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The 9th issue of the archiDOCT e-journal contains papers that explore the design, analysis
and development of prototype structures in architecture per se, as well as the processes
followed for the creation of innovative structural solutions within contemporary architecture. Prototype structures may address aesthetic, form, material, system, fabrication or even
energy efficiency related aspects in achieving innovation and advancement in contemporary
architecture. Related developments are most prevalent since the initiation and application of
numerical methods of analysis that revolutionized architectural technology and engineering
in the early 70s, and which distinguished -throughout design and computational analysis- design optimization and automated manufacture and open-loop multivariable system performance-based design.While computational analysis initially led to a discretization of the disciplines involved, in the processes of form creation, primarily derived from abstract aesthetic
and functional reasoning on the one hand, and numerical calculation and optimization on
the other, advances of digital design technology enabled through linear, sequential developments of form, design and construction single or multi-objective optimization processes to
be achieved following any intermediate design results. At the same time, digital technology
opened many possibilities for the integration and shift from mass-production to mass-customization in an effort to relate the principles of the former with the advantages of bespoke
fabrication. Meanwhile, computational platforms of operation and real-time performance
simulators enable iterations of system simulation, numerical verification and optimization,
and may even shift the focus of design towards bottom-up processes primarily influenced by
aspects of structural geometry, morphology, material and performance. Thus, open loop developments in multivariable, transformative systems may be achieved from early conceptual
designs to fabrication through respective research-based design processes.
In exemplifying the aforementioned developments in design and analysis, the paper “Design
and analysis of form-active systems. Spanning from tensile to hybrid bending-active structures” written by the Guest Editor of the issue, Marios C. Phocas, reviews historical
milestones in design and computational analysis based on the realization of the roof structure of Munich 1972 Olympics-Arenas and the initiation of numerical methods of structural
analysis, while it discusses aspects of design optimization and automated manufacture. In addition, it examines form-active systems’ integral form-finding and load-deformation processes from a bottom-up design approach, based on three prototype case examples of hybrid
bending-active structures.
This archiDOCT issue includes doctoral research activities focusing on aspects of design,
simulation, analysis, experimentation and fabrication of individual prototype structures, as
well as on integrated interdisciplinary modes of operation in generating new, innovative and
transformative structure design solutions in architecture.
Annie Locke Scherer, Ph.D. student at KTH Royal Institute of Technology in Stockholm,
outlines design methods in her research on “Concrete Form[ing]work: Integrating patterns
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in flexible formwork for cast concrete” and contextualizes these within design research.The
presented techniques to custom-tailor fabric for casting include traditional hand smocking,
as well as custom knit structures that can react and transform in response to heat, water, or
electrical currents.The integration of such methods advances new possibilities of fabrication
techniques with regard to what can be achieved with state-of-the-art fabric formwork. It
also conveys perspectives for respective application of robotics in improving repeatability,
scale, and economy.
Beatriz Arnaiz, Ph.D. student at the Polytechnic University of Catalonia-Barcelona Tech,
in her paper “Ephemeral tensile structure: Membrane house” discusses the design, analysis
and construction process of a membrane prototype. Design and realization of the prototype are presented in respective separate phases of development, which prove to be
interdependent with regard to the final outcome. The space truss prototype comprises of
hinge connected timber beam sections and triangular membrane patterns. The temporary
structure contributes to the development of space trusses with tensile structural envelope
components, as well as to the creation of social space in public areas.
Andreana Papantoniou, Ph.D. student at the University of Patras, with her research
on “Parametric models of tensegrity structures with double curvature”, aims at enriching
respective typological configurations and at developing processes that will facilitate their
full-scale application. Her paper presents parametric models for a double-layer tensegrity
structure of spherical and ellipsoidal surface, composed of square-base units, of variable
sizes, while the geometric approach followed permits the concurrent arrangement of the
bases of the tensegrity units, on the two layers of the structure. Furthermore, the paper
addresses the applicability of the developed methods on minimal surfaces. Future activities
refer to ellipsoids with changing dimensions and free-form surfaces, as well as relevant form
optimization methods.
Ana Laura Rocha Peña, Ph.D. student at the Polytechnic University of Catalonia-Barcelona Tech, in her research on “Shell structure: Analysis of hyperbolic paraboloid in paper”,
evaluates the use of paper as building material for shell structures.The structural behavior of
the material improves through respective shaping. A hyperbolic paraboloid with two pinned
supports is simulated based on the finite-element method for analyzing its mechanical behavior. The investigation includes a static linear, an elastic nonlinear and a plastic nonlinear
analysis of the system. The analyses results obtained indicate the feasibility of using paper as
a building material, opening up further research on ways to increase the material strength,
decrease its humidity content and enable automated manufacture.
Kristis Alexandrou, Ph.D. student at the University of Cyprus, in his paper “Bending-active systems: On exploring morphological configurations through coupling with tension-only
members” refers to the development of elastic member systems with enhanced controllability in the active formation process and structural stability and capacity in the post-strained
state, through hybridisation with tension-only elements. The paper investigates hybrid structural configurations of single and coupled elastic strips and interconnecting cables of variable
length. The finite-element analyses conducted demonstrate that activation of the cables induces deformations to the primary elastic members and provides various controlled system
configurations. Thus, the control concept constitutes a promising alternative for lightweight
reconfigurable structures.
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Design and analysis of form-active
systems. Spanning from tensile to
hybrid bending-active structures
Marios C. Phocas // Department of Architecture // University of Cyprus

Abstract
The paper investigates design and analysis aspects of lightweight form-active systems. In particular, the realization of the roof structure of Munich 1972 Olympics-Arenas and the initiation
of numerical methods of analysis form the frame of the current presentation in three phases of
development: design and computational analysis, design optimization and automated manufacture, and form-active systems’ performance-based design. Following a brief review of the initial
two phases of development, a number of prototype case examples of hybrid bending-active
structures exemplify the simulation and analysis processes followed in the integral design of
form-active systems with inherent adaptive characteristics.

Keywords
Adaptive structures, Tensile, Membrane, Cable bending-active structures, Finite-element
analysis, Nonlinear analysis.
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Introduction
Lightweight tensile structures stand out as an exemplary field that revolutionized architectural
technology and engineering in the early 70´s, establishing, at the same time, new frame conditions
and methodologies with regard to the interdisciplinary design and numerical analysis conducted
(Otto, 1967). In contemporary architecture, cable-net, membrane and bending-active structures
are considered as form-active systems (Engel, 1999), expressing visually any acting load or pressure
on the structural members’ own shape distortion (Lienhard and Knippers, 2013). Depending on
the boundary conditions and the individual structural members’ stiffness, a variety of equilibrium
forms are developed. Thus, the form, the material and stress distribution for these structures are
conditioned reciprocally.
The development and realization of the lightweight structure of the Munich Olympics-Arenas historically represents the first architectural-engineering design approach of long-span cable-net structures. At the same time, the project in question led to the first large-scale computer applications.
The finite-element method was, for the first time, expanded and applied internationally for the
design, development and analysis of this particular structure.
Succeeding advances in digital design technology enabled linear design developments ranging from
the conceptual design to the analysis, production and fabrication. Early phases of digital technology
integration provided possibilities for a shift from mass-production to mass-customization, relating,
at the same time, the principles of the former to the advantages of individual fabrication. Related
processes were based on the coupling of computer-aided design, structural design, manufacturing
and rapid prototyping. At the same time, performance based architecture was shaped based on
more or less interactive, iterative closed loop design processes with regard to the original form
conception, optimization and realization (Mistur, 2007).
From a bottom-up design approach the characteristics of related integral form-generation processes may be examined according to their performative capacity, as interrelated from early phases to
the material constituents (Hensel, Menges and Weinstock, 2010). Due to the fact that lightweight
form-active structures do not possess any timely invariant defining state, while their deformability is
primarily influenced by the respective geometrical characteristics and stresses of the members, the
design and analysis takes into consideration the entire transformation process, from the planar to
the form-found state. In this frame, both the erection process and the load-deformation behavior of
the systems are of significance throughout the interactive design and analysis process. Such step-bystep simulation processes are briefly presented with three case examples of hybrid bending-active
structures. By extent, the systems may acquire multiple equilibrium states according to respective
possible functional and performative requirements.
The Olympic Stadium of Munich
When the first prize of the architectural competition for the sporting premises of the 20th Olympic
Games in 1972 in Munich was awarded to the Stuttgart architects Behnisch and Partners with Juergen Joedicke in 1967, the advantages of the design were obvious, arising from the main architectural
idea for a transparent, unusual and innovative tent roof (Figure 1). The competition results were
documented in the German architectural press as follows: “…The built form is not the primary, but
the aim conception for a task, which exactly is not derived from a formal aspect, but from the nature
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of the problem.And for this, the technological construction possibilities
ought to be found” (Wallenborn, 1967).
Five months later, Behnisch and Partners were commissioned with the
construction of the sport premises on the southern area of the Olympic park. The prestressed cable-net roof was set to further planning.
Soon after, a timber and a perlite concrete covering of the net were
abandoned, as well as a timber gridshell solution; all systems were too
stiff for the selected roof shape. Frei Otto and his team then found a
preliminary tensile solution through model studies. In lack of other
solutions, tulle models were initially measured photogrammetrically to ascertain the required cutting pattern. At the time, only model
techniques, geometrical expedients and idealized calculation methods
were used and were adequate for relatively simple forms. To that end,
construction possibilities would compensate for the insufficiencies of
the design, the construction planning and the erection on site. Such a
simplified design method had already been practiced by Frei Otto with
Rolf Gutbrod and Fritz Leonhardt for the preceded German pavilion
of the Expo 1967 in Montréal. Even in the design of elastic gridshells,
form-finding of the structures was investigated, at the time, by merely
using empirical calculations, physical modelling in smaller and actual
scale, or even the designer’s intuition (Quinn and Gengnagel, 2014).
The Mannheim multihall, designed by Frei Otto in 1973, is an indicative example of the structure’s morphological capabilities achieved
through implementation of bending-active members. The final shape
of the structure was estimated only by using the hanging chain model
technique (Liddell, 2015). Nevertheless, in the case of the lightweight
structure in Munich, precision was required, among others, to determine the cables’ length under the planned prestress, material related
issues, such as cable anchorages and fittings, as well as prefabrication.
Analytical Form-finding
The most influential aspect in the realization of the lightweight structure in Munich was the development and application, for the first time,
of the finite-element analysis method by John H. Argyris1. Computer
oriented calculation methods, that were developed at the Institute of
Statics and Dynamics for Aerospace Structures at the University of
Stuttgart, and by that time successfully applied, offered the decisive momentum.The most important contribution of Argyris’ original research
on energy theorems and structural analysis had been the matrix methods of analysis applicable to structures composed of discrete elements
and therefore, ideally suited for modern automatic computation2. This
respectable background formed a major contribution to the creation
of the revolutionary finite-element analysis method.

1. Following Civil Engineering studies at the Technical
Universities of Athens and
Munich and post-graduate
studies in Aeronautics and
Mathematics at the Technical
Universities of Berlin and Zurich, John H. Argyris became
director of the Research Department of the Royal Aeronautical Society, from 1943
to 1949, and joined the University of London, Imperial
College of Science and Technology, as Senior Lecturer in
1949, Reader in the Theory
of Aeronautical Structures
from 1950 to 1955, and
Professor of Aeronautical
Structures between 1955
and 1975. He was appointed
Professor at the University
of Stuttgart in 1959, Director of the Institute of Statics
and Dynamics of Aerospace
Structures between 1959
and 1984, and subsequently
Director of the Institute of
Computer Applications from
1984 to 1994, which became
one of the most renowned
of its kind in the world.
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Computational analysis of lightweight structures encompasses each individual element with a unified calculation process. However, a direct
application to the stated problem formulation for such structures was
initially not possible. New developments regarding theory and calculation programs with appropriate formulation and design of the second and fourth analysis step became necessary and had to be worked
out in very limited time (Figure 2). The static equilibrium of the prestressed net was investigated through iterative geometrical nonlinear
elastostatic analyses.The investigated form of the structure was, at first,
approximated and then numerically improved, until equilibrium at the
required prestress level was achieved. In general, the origin can even be
a flat net that is prestressed between fixed points in plane. For every
displacement state of the supports, the related equilibrium form of the
prestressed net is iteratively investigated. The procedure can also be
described as the numerical simulation for a stepwise hanging of the net
from the origin plane (Figure 3).
An in-depth study for the evaluation of the gained experience, in terms
of integration and consolidation of the disciplines involved, succeeded
the project realization. The suspended cable roof of the Olympic Stadium of Munich initiated a period dedicated to automatic form generation. The conclusion of the research on the form-finding, the statics
and dynamics of long-span net structures, formed the basis for the
subsequent development of modern software programs for nonlinear
structural analysis.The developed calculation procedures were expanded and applied in subsequent studies, such as the Stadium of Niedersachsen in Hanover and the Olympic Stadium of Montréal.
Towards Interdisciplinary Iterative Design
Processes
Apart from the origin and application of computational analysis in design, the example of the Olympic Stadium of Munich also demonstrates
aspects of prefabrication, standardization and consequent industrial
production and erection that had been actively pursued by the design team. The use of as many equal components as possible, arranged
and joined in the simplest possible way, was paradigmatic. A further
example to this general concern, in terms of construction and materialization, is Buckminster Fuller, who had worked intensively for over
50 years on the geometrical laws of geodesic domes (Hays and Miller,
2008). Topologies for spherical shell structures were developed that
allowed the use of as many identical beam and node elements as possible (Krausse and Lichtenstein, 2000). Same holds for Konrad Wachsmann (Wachsmann, 1989). Furthermore, the professional success of
Max Mengeringhausen, the founder of Mero, was due to an intelligent
solution for a nodal connector for space structures (Kurrer, 2004).

2. The comprehensive analytical research work performed by Argyris at the
Royal Aeronautical Society
on elements of the elastic
aircraft was included as part
of the Handbook of Aeronautics No. 1 in the early
50’s, Argyris, J. and Dunne,
P.C., 1952. Structural Analysis,
Structural Principles and Data,
Part 2, Handbook of Aeronautics, 1. London: The New Eva
Publ. Co. Ltd. The work on
energy theorems and structural analysis undertaken at
Imperial College, originally
published in a series of articles in Aircraft Engineering
between October 1954 and
May 1955, was published as
a book in 1960, followed by
four further editions until
1977, Argyris, J. and Kelsey,
S., 1960. Energy Theorems and
Structural Analysis. London:
Butterworths.
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Figure 1.
Tulle model of architectural competition entry for the Olympic Stadium of Munich 1972 and discussion
round on the realization of the project among Heinz Isler, Fritz Auer, Frei Otto, Jörg Schlaich, Rudolf
Bergermann and Knut Gabriel (l. to r.), (Bögle, et al., 2003)

Figure 2.
Analytical form-finding of the east tribune with finite-elements (Doltsinis, 1990)

Figure 3.
Principle procedure for analytical form-finding of lightweight structures
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Since the early 90’s, such considerations have been of minor relevance to modern computer-aided
manufacturing techniques; this applies for example to the milling geometry of any joint and the
implicated production process (Knippers and Speck, 2012). In recent years, numerous cable-net
shells have been constructed of steel rods and glass plates, taking over an important model role in
the steel construction industry in terms of developing digital design and production chains. Initially,
smooth free-form surfaces of the overall shape, generated through a three-dimensional modeling
program, are transformed into a viable structural system. In most cases, the shape is modified to act
like a shell structure, while the geometrical optimization provides a smooth curvature. As a second
step, the three-dimensional geometry is transformed into a structural grid, i.e. triangular net that
forms the gridshell. An automatic transformation into a triangular net provides faceted edges, irregularity of the meshes and different node connections.This step involves the grouping and smoothing
of the grid characteristics. The final step consists of the structural analysis of the net. The data file
that is used for the dimensioning of the members is also used for delimiting all the parameters of
the geometry for fabrication purposes. Relevant examples include, among others, the stainless-steel
roof over the courtyard for the Deutsche Bank in Berlin, Pariser Platz 3 by Gehry Partners and
Schlaich, Bergermann and Partners, and the roof for the courtyard of the British museum in London, by Foster and Partners and Buro Happold. In this context, the lightweight roof structure at the
central entrance area of the Expo 2010 in Shanghai, designed almost 40 years after the precedent
Olympic Stadium of Munich, by the architectural office SBA, Stuttgart/Shanghai, in collaboration
with Knippers Helbig Advanced Engineering, Stuttgart/New York, is undoubtedly exemplary for its
comprehensive design that was primarily directed by functional and extreme environmental conditions at the site, as well as by structural constraints of the geometrically refined overall design
form and automated fabrication processes (Figure 4). The project reveals broader characteristics
of discrete nonlinear iterative performance-based design developments with regard to the original
form conception, optimization and realization.
Integral Design and Analysis Processes
The role of digital design and computational analysis in the conceptualization and development of
lightweight structures up to date is indicative of a new syntax of emerging design. Further research
in all operation stages, including the form-finding and erection stage, as well as the loading stage of
the structure, is feasible through a bottom-up approach, in order to achieve efficiency, sustainability
and technological innovation (Gibson, 2012).
Along these lines, a number of case examples are briefly presented in the following sections of the
paper. A case example of a gridshell structure, composed of bending-active strips in pairs, demonstrates the advantages of form-active systems in the erection and load-deformation behavior. The
coupling of bending-active members with a secondary system of cables and struts may provide
longer spans and variable system configurations. Finally, the interconnection of bending-active members with kinetic components, such as scissor-like elements, enables further controlled structural
adaptiveness.
The common feature, in all case examples presented herein, is the utilization of structural materials
with high elastic modulus and yield strength that provide mechanisms with adaptive physical behavior. Compared to technical linkage systems, bending-active mechanisms replace local hinges by elastic deformations of their members and thus distribute the acting forces over a wider area in which
bending takes place (Lienhard, 2014). Following the pioneering work of Frei Otto, Edmund Happold
and Rolf Gutbrod (Happold and Liddell, 1975; Quinