to each plane. This can be observed
in figures 4.16 a and b respectively. This local projection method was chosen because of the curved
nature of the shapes. Projecting downwards globally is no longer representative for geodesic curvature
if the surface stands at an angle to the horizontal floor plan.

A B C

Figure 4.16: Projection plane construction for each individual sleeve curve

The projected curves are then given six equally distributed measuring points and subjected to a
curvature analysis component, which measures the curvature of the projected curves on their planes.
This results in a curvature vector for eachmeasuring point, the inverse of which is the radius of curvature
(see equation 4.2). These radii of curvature are subsequently averaged, after which a unity check is
performed using the minimum radius of curvature as determined using equation 4.1. Any sleeve curves
that do not meet the required radius length, are taken out of the database. The remaining curves are
displayed on the analysed shape. For the shapes that are analysed within the scope of this thesis, an
example is given in figure 4.17.
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Figure 4.17: Visualisation of the compliant curves on the analysed shapes

4.5. Validation
In order to draw conclusions from the digital Grasshopper model, the results have to be validated. As
stated earlier, the models as produced in Easy are considered accurate representations of reality due
to the ability of Easy to model the warp and weft directions similar to the geometry’s physical form.
Therefore, the models have to be subjected to a similar curvature analysis to be able to compare these
results. The models that are imported from Easy are line clouds, or groups of lines, that can be sorted
into warp and weft lines. These lines, as shown on the right in figure 4.18, are not continuous, but rather
short, ordered, line segments. These can be joined and then broken in order to reveal points at the
ends of each segment. These points can be isolated and sorted per weft line. the next step involves
the fitting of a plane through each set of lines, which is used to cut the surface. The resulting lines are
continuous curves, which can be analysed equally to the Grasshopper weft lines as explained in the
previous section.

Figure 4.18: Overview of the workflow steps to extract the control points per weft line, fit planes through each set and produce
continuous weft curves.
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Since the Grasshopper logic makes use of continuous surfaces to curve and display the sleeve
curves, the Easy models have to be transformed into surfaces as well. This is done using the weft
line points, that can be used to create patch surfaces between the cutting pattern segments. To check
the accuracy of this construction method, the surfaces are overlaid on the line and point grids, and the
distance between the surfaces and the points is measured, as is shown in figure 4.19. The boundary
conditions can be altered in order to improve the accuracy.

Figure 4.19: Measuring the accuracy of the constructed surfaces against the Easy input line model, using the vertical distance
between the shapes.

After sorting and surface accuracy measuring, the points are used to interpolate curves through.
These curves are smooth, in contrast to the joined segments that were described earlier. This smooth-
ness enables the Grasshopper model to apply the same curvature measurement. These results can
then be extracted and displayed in the same way as the results from the Grasshopper shapes.



5
Results

This chapter outlines the results that were obtained from the research workflows as described in chapter
4. They have been divided into two parts, relating to the analysed shapes. The most significant results
are displayed in this chapter using images and tables, while any additional results can be found in
Appendix B.

5.1. Hypar
The Hypar construction in Easy, as explained previously in section 4.4, results in a shape of 5 by 5 by
2,5 metres with a total surface area of 19,61 m2, as shown in figure 5.1 below.

2.5m

5m5m

Front Side

19,61m2

Figure 5.1: Overview of the hypar layout as constructed in Easy. The shape is constructed on a 5 by 5 ground plan, with a total
height of 2,5 metres. The resulting surface area is 19,61 m2

Using this shape, a first study is done to determine the influence of seam locations on the total
coverage of the surface with OPV. The results are shown below in table 5.3.
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OPV coverage [%] 21,5 19,4
OPV total area [m2] 4,2 3,8

OPV strip length per segment [m] 0,7 | 1,3 | 1,1 | 1,2 | 0,5 - | 0,9 | 1,2 | 1,3 | 0,9 | -

Table 5.1: Hypar seam positioning

The numerical results of this first parameter study are shown in figure 5.2 as well, ranging between
19,4% and 21,5% relative coverage. The total surface area ranges between 3,8 and 4,2 m2. In the
figure, the surface area covered in OPV strips, as well as the percentage of the total surface that is
covered are shown.
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Figure 5.2: Overview of the relative coverage of PV in light blue, as well as the total area covered by said PV in dark blue. The
two bars on the left represent the left hand image in table 5.1. The two rightmost bars represent the right hand figure.

Another parameter that was varied is the PV length on the pattern segments. Table 5.2 shows
the variation of PV length in two scenarios. Three cases have been given one length of OPV strip for
the whole surface, while the case displayed between the double lines has a setup where each pattern
segment is given it’s own PV length.
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OPV coverage [%] 11,6 20,5 21,5 8,6
OPV total area [m2] 2,3 4,0 4,2 1,7
OPV strip length [m] 0,4 1,1 0,7 | 1,3 | 1,1 | 1,2 | 0,5 1,5

Table 5.2: Overview of the hypar shape with varying length of PV, from 0,4m on the left to 1,5 on the right. In between the
double lines, each pattern segment has been given its own PV length.

The numerical results are displayed below in figure 5.3, with a minimum coverage of 8,6% and a
maximum of 21,5%. Similar to figure 5.2, this figure shows the surface area covered in OPV strips in
dark blue, as well as the percentage of the total surface that is covered in light blue. The cases titled ’1L’
received one length of OPV strip for the whole surface, and the third set of bars from the left displays
the case between the double lines in table 5.2.
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Figure 5.3: Overview of the percentual and actual coverage of the hypar shape using varying lengths of OPV strips, ranging
from 0,4m to 1,5m. The order of the bars corresponds to the order of the topviews as shown in table 5.2.

The third parameter that was investigated is the amount of cutting pattern segments in the overall
geometry. For this study, the Kangaroo2 shape was used. This shape is shown below in figure 5.4.
For an equal design space to the Easy shape, and under equal tension, this shape has a surface area
of 19,54 m2.
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Front Side

19,54m2

2.5m

5m5m

Figure 5.4: Overview of the hypar layout as constructed in Kangaroo2. The shape is constructed on a 5 by 5 ground plan, with
a total height of 2,5 metres. The resulting surface area is 19,54 m2

In table 5.3, top views are given of the hypar shape with varying amounts of cutting pattern segments,
ranging from 3 to 9. For these cases, the OPV strip lengths were adjusted per segment to maximise
the coverage on each pattern.

OPV coverage [%] 20,5 22,9 22,7 21,2
OPV total area [m2] 4,0 4,5 4,4 4,1

Table 5.3: Overview of the hypar shape with varying numbers of cutting segments. The variation ran between 3 and 9
segments at uneven intervals.

The numerical results from table 5.3 are visualised in figure 5.5, again displaying the percentual and
actual coverage. In this figure, these parameters are related to the varying amount of cutting pattern
segments, with the percentage on the left axis, and the square metres on the right axis.
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Figure 5.5: Comparison in percentage and square metres for the highest coverage using on length OPV for varying counts of
cutting pattern segments in uneven intervals.

Since the primary determinant of curvature placement is their geodesic curvature, a closer look is
needed into the exact curvature of the lines that are placed onto the surface. Below in table 5.4, the
extreme curvature values for the shapes with the heighest coverage are given.

Rmin [m] Rocc,min [m] Rocc,max [m] Rmin [m] Rocc,min [m] Rocc,max [m]
Segment 1 12,3 395,3 4940,2 9,0 85,7 43351,1
Segment 2 42,3 68,3 10691,8 25,0 259,6 5608,2
Segment 3 30,3 39,2 1989,9 42,3 104,1 1253400
Segment 4 36,0 68,5 22027,9 25,0 260,0 6023,8
Segment 5 6,3 97,4 3777,0 9,0 85,8 31204,7

Table 5.4: Overview of the minimum sleeve curvature radii of the hypar (leftmost value), as well as the smallest (in red) and
largest (in blue) occurring curvature radii on each cutting pattern segment, counted 1 to 5 from left to right, shown in the middle

and right columns respectively.
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5.2. Barrel vault
The barrel vault modelling workflow in Easy resulted in a shape with a design space of 4 by 6 by 2,5
metres, with a total surface area of 27,55 m2, as shown in figure 5.6 below.

4m 6m

2.5m

Front Side

27,55m2

Figure 5.6: Overview of the barrel vault layout as constructed in Easy. The shape is constructed on a 4 by 6 ground plan, with
a total height of 2,5 metres. The resulting surface area is 27,55 m2

For this shape, variation of the location of the seams is linked to the pattern segment count, and
therefore they are seen as one parameter. This is contrary to the hypar as described in section 5.1. As
with the hypar, the first parameter that was varied was the OPV strip length on the pattern segments.
Table 5.5 shows the variation of OPV strip length with one set of pattern segments. Three cases have
one length of OPV strip overall, and one case, between the double lines, has been given a different
OPV strip length for each segment.

OPV coverage [%] 6,5 21,1 26,0 14,6
OPV total area [m2] 1,8 5,9 7,1 4,2
OPV strip length [m] 0,2 1,0 0,3 | 1,4 | 1,0 | 1,4 | 0,3 1,4

Table 5.5: Overview of the barrel vault shape with varying length of PV, from 0,2m on the left to 1,4 on the right. In the case
between the double lines, each pattern segment has been given its own PV length.

The numerical results are displayed below in figure 5.7, ranging from a minimum coverage of 6,5%
to a maximum of 26%. The order of the bars again corresponds to the order of the images in table 5.5
and shows the resulting coverage of the barrel vault with OPV strips, both relatively in light green and
in terms of the actual surface area in dark green.
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Figure 5.7: Overview of the percentual and actual coverage of the barrel vault shape using varying lengths of OPV strips,
ranging from 0,2m to 1,4m. The order of the bars corresponds to the order of the top views as shown in table 5.5.

The other parameter that was investigated, similar to the hypar, is the amount and size of the cutting
pattern segments. For this, the Kangaroo2 clone of the Easy shape was used. This shape has an equal
design space and force density. The resulting shape has a surface area of 29,58 m2, which is shown
below in figure 5.8

Front Side

2.5m

4m 6m

29,58m2

Figure 5.8: Overview of the hypar layout as constructed in Easy. The shape is constructed on a 5 by 5 ground plan, with a total
height of 2,5 metres. The resulting surface area is 19,61 m2
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In table 5.6, a top view is given of the barrel vault shapes, as well as the variation of the amount of
cutting pattern segments.

PV coverage [%] 19,5 27,6 29,6 27,4
PV total area [m2] 5,8 8,2 8,8 8,0

PV coverage [%] 26,7 25,1 24,2
PV total area [m2] 7,9 7,4 7,2

Table 5.6: Overview of the barrel vault shape with varying numbers of cutting segments. The variation ran between 3 and 9
segments.

The numerical results from table 5.6 are again shown in figure 5.9, ranging from a minimum cov-
erage of 19,5% to a maximum of 29,6%. They display the coverage relating to the varying amount of
cutting pattern segments, both in percentage on the left axis, and in square metres on the right axis.
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Figure 5.9: Comparison in percentage and square metres for the highest coverage using on length OPV for the whole shape
on the left, and per pattern segment on the right

Since the primary determinant of curvature placement is their geodesic curvature, a closer look is
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needed into the exact curvature of the lines that are placed onto the surface. Below in table 5.7, the
extreme curvature values for the shapes with the highest coverage are given.

Rmin [m] Rocc,min [m] Rocc,max [m] Rmin [m] Rocc,min [m] Rocc,max [m]
Segment 1 2,3 47,1 21279,5 20,3 31,5 13733,2
Segment 2 49,0 50,2 28455,4 30,3 118,9 104139,8
Segment 3 25,0 32,2 122601,7 25,0 53,6 7942,3
Segment 4 49,0 49,1 15048,4 30,3 119,0 103225,1
Segment 5 2,3 47,1 23452,9 20,3 31,5 13733,7

Table 5.7: Overview of the minimum sleeve curvature radii of the barrel vault (leftmost value), as well as the smallest (in red)
and largest (in blue) occurring curvature radii on each cutting pattern segment, counted 1 to 5 from left to right, shown in the

middle and right columns respectively.



6
Discussion

The results of the research, which were discussed in chapter 5, provided the first insights into the
outcomes of the analysis. From these insights, different trends and behaviours of the models can be
observed. In parallel, the methodology itself can be evaluated in order to provide possibilities for im-
provement. This chapter combines these observations and evaluations. The discussion is structured
according to the research sub-questions, and each paragraph will deal with observations and interpre-
tations that are relevant to their respective sub-question.

6.1. Design parameters
The design parameters as described in chapter 4 have provided the results that were described in
chapter 5. Although the two shapes were constructed under different boundary conditions, they both
show the coverage potential of SUNTEX. They can be compared in terms of their proportional coverage,
which illustrates the efficiency of the shapes. This is done in table 6.1 below for the best case on the
hypar (left) and the barrel vault (right).

OPV strip coverage [%] 22,8 29,6
OPV strip total area [m2] 4,5 8,8
OPV active area [m2] 2,4 4,6

Table 6.1: Shape coverage comparison between the hypar on the left and the barrel vault on the right

The table displays both the total surface area of the OPV strips, as well as the active area. This is
the area of the strips that actually generates energy, covering only 52,8% of the strips. This difference
drives the effective coverage further away from the goal of obtaining 50% coverage on a flat piece of
SUNTEX, as established in section 4.1. The buffer at the edges of the strips is needed for weather
proofing and sealing, so increasing the width of the strips can provide a more efficient active surface
area. This is connected to the fact that the occurrence of monofilaments in the fabric reduces the

52
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Figure 6.1: Overview of the axes of principle curvature for the hypar and barrel vault. The load bearing curvature is shown in
red, and the stabilising curvature in blue.

tensile strength in warp direction [29]. Therefore, increasing the sizes of the sleeves can positively
influence the structural properties of the material, while also increasing the OPV effective area. With
this in mind, since the geometrical properties were leading for the curvature analysis, the total surface
area will be displayed in consequent results. The best cases show that the barrel vault has a higher
coverage, which can be attributed to a number of factors. Firstly, the principle load bearing curvature
axis is parallel to the short sides of the barrel vault, and the principle stabilising curvature axis lies
parallel to the long sides. This enables the placement of the OPV strips more efficiently. On the hypar
however, both principle axes of curvature run from corner to corner, and therefore at a 45 degree angle
relative to the borders of the shape. This orientation leaves triangular shaped patches of textile devoid
of OPV. An overview of both sets of axes of principle curvature is given below in figure 6.1.

This observation can be made for all barrel vault and hypar layouts, irrespective of the amount of
cutting patterns. This is displayed in tables 5.3 and 5.6 for the hypar and barrel vault respectively.
Additionally, figure 6.2 shows the efficiency of the shapes for increasing pattern segment counts.
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Figure 6.2: Comparison of the relative coverage of the hypar and barrel vault shapes



6.1. Design parameters 54

The lines follow the same trend as shown in graphs 5.5 and 5.9, but the comparison in figure 6.2
clearly shows the difference between the two shapes. Based on these results, the barrel vault is a
more efficient shapes for the placement of OPV strips, in the best case by around 10%. In terms of the
cutting pattern segment count, the hypar performs more consistently, with a difference of a few percent
between the best and worst cases. The barrel vault shows more variation in efficiency based on the
amount of segments.

OPV strip lengthBuffer length Buffer length

Total pattern segment width

Figure 6.3: Construction buffer as part of the total cutting pattern segment width.

The downward trend, as seen in figure 6.2 for the increasing amount of pattern segments can be
correlated to the presence of a construction buffer on each end of the segments. This buffer, shown in
figure 6.3, is in place to accommodate tolerances when combining the segments, as well as to leave
room for the electrical connections between the solar cells. The minimum buffer was fixed at 10cm on
each end of the OPV strips at the narrowest point on the segments, as was introduced in chapter 4. Its
influence can be observed when observing the fraction of the segment width that is attributed to this
buffer. this is displayed for the hypar below in figure 6.4.
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Figure 6.4: Hypar shape of segment width assigned to cutting buffers
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The first observation in the graph is the fact that the share of the total width of the segments that is
occupied by the buffers, shown in light blue, increases as the amount of segments increases. This is
an expected outcome, as the buffer is 10cm on each side, regardless of segment width. Therefore, in
narrow segments especially, less room remains to place OPV strips. However, the near-linear relation
between pattern segment count and buffer influence implies a best case at the lowest pattern count.
As was established previously, the 3-segment shape does not provide the best coverage case for the
hypar, so the buffer cannot be seen as solely indicative of best coverage. An explanation for this lies
in the orientation of the OPV strips on the segments. The triangular ends of the segments significantly
influence the amount of OPV that can be placed there, and in the case of a uniform strip length, larger
areas at the ends will remain uncovered.

Contrary to the hypar, the barrel vault shows a buffer fraction that is more closely related to the total
coverage of the shape with OPV strips, as seen in figure 6.5. This can be explained by the fact that
the pattern segments of the barrel vault are of a more rectangular nature. This allows for more efficient
placement of OPV strips at the ends of the segments. An increase in buffer space will therfore be less
influential with respect to the coverage.
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Figure 6.5: Barrel vault shape of segment width assigned to cutting buffers

When looking at the sleeves that are discarded, various observations can be made. Firstly, only in
shapes with 3 to 5 pattern segments, sleeves have been discarded based on the curvature constraint
at all. This is displayed for the hypar below in table 6.2. Secondly, the OPV strips are laid out over the
whole width of each segment, as the buffer space is stable at around 10cm on either side.
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Shortest strip [m] 1,0 0,6 0,5 0,4
Longest strip [m] 2,5 1,3 0,9 0,7
Average buffer [m] 0,2 0,3 0,2 0.3

Discarded sleeves [-] 1 1 0 0

Table 6.2: Overview of the hypar OPV strip lengths, buffer lengths, and amount of discarded sleeves based on curvature over
varying numbers of cutting segments. The variation ran between 3 and 9 segments at uneven intervals.

The barrel vault shows a similar trend of discarding more sleeves as the number of cutting pattern
segments is lower, although the highest amount of discarded lines is found on the 4-segment shape,
as shown below in table 6.3. Two more observations are made from this table. The first is the fact that
in two cases, being the 7-segment and 9-segment layouts, gaps are left in the strip layout that do not
seem to exist due to excessive curvature. Secondly, contrary to the OPV strip length on the 3-segment
hypar, the strips on the 3-segment barrel vault do not cover the full width of the segments.

Shortest strip [m] 1,1 1,1 0,9 0,6
Longest strip [m] 1,2 1,4 1,1 0,9
Average buffer [m] 0,9 0,2 0,2 0.3

Discarded sleeves [-] 8 22 2 0

Shortest strip [m] 0,4 0,3 0,2
Longest strip [m] 0.8 0,7 0,6
Average buffer [m] 0,2 0,2 0,2

Discarded sleeves [-] 0 0 0

Table 6.3: Overview of the barrel vault OPV strip lengths, buffer lengths, and amount of discarded sleeves based on curvature
over varying numbers of cutting segments. The variation ran between 3 and 9 segments.

The anomalies in the 7-segment and 9-segment layouts can be explained by the fact that the chosen
OPV strip length is too large to allow a 10cm buffer on each side at the centers of the central segments.
In these cases, a shorter OPV strip length does not seem to provide higher coverage, even if the gaps
are filled. This is shown numerically in table 6.4. As the numbers show, the difference is small, but
carries implications for the look of the fabric. One alternative to remedy this gap is the reduction of
the buffer space from 10 to 9cm on each side. This closes the gap and increases the total coverage
marginally.
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OPV strip length [m] OPV area [m2] OPV strip length [m] OPV area [m2]
Gap 0,7 1,2 0,5 0,8

Short OPV 0,6 1,1 0,4 0,7
Short buffer 0,7 1,3 0,5 0,9

Table 6.4: Design alternatives for the closure of gaps in the barrel vault OPV strip layout.

Another observation relating to the buffer zones is the fact that the OPV strip length variety on the
hypar is much larger than on the barrel vault, ranging from 0,4 to 2,5 metres, see also table 6.2. In this
sense, the buffer space on the segments of the hypar is more constant than the buffer space on the
barrel vault. This is most apparent for the cases with lower segment counts. The lengths of the OPV
strips for all the segment distributions are shown in figure 6.6 for the hypar. This shows the decrease
of the length of the OPV strips as the number of segments increases.
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Figure 6.6: Overview of the hypar OPV strip length for increasing pattern segment counts.

The barrel vault shows a more constant distribution of OPV length, as shown in table 6.3, and
therefore has a higher variation in buffer length, especially for the 3-segment layout. Figure 6.7 below
shows this variation. When comparing these buffers to the hypar buffers in figure 6.6, the shapes
with more pattern segments show more equal buffers, but the lower the segment count, the higher the
disparity, especially for the 3-segment barrel vault shape.
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Figure 6.7: Overview of the barrel vault OPV strip length for increasing pattern segment counts.

Upon closer inspection of the 3-segment barrel vault, an explanation can be found for the relatively
short length of the OPV strips. As is shown in table 6.5, longer OPV strips lead to a lower overall
coverage, as the higher curvature at the far ends of the pattern segments does not allow the placement
of long strips. Based on the curvature constraint, 102 strips are discarded in the case with the longer
strips on the right hand side of the table, as opposed to only 8 in the case on the left. This results
in a reduction of the coverage by almost 3%, or 0,9m2, even though more of the critical width of the
segments is occupied by OPV strips. This reduction could further increase when dynamic loads are
taken into account. As explained in chapter 3, dynamic loads are excluded from the scope of this thesis.
However, the occurrence of dynamic loads during structural analysis could influence the coverage of
the shapes. This is due to the fact that despite the shapes being inherently stable due to their curvature,
as described in section 2.2, additional deformation due to wind loads is expected when the textile is
placed outdoors. This can reduce the coverage in places where the sleeves are already curved close
to their design limit.

Shortest strip [m] 1,1 1,8
Longest strip [m] 1,2 1,9
Average buffer [m] 0,9 0,2

Discarded sleeves [-] 8 102
OPV coverage [%] 19,5 16,6
OPV total area [m2] 5,8 4,9

Table 6.5: Differences between 3-segment best case scenario (left) and least-buffer scenario (right).
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6.2. Computational modelling
Apart from the various design parameters, the models themselves have also influenced the outcomes
of this research. The two modelling steps were introduced in chapter 4, including their strengths and
limitations. Based on the results from chapter 5 and the observations from section 6.1, the aforemen-
tioned limitations can be looked into further to determine their influence on the results.

Firstly, the Easy workflow is given a closer look. Accurate input data for the analysis can be obtained
through the form finding, structural analysis and cutting pattern generation within the program. The
data accuracy is further improved by the fact that the cutting pattern can be brought back into space
to form the shape, which provides a detailed overview of the behaviour of the textile under tension.
Therefore, the assumption is made that the weft-oriented lines show behaviour that can be likened to
reality. The major predicted drawback was the lack to automation. Based on the workflow as described
in section 4.3, a limited amount of automation is possible, to the extent where manual overrides such
as the adjustment of boundary sizes are not needed. Therefore, the shape, as well as the parameters
to be varied, must be well-defined beforehand. This limits any form of parameter study that can be
performed on the shape, so in order to accommodate such studies, additional work is required, or
the shape database needs to be clearly defined before the start of the analysis. Within this thesis,
the results of the Easy form finding were therefore only used as a template for shape generation in
Grasshopper, as well as the validation of the analysis models, as was explained in section 4.5.

It is the validation of the Grasshopper results, using the Easy output, that is the slowest tool that
was built. The translation of the line cloud into surfaces, as well as the translation of the weft lines
into continuous curves, required various steps using large amounts of data. The surface translation is
depicted below in figure 6.8. It shows that extra steps are needed to construct patch surfaces, cut them
into the correct shapes and remove the trimmings. These steps, as well as the processing of redundant
data, increase the computation time significantly, but are essential for the analysis of the shape. This is
due to the fact that the tools in Grasshopper allow for the accurate determination of projection vectors
and planes on these smooth surfaces, otherwise known as boundary representations. This use of
boundary representations increases the accuracy of the results themselves.

Figure 6.8: Workflow for the translation of the line cloud into a boundary representation, to be used for further analysis steps.

Another characteristic of the Grasshopper workflow that influenced the outcomes was its linear
workflow. The nature of the Grasshopper program is to define a set of input parameters up front, and
process them using a linear set of steps. These steps then produce different sets of output data. This
process is shown below in figure 6.9.
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Step 1 Step X

Workflow logicInput parameters Output

...

Figure 6.9: The linear nature of the Grasshopper program, where input parameters are processed in different steps in order to
produce sets of output data.

In order to accomplish any type of iteration in this setup, additional tools were needed. Grasshopper
plugins such as Galapagos link specific input parameters to specific output data and allow optimisation
to take place. Within the scope of this thesis, this meant the maximisation of the coverage of a shape
with OPV strips, given the design parameters as described in section 6.1. However, the evolutionary
algorithm used by Galapagos is a relatively slow method of solving optimisation questions. Calcula-
tion times are further increased when the amount of parameters used in the optimisation is increased.
Therefore, the decision was made not to change the buffer space as a parameter, and to not include
OPV strip lengths of less than 20cm, or twice the buffer zone size. Another factor to contain the analy-
sis time was the construction of two separate files for the two separate shapes. Ideally, one tool would
serve any shape that is used as input, but within the scope of this thesis, too many manual overrides
were required to control the different shapes. In figure 6.8, one specific example is shown with regards
to the orientation of the warp and weft on the shape. Due to the added complexity and the increased
calculation time, the option to vary this parameter had to be excluded from the analysis.

In contrast, some standardised workflows that were applied to both shapes induced limitations spon-
taneously. One example of this includes the construction of the seam lines on the shapes. The hypar
in particular is affected by this, as is shown in figure 6.10. In order to vary the amount of pattern seg-
ments, the four edges of the shape are divided into sections. The control points are numbered, and
corresponding numbers are then connected diagonally in order to follow the principal axes of curvature.
Due to the nature of the edges, a middle pattern will always be present, which limits the amount of
segments to uneven numbers.
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As explained in chapter 4, Easy makes use of the force density method, whereas Kangaroo2 uses
the dynamic relaxation method. This difference in method, as well as the different types of inputs
required for both, resulted in differences between the results for the same shape. This difference is
shown below in figure 6.11, with the results from Easy in red and the Kangaroo2 shapes in blue. The
difference in cutting pattern location can be attributed to the different types of workflow logic for each
software. The Kangaroo2 shapes are divided based on equidistant curve start and end points on the
edges, as explained in figure 6.10. The Easy workflow divides the surface based on a target segment
width, resulting in slight changes in the locations of the seams.

Figure 6.11: Shape overlay of both the hypar and barrel vault, showing the distinctions between the Easy workflow (in red) and
the Kangaroo2 workflow (in blue).

Another distinction from figure 6.11 is the difference in curvature, both in the membranes and the
edges in the barrel vault shape. The hypar constraints are easier to manipulate, as the surface is
fixed in only four points. The barrel vault, in contrast, requires fixation along two arches. It is here
that the workflows start to show different results, as the curvature of the barrel vault in the Kangaroo2
model flattens out towards the middle. The Easy shape seems to maintain a more consistent curvature
throughout the entire shape.

Juxtaposing this curvature behaviour with the method to place the sleeves on the Grasshopper
shapes provides further insights into the behaviour of the sleeves. As was explained in section 4.4,
the weft sleeves were constructed by defining the weft direction based on the segment middle line
and the curvature of the surface itself. These sleeves were then pulled onto the surface. It is this
pulling component that introduces ambiguities into the workflow, as the pulling direction is not known.
The direction of pulling can change the curvature of the sleeves locally and therefore influence their
compliance with the minimum curvature radius requirement.

This discrepancy in compliance between the two workflows is shown below in table 6.6. In the
image, the smallest and largest radii of curvature are shown in red and blue respectively, on the best
cases of each shape. The aforementioned curvature differences of curvature between the Easy shapes
and the Kangaroo2 shapes becomes clear when taking a closer look at the sleeves with the extreme
curvatures.
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Rmin [m] Rocc,min [m] Rocc,max [m] Rmin [m] Rocc,min [m] Rocc,max [m]
Segment 1 12,3 395,3 4940,2 9,0 85,7 43351,1
Segment 2 42,3 68,3 10691,8 25,0 259,6 5608,2
Segment 3 30,3 39,2 1989,9 49,3 104,1 1253400,0
Segment 4 36,0 68,5 22027,9 25,0 260,0 6023,8
Segment 5 6,3 97,4 3777,0 9 85,8 31204,7

Discarded sleeves [-] 0 1
OPV coverage [%] 22,8 21,5
OPV strip area [m2] 4,5 4,2

Rmin [m] Rocc,min [m] Rocc,max [m] Rmin [m] Rocc,min [m] Rocc,max [m]
Segment 1 2,3 47,1 21279,5 20,3 31,5 13733,2
Segment 2 49,0 50,2 28455,4 30,3 118,9 104139,8
Segment 3 25,0 32,2 122601,7 25 53,6 7942,3
Segment 4 49,0 49,1 15048,4 30,3 119,0 103225,1
Segment 5 2,3 47,1 23452,9 20,3 31,5 13733,7

Discarded sleeves [-] 22 22
OPV coverage [%] 26,0 29,6
OPV strip area [m2] 7,1 8,8

Table 6.6: Overview of the best cases for the hypar (top row) and the barrel vault (bottom row), displaying the compliance of
the sleeves with the geodesic requirement, as well as the resulting coverage and surface area of OPV.

Table 6.6 shows the difference in extreme curvature between the shapes. The Easy shapes on the
left show a consistent pattern for the location of the sleeves with the least curvature (in blue). They
are all placed in the middle of the pattern segments. The Kangaroo2 shapes on the right show more
variation. As established previously in figure 6.11, the barrel vault shows little curvature in the middle
of the segments, which explains the location of the sleeves with least curvature. The Kangaroo2 hypar,
although showing near-identical curvature to the Easy hypar, shows much less consistency in the lo-
cations for the sleeves with least curvature. This is reflected by the numerical difference of the highest
occurring radius of curvature, which differs by around 50% between the Easy and Grasshopper shapes.
The barrel vault shows more consistency in this regard. With respect to the sleeves that display the
most curvature, both Kangaroo2 shapes show more erratic behaviour. Firstly, none of the sleeves with
most curvature is placed at the far end of a segment. The Easy shapes in contrast, show consistent
behaviour. Secondly, in some instances on the hypar, the sleeves with most curvature are closer to
the middle than the sleeves with least curvature. This behaviour becomes more erratic as the size of
the segments decreases, as is shown below in table 6.7.
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Discarded sleeves [-] 1 0
Smallest strip length [m] 1,0 0,4
Largest strip length [m] 2,5 0,7

Discarded sleeves [-] 22 0
Smallest strip length [m] 1,1 0,2
Largest strip length [m] 1,4 0,6

Table 6.7: Overview of the locations of sleeves with least (in blue) and most (in red) curvature, for the cases with the longest
strips on the left and the shortest strips on the right.

Taking the aforementioned reflections on the computational workflow into account, the results are
re-evaluated. The differences between the shapes in Easy and Kangaroo are displayed below in figure
6.12 for the hypar. The total amount of OPV area is slightly lower in the Easy result than in the Kanga-
roo2 result, at a difference of 0,4m2. This is supported by the (marginal) proportional difference, which
is displayed in figure 6.12 at 1%.
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Figure 6.12: Comparison of coverage in the Easy and Kangaroo2 setups with equal setting of the design parameters

Below in figure 6.13, the graphs highlighting the difference of coverage between Easy and Kanga-
roo2 are displayed for the barrel vault. As discussed before, the increased complexity of the compu-
tational workflow has led to a greater difference in shape when comparing the Easy and Kangaroo2
shapes. This was also shown in figure 6.11. The result of this is a difference of absolute coverage
between the shapes of 1,7m2. The resulting difference in proportional coverage is 3,6%.
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Figure 6.13: Comparison of coverage in the Easy and Kangaroo2 setups of the barrel vault
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The aforementioned complexities and resulting anomalies require a re-evaluation of the design
parameters and constraints. For instance, the distance between the OPV strips was fixed, and a single
construction buffer size on the ends of the OPV strips was given. The compliance with conventional
textile design practices posed another constraint with respect to the orientation of the OPV strips on
the shapes. However, the results of this thesis show that a parametric study can provide added value
when used to study the feasibility of the coverage of a curved shape with strips, especially when done
at the beginning of the research. Without the constraints of OPV strip orientation or distance, a shape
can be freely covered to find the maximum possible surface area of OPV on any shape. This can
then inform decisions with respect to fabric materials and composition. Iterating through these steps
can then provide the researcher with boundary conditions regarding material properties and sleeve
layout. In contrast, from a production standpoint, the current order of research has merit, as current
knowledge has informed the fabric itself, which then informed the applicability of the textile on curved
shapes according to industry standards.

6.3. Design workflow integration
The results of this research, as well as the review of the design parameters and methodology, allow for
the evaluation of the integration of this research into industry standard design workflows as introduced
in section 2.1. This evaluation begins with a review of the coverage determination process, which is
highly iterative. The iterative nature aligns with the combination of form finding and structural analysis.
However, the cutting pattern generation and subsequent repositioning of that pattern in space also have
to be taken into account. These steps are not as iterative and require multiple manual steps in order
to be completed. This complicates the process, as on the one hand, a primary, quick analysis is useful
in order to estimate the extent to which a shape is suitable. On the other hand, a detailed analysis is
necessary in order to find a realistic estimate of the OPV strip coverage.

The workflow lends itself to quick analyses of the cutting pattern segment distribution through the
cloning of the Easy output in Grasshopper. Therefore, one preliminary model could serve as a starting
point, which can be altered according to design needs in parallel to the analyses being conducted in
Grasshopper. The results from these preliminary analyses can then be used in order to make final
decisions on the design. Afterwards, the final analyses steps are performed using the final shape
design. This workflow proposal will require refinement of the analysis of the Easy shapes, as these
models can be very heavy. This slows the design process, especially if an initial model is to be used
for quick upfront assessments.
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Figure 6.14: Overview of steps to get from model results to producible textile
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When deliberating the integration of the SUNTEX research into industry production standards, the
sizing of the pattern segments requires extra attention. The sizes of the segments within the shapes
can be altered parametrically in the workflow itself. However, in order to produce the fabric, its pro-
duction measurements have to be taken into account. In order to scale up the production of SUNTEX,
unitizations have to be put in place. This means that the pattern segments are ideally as close in shape
and size as possible, and ideally only one length of OPV strip is used. However, going from a factory
sheet of fabric to a pattern segment requires the cutoff of parts of the sheet. In order to account for
this, OPV strips cannot be placed throughout the entire sheet. The extent to which they can be placed
will depend on the size and shape of the pattern segment. This reduces the proportional coverage of
a sheet of SUNTEX even further from the 50% as set as a design goal by Bakr [4].

This is shown in figure 6.14, where the middle segment of the hypar is isolated to illustrate how to
get from a digital cutting pattern segment to a produced panel of SUNTEX. Firstly, extra buffer space
is added along the edges of the segment in order to account for seam overlap and cable sleeves on
the edges of the shape. Then, this larger shape is outlined by a rectangle that represents the pane of
fabric as it will be produced in a weaving loom. On the right-hand side of the image, the outlines of the
pattern segment and additions are taken away to reveal the pane of SUNTEX the way it would look
after production. From this image, it is observed that more buffer space is needed on either side of the
PV cells, compared to the 10cm that is assumed in the model. Below in table 6.8, the measurements
for the best cases in the hypar and barrel vault are displayed. All other measurements can be found in
appendix B. The OPV coverage losses emphasize the need for efficient solar panels once again. As
discussed previously, the OPV strips in this research have an active area of only 52,8% of the total
strip area. When taking the longest day of the year, June 21st, as a reference, 16,5 hours of sunlight
were expected by the KNMI [21]. In combination with the power output of 6,8 W/m2, as given in sec-
tion 4.1, the total power output for both shapes can be calculated using the active area, see table 6.8.
The hypar result is 0,3 kWh. According to the Environmental Protection Agency, one full smartphone
charge requires 0,022 kWh [16]. Therefore, the hypar output enables 12,2 full smartphones charges.
The barrel vault has a total power output of 0,5 kWh, which equates to 23,5 full smartphones charges.
Simple calculations such as this can inform the current use cases, and provide further research with a
starting point for the development of the OPV itself, as well as the methods to cover curved shapes.

Textile width at widest point [m] 1,7 1,7
OPV strip length [m] 1,3 1,1
Cutting buffer [m] 0,2 0,2

OPV active area [m2] 2,4 4,6

Table 6.8: Production measurements for the best cases of the hypar and barrel vault



7
Conclusions & Recommendations

This chapter outlines the findings and conclusions of the research, as presented in this report. Also, the
research questions from chapter 3 will be answered. Apart from that, recommendations will be made,
both for future research and for industry on how to move forwards with the methods and findings from
this thesis. First, the conclusions will be drawn in section 7.1, after which the recommendations will be
described in section 7.2.

7.1. Conclusions
In this section, the findings of the research are given, as well as answers to the research questions.
The findings are structured per sub-question. Since the sub-questions were needed to answer the main
research questions, these are answered first. Lastly, the main research question is answered.

1. Which design parameters are important to consider when covering textile with OPV strips?

Based on the research as presented in this thesis in chapter 4, as well as the results and their
interpretations in chapters 5 and 6 respectively, the following design parameters are deemed significant
to obtain reliable results regarding the coverage of textile with OPV strips:

• The distance between the OPV strip sleeves. Within the scope of this research it was set at 3cm.
However, the variation of this parameter will directly influence the amount of OPV strips that can
be placed on the textile, and therefore its coverage.

• The construction buffer left on either end of the OPV strips. This buffer was set at 10cm at the
narrowest point of the pattern segments. Varying this minimal buffer space directly translates to
varying coverage levels.

• The OPV strip length. Within the bounds of the cutting pattern segments, the OPV strip length
can be maximised to an extent in correlation with the cutting buffer. If within a pattern segment a
different cutting buffer size is required, this directly influences the length of the OPV strips.

• The cutting pattern segment count. Having a lower number of pattern segments in a shapemeans
a smaller total amount of cutting buffer is needed, giving room for larger uninterrupted lengths of
OPV strips. However, a lower pattern segment count does not always result in larger overall
coverage due to the correlation between OPV strips length and geodesic curvature. Therefore,
an optimisation study has to be performed in order to find the highest coverage based on this
parameter.

2. How can the coverage of a textile with OPV strips be modelled computationally?

The interaction between OPV strips and textile can be modelled by applying a combination of soft-
ware packages. Within the scope of this thesis, the form finding software by the name of Easy was
used to do the initial form finding, the structural analysis and the cutting pattern generation. The next
step involved the re-erection of this pattern into space. This three dimensional result is then imported
in Grasshopper, where the OPV sleeves are placed on the textile in accordance with the behaviour of
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the weft lines in the model. These sleeve lines are then evaluated for their rate of geodesic curvature
and subsequently subjected to a unity check with a predetermined maximum curvature requirement.
The compliant sleeves are then displayed, and numerical data is gathered on the design parameters
as listed above.

3. Where does functional integration fit in the general design workflow for textile?

From the state of the art, the conventional design steps for textile architecture have been derived.
They comprise the form finding, structural analysis, cutting pattern generation and construction engi-
neering. In order to apply a hybrid textile to a membrane shape however, additional steps are required
to check the additional curvature boundaries. The process for this was described in this thesis. It is
an iterative process which consists of form finding and cutting pattern generation steps which happen
in parallel to the conventional design. Therefore, the additional requirements should be tested twice
after the cutting pattern generation. Once after an initial design draft in order to establish the maximum
possible coverage, and once after the final design and cutting pattern have been generated in order to
determine the exact measurements of the textile components that will make up the hybrid textile.

To what extent can an uncoated woven hybrid textile, using non-adhesively integrated solar cells, be
applied in doubly curved tensile structures?

Taking into account the aforementioned, it is possible to determine the coverage of doubly curved
membranes with OPV strips. This requires extra steps that should be taken in accordance with the
conventional design work flow. Taking into account the length of the OPV strips, the distance between
strips and the cutting buffer on the ends of the strips, a proportional coverage of 23% is possible on a
standard hyperbolic parabola with a total surface area of 4,5m2 or an active area of 2,4m2. With regards
to the barrel vault, 30% proportional coverage can be reached, with a total surface area of 8,8m2, or
an active area of 4,6m2. Compared to the target proportional coverage of 50%, which stems from the
OPV layout on a flat piece of fabric, around half of the full potential of the textile can be reached for
solar energy harvesting.

7.2. Recommendations
This section includes the recommendations that are made with regards to future research steps, as well
as recommendations for the use of the analysis tool and the results by industry. The recommendations
will be structured accordingly.

7.2.1. Recommendations for future research
With regards to future research based on the work as presented in this thesis, the following concrete
recommendations are made:

1. Increase the shape variety

Within the scope of this thesis, a shape database of very limited proportions was used. As explained
earlier, any anticlastic shape can be brought back to a combination or variation of four basic anticlastic
shapes. Only two of those were investigated, with only one variant per shape type. Therefore, in order
to increase the validity of the results of this thesis, the analyses should be performed on a larger, more
diverse dataset of curved shapes.

2. Increase the parameter variation

In this thesis, various parameters were kept constant during the analysis, while they might provide
insights into the coverage potential of OPV strips on curved surfaces. The two most important ones
are the amount of cutting buffer, as well as the shape curvature. Since the curvature is the main criterion
which is tested in the analysis tool, it is important to find out where the design boundary lies with regards
to this parameter. On top of that, the cutting buffer is the same on all cutting pattern segments, but its
influence might change when its size changes. Therefore, investigating these two parameters can
provide important insight into the design scope of SUNTEX.
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3. Provide physical validation

When applying digital fabrication tools in order to come up with designs, it is important to know how
these tools act in reality. For this thesis, the results of the Easy software were taken at face value due
to its proven efficacy in industry. However, the Grasshopper implementations are case specific, and
therefore will greatly benefit from physical modelling in order to validate the results. Apart from that, a
more detailed look into the digital re-erection of cutting patterns into space in relation to the physical
result can provide more insight into how accurate the digital models are, especially in cases where
functional integration is applied, as in this thesis.

4. Improve the current analysis tool

The current analysis tool is effective in obtaining coverage results. However, it relies on Easy models
for curvature accuracy, but those models are heavy and require longer running times. The manual
overrides for placing curves on the Kangaroo2 surfaces provided temporary answers, but they are am-
biguous and a more robust solution still needs to be found. If the size of the Easy models can be
reduced as well, this will drastically improve analysis runtime and is therefore an interesting and even
necessary area to research further. Additionally, connecting design parameters during the analysis,
specifically the cutting pattern segment size and the OPV strip length, could provide an increase in
efficiency, as they remove independent variables from the optimisation tool. Lastly, an accurate Kan-
garoo2 representation of the Easy shapes will need to be developed in order to accurately explore the
cutting pattern segment distribution. Alternative parametric tools to better facilitate the iterative analysis
should be considered.

7.2.2. Recommendations for industry
With the conclusions in place as discussed in section 7.1, and the questions regarding future research
still open as described in subsection 7.2.1, the following recommendations are listed for industry in
order to use the methods and tools as set out in this research:

• Regarding the analysis tool:

As discussed earlier in section 7.1, it is advised to apply the analysis twice. Once as a preliminary study
to determine the feasibility of applying SUNTEX on a shape, and once after the design is finalised to
determine howmuch solar energy can be harvested, as well as how to position the OPV strips precisely.
This will provide valuable input for the production process in the later stage.

• Regarding the production process:

It is difficult to standardise cutting patterns, as they depend on the shape of the design. Therefore, in
order to determine the size of the produced panes of textile, it is advised to use the tool to extract the
widest part of the cutting pattern segments, add the seam and cable buffers and use that width as the
width of SUNTEX to be produced. The OPV strip length can be determined by finding the narrowest
part of the segment and subtracting the cuffing buffer from it. The strips can be unitized per segment,
which eases the production process. Apart from this, unitization of cutting pattern segment shapes can
provide further improvements on the efficiency of the production process.

• Regarding more complex shapes:

When it comes to designs which are bigger or curved in a more complex manner, this current analysis
tool and its results will need to be used and interpreted slightly differently. Due to the current com-
putation times, it is advised that critically curved areas are identified, and consequently isolated and
modelled independently. These can then be analysed and evaluated in order to check the coverage
of OPV on the curved shape. If the critical zones can be covered with SUNTEX to a satisfactory de-
gree, then the cutting patterns can be produced and the final layout of SUNTEX on the shape can be
determined.
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A
Physical shaping trials

A.1. Physical modelling
The experimental program within this thesis consists of the physical modelling of textile to gain a bet-
ter understanding of how it behaves. As explained in chapter 2, there are various different ways to
achieve a scaled physical model, like soap films, hanging models or built models. The aim for all of
these is similar, being the better understanding of how the geometry should be formed, and how the
used material contributes to achieving a certain form. Physical modelling is therefore very suitable for
examining specific cases [3]. This is also its biggest downfall, being that there is no universal physical
model to describe any case.
With this in mind, the goal of the experimental program regarding SUNTEX is two fold:

1. Gain a better understanding of textile behaviour in geometries
2. Investigate the behaviour of developable surfaces when placed on prestressed textile

This section will explain the process to achieve these goals, and draw conclusions that will inform the
computational program later on. Firstly, the test setup will be elaborated on. Then, the physical trials
will be discussed.

A.1.1. Test setup
The test frame is a timber frame with a design space of 1m3. Two squares are formed out of beams
and connected with four more beams. Lateral stability is ensured by spanning a rope cross in between
the squares. This cross is also part of the tensioning system in the frame. The fabric samples are
connected to the frame using clasps, which are connected to the frame using rings and rope. The
main benefit of this modular system is the demountability, making it relatively easy to transport the
frame. The drawbacks include the fragile stability of the structure, as well as the lack of uniform tension
distribution.

A.1.2. Iterations
Three trials were performed. The first trial was an initial study into the design steps that need to be
taken in order to produce a sample that could be tensioned. An initial design of a conic anticlastic
shape was made using Easy (see image). This shape was translated into cutting patterns of varying
size, dividing the total shape into 4 or 8 pieces for trials 1.1 and 1.2 respectively.

Trial 1 made use of a calibration fabric that was readily available. The properties of this fabric do
not align with those of SUNTEX at all, and therefore this trial was mainly performed to get a better
understanding of the design steps from geometry to physical sample.

The second trial used cotton fabric, which behaves more like SUNTEX. It is uncoated, and the
squares on the fabric provided clear visual cues during the tensioning phase. The first part of this trial
was a reference to trial one, to determine how the fabrics differ when used in the same geometry. The
second part of the trial comprised the same shape, but different cutting patterns. This was done to
understand their influence on the curving behaviour of the fabric. It also provided nice insights into the
formation of ’redundant’ areas in the patterns, where SUNTEX would not fit.
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A.1.3. Preliminary conclusions
From the trials, a number of conclusions was drawn ahead of the computational phase:

1. The tensioning system does not suffice for keeping homogeneous tension in the fabric
2. Cable forces in the edges of the fabric need to be investigated
3. Body cable forces need to be adjustable, the clasps need to be used differently in order to prevent

flattening of the fabric
4. The behaviour of developable surfaces when placed on prestressed textile needs to be investi-

gated

A.2. Physical testing results
Below, the results of the physical experimentation trials are displayed. They are split between the trials
as described in section A.1, and will be discussed accordingly. These results are qualitative in nature,
and will be discussed and evaluated in further detail in chapter 6.

A.2.1. Trial 1
The results of trial 1 comprise the shapes executed in the PVC coated nylon. Trial 1.1 resulted in a
semicircular shape with 2 cutting pattern segments, whereas in trial 1.2, a fully circular shape was
constructed. Overviews of the shapes can be seen in figure A.1.

(a) Trial 1.1 shape (b) Trial 1.2 shape

Figure A.1: Trial 1 shape results

A further detailed view of the trial 1 can be seen in figure A.2, which it shows the behaviour of the
textile within the tensioning system up close.
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(a) Trial 1.1 shape detail (b) Trial 1.2 shape detail

Figure A.2: Trial 1 shape results

A.2.2. Trial 2
In trial 2, the fabric type was changed to a non-coated cotton fabric, in order to vary the cutting pattern
segment size more. Trial 2.1 was constructed as a tool for comparison with trial 1.2, and trial 2.2 was
constructed in order to investigate the segment size further. Their results are displayed in figure A.3.

(a) Trial 2.1 shape (b) Trial 2.2 shape

Figure A.3: Trial 2 shape results

The shapes in this trial also show distinct behaviours when looked at in detail. These closeups are
given in figure A.4.
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(a) Trial 2.1 shape detail (b) Trial 2.2 shape detail

Figure A.4: Trial 2 shape results



B
Additional results

B.1. Hypar data
The first section of this appendix contains all data from the hypar shape. First, the Easy data is shown
per shape. Afterwards all the Grasshopper data is shown per shape.

Total OPV coverage [%] 12
Total surface area [m2] 19,61
OPV strip area [m2] 2,28
OPV active area [m2] 1,20

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 13 11 12 11 14
Segment area [m2] 0,83 4,61 8,64 4,68 0,86
OPV strip area [m2] 0,11 0,51 1,02 0,52 0,12
OPV active area [m2] 0,06 0,27 0,54 0,27 0,06
OPV strip length [m] 0,4 0,4 0,4 0,4 0,4

Rmin [m] 4,00 4,00 4,00 4,00 4,00
Rcrv,min [m] 48,28 76,65 13,57 75,16 54,75
Rcrv,max [m] 4202,20 19937,18 2252,19 22809,4 3944,30

Smallest width [m] 0 1,72 1,37 1,72 0
Largest width [m] 1,38 1,72 1,55 1,72 1,40

Table B.1: Overview of the Easy hypar with one uniform length of OPV strip for the entire shape, showing the shortest possible
OPV strip length.
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Total OPV coverage [%] 21
Total surface area [m2] 19,61
OPV strip area [m2] 4,02
OPV active area [m2] 2,12

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 3 18 25 19 6
Segment area [m2] 0,83 4,61 8,64 4,68 0,86
OPV strip area [m2] 0,03 0,85 2,20 0,88 0,06
OPV active area [m2] 0,02 0,45 1,16 0,46 0,03
OPV strip length [m] 1,1 1,1 1,1 1,1 1,1

Rmin [m] 30,25 30,25 30,25 30,25 30,25
Rcrv,min [m] 4467,35 70,51 39,21 69,91 806,5
Rcrv,max [m] 4467,35 10926,12 1989,86 22399,37 2221,97

Smallest width [m] 0 1,72 1,37 1,72 0
Largest width [m] 1,38 1,72 1,55 1,72 1,40

Table B.2: Overview of the Easy hypar with one uniform length of OPV strip for the entire shape, showing the best possible
OPV strip length.
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Total OPV coverage [%] 9
Total surface area [m2] 19,61
OPV strip area [m2] 1,69
OPV active area [m2] 0,89

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 0 19 0 19 0
Segment area [m2] 0,83 4,61 8,64 4,68 0,86
OPV strip area [m2] 0 0,86 0 0,83 0
OPV active area [m2] 0 0,45 0 0,44 0
OPV strip length [m] - 1,5 - 1,5 -

Rmin [m] - 56,25 - 56,25 -
Rcrv,min [m] - 93,43 - 94,65 -
Rcrv,max [m] - 10427,73 - 21163,47 -

Smallest width [m] 0 1,72 1,37 1,72 0
Largest width [m] 1,38 1,72 1,55 1,72 1,40

Table B.3: Overview of the Easy hypar with one uniform length of OPV strip for the entire shape, showing the longest possible
OPV strip length.
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Total OPV coverage [%] 22
Total surface area [m2] 19,61
OPV strip area [m2] 4,20
OPV active area [m2] 2,22

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 15 19 25 19 15
Segment area [m2] 0,83 4,61 8,64 4,68 0,86
OPV strip area [m2] 0,12 0,88 2,20 0,90 0,13
OPV active area [m2] 0,06 0,46 1,16 0,48 0,07
OPV strip length [m] 0,7 1,3 1,1 1,2 0,5

Rmin [m] 12,25 42,25 30,25 36,00 6,25
Rcrv,min [m] 395,30 68,34 39,21 68,47 97,42
Rcrv,max [m] 4940,15 10691,79 1989,86 22027,94 3776,98

Smallest width [m] 0 1,72 1,37 1,72 0
Largest width [m] 1,38 1,72 1,55 1,72 1,40

Table B.4: Overview of the Easy hypar, showing the best case for a separate OPV strip length per pattern segment.
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Table B.5: Overview of the Easy hypar, showing a layout with a central seam as opposed to a central pattern segment.
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Total OPV coverage [%] 20
Total surface area [m2] 19,54
OPV strip area [m2] 3,95
OPV active area [m2] 2,09

Segment 1 Segment 2 Segment 3
OPV coverage [%] 16 22 16
Segment area [m2] 2,94 13,66 2,94
OPV strip area [m2] 0,48 3,00 0,48
OPV active area [m2] 0,25 1,58 0,25
OPV strip length [m] 1,0 2,5 1,0

Rmin [m] 25,00 156,25 25,00
Rcrv,min [m] 158,55 189,37 158,58
Rcrv,max [m] 2553,70 25028,91 2417,46

Smallest width [m] 0 2,74 0
Largest width [m] 2,42 2,89 2,42

Table B.6: Overview of the Kangaroo2 hypar, showing the best case for a 3-segment surface layout.
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Total OPV coverage [%] 23
Total surface area [m2] 19,54
OPV strip area [m2] 4,45
OPV active area [m2] 2,35

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 15 21 26 21 15
Segment area [m2] 1,27 3,89 9,22 3,89 1,27
OPV strip area [m2] 0,20 0,83 2,41 0,83 0,20
OPV active area [m2] 0,11 0,44 1,27 0,44 0,11
OPV strip length [m] 0,6 1,0 1,3 1,0 0,6

Rmin [m] 9,00 25,00 42,25 25,00 9,00
Rcrv,min [m] 85,72 259,63 104,10 260,04 85,80
Rcrv,max [m] 43351,05 5608,15 1253400 6023,77 31204,70

Smallest width [m] 0 1,34 1,51 1,34 0
Largest width [m] 1,69 1,36 1,71 1,36 1,69

Table B.7: Overview of the Kangaroo2 hypar, showing the best case for a 5-segment surface layout.
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Table B.8: Overview of the Kangaroo2 hypar, showing the best case for a 7-segment surface layout.
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Table B.9: Overview of the Kangaroo2 hypar, showing the best case for a 9-segment surface layout.
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B.2. Barrel vault data
The second section of this appendix contains all data from the barrel vault shape. First, the Easy data
is shown per shape. Afterwards all the Grasshopper data is shown per shape.

Total OPV coverage [%] 7
Total surface area [m2] 27,55
OPV strip area [m2] 1,79
OPV active area [m2] 0,95

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 10 5 6 5 10
Segment area [m2] 3,40 7,38 5,98 7,38 3,40
OPV strip area [m2] 0,35 0,37 0,37 0,37 0,35
OPV active area [m2] 0,18 0,20 0,20 0,20 0,18
OPV strip length [m] 0,2 0,2 0,2 0,2 0,2

Rmin [m] 1,00 1,00 1,00 1,00 1,00
Rcrv,min [m] 47,25 25,08 32,24 25,29 47,26
Rcrv,max [m] 21513,88 27449,43 124904,97 14380,24 23711,36

Smallest width [m] 0,54 1,62 1,26 1,62 0,54
Largest width [m] 1,47 1,95 1,62 1,95 1,47

Table B.10: Overview of the Easy barrel vault with one uniform length of OPV strip for the entire shape, showing the shortest
possible OPV strip length.
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Total OPV coverage [%] 21
Total surface area [m2] 27,55
OPV strip area [m2] 5,88
OPV active area [m2] 3,10

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 6 25 31 25 6
Segment area [m2] 3,40 7,38 5,98 7,38 3,40
OPV strip area [m2] 0,20 1,83 1,83 1,83 0,20
OPV active area [m2] 0,11 0,97 0,97 0,97 0,11
OPV strip length [m] 1,0 1,0 1,0 1,0 1,0

Rmin [m] 25,00 25,00 25,00 25,00 25,00
Rcrv,min [m] 163,96 26,90 32,17 27,13 164,02
Rcrv,max [m] 1975,85 28104,69 122601,69 14756,34 1642,52

Smallest width [m] 0,54 1,62 1,26 1,62 0,54
Largest width [m] 1,47 1,95 1,62 1,95 1,47

Table B.11: Overview of the Easy barrel vault with one uniform length of OPV strip for the entire shape, showing the best
possible OPV strip length.

Total OPV coverage [%] 15
Total surface area [m2] 27,55
OPV strip area [m2] 4,20
OPV active area [m2] 2,22

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 0 28 0 28 0
Segment area [m2] 3,40 7,38 5,98 7,38 3,40
OPV strip area [m2] 0 2,10 0 2,10 0
OPV active area [m2] 0 1,11 0 1,11 0
OPV strip length [m] - 1,4 - 1,4 -

Rmin [m] - 49,00 - 49,00 -
Rcrv,min [m] - 50,15 - 49,14 -
Rcrv,max [m] - 28455,44 - 15048,42 -

Smallest width [m] 0,54 1,62 1,26 1,62 0,54
Largest width [m] 1,47 1,95 1,62 1,95 1,47

Table B.12: Overview of the Easy barrel vault with one uniform length of OPV strip for the entire shape, showing the longest
possible OPV strip length.
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Total OPV coverage [%] 26
Total surface area [m2] 27,55
OPV strip area [m2] 7,06
OPV active area [m2] 3,73

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 15 28 31 28 15
Segment area [m2] 3,40 7,38 5,98 7,38 3,40
OPV strip area [m2] 0,52 2,10 1,83 2,10 0,52
OPV active area [m2] 0,27 1,11 0,97 1,11 0,27
OPV strip length [m] 0,3 1,4 1,0 1,4 0,3

Rmin [m] 2,25 49,00 25,00 49,00 2,25
Rcrv,min [m] 47,06 50,15 32,17 49,14 47,07
Rcrv,max [m] 21279,46 28455,44 122601,69 15048,42 23452,85

Smallest width [m] 0,54 1,62 1,26 1,62 0,54
Largest width [m] 1,47 1,95 1,62 1,95 1,47

Table B.13: Overview of the Easy barrel vault, showing the best case for a separate OPV strip length per pattern segment.
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Total OPV coverage [%] 20
Total surface area [m2] 29,58
OPV strip area [m2] 5,77
OPV active area [m2] 3,05

Segment 1 Segment 2 Segment 3
OPV coverage [%] 19 21 19
Segment area [m2] 9,52 10,54 9,52
OPV strip area [m2] 1,79 2,19 1,79
OPV active area [m2] 0,95 1,16 0,95
OPV strip length [m] 1,1 1,2 1,1

Rmin [m] 30,25 36,00 30,25
Rcrv,min [m] 47,35 41,43 47,34
Rcrv,max [m] 11646,17 8065,24 11727,29

Smallest width [m] 2,02 2,12 2,02
Largest width [m] 2,80 2,80 2,80

Table B.14: Overview of the Kangaroo2 barrel vault, showing the best case for a 3-segment surface layout.
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Total OPV coverage [%] 28
Total surface area [m2] 29,58
OPV strip area [m2] 8,16
OPV active area [m2] 4,31

Segment 1 Segment 2 Segment 3 Segment 4
OPV coverage [%] 25 29 29 25
Segment area [m2] 6,83 7,96 7,96 6,83
OPV strip area [m2] 1,73 2,35 2,35 1,73
OPV active area [m2] 0,91 1,24 1,24 0,91
OPV strip length [m] 1,1 1,4 1,4 1,1

Rmin [m] 30,25 49,00 49,00 30,25
Rcrv,min [m] 32,27 51,82 51,81 32,31
Rcrv,max [m] 2392,70 149148,77 157929,12 2392,71

Smallest width [m] 1,46 1,62 1,62 1,46
Largest width [m] 2,10 2,10 2,10 2,10

Table B.15: Overview of the Kangaroo2 barrel vault, showing the best case for a 4-segment surface layout.
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Total OPV coverage [%] 30
Total surface area [m2] 29,58
OPV strip area [m2] 8,80
OPV active area [m2] 4,65

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
OPV coverage [%] 29 30 30 30 29
Segment area [m2] 5,20 6,50 6,18 6,50 5,20
OPV strip area [m2] 1,49 1,98 1,83 1,98 1,51
OPV active area [m2] 0,79 1,05 0,97 1,05 0,80
OPV strip length [m] 0,9 1,1 1,0 1,1 0,9

Rmin [m] 20,25 30,25 25,00 30,25 20,25
Rcrv,min [m] 31,52 118,94 53,59 118,95 31,54
Rcrv,max [m] 13733,16 104139,78 7942,25 103255,07 13733,71

Smallest width [m] 1,10 1,36 1,23 1,36 1,10
Largest width [m] 1,68 1,68 1,68 1,68 1,68

Table B.16: Overview of the Kangaroo2 barrel vault, showing the best case for a 5-segment surface layout.
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Table B.17: Overview of the Kangaroo2 barrel vault, showing the best case for a 6-segment surface layout.
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Table B.18: Overview of the Kangaroo2 barrel vault, showing the best case for a 7-segment surface layout.
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Table B.19: Overview of the Kangaroo2 barrel vault, showing the best case for a 8-segment surface layout.
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Table B.20: Overview of the Kangaroo2 barrel vault, showing the best case for a 9-segment surface layout.
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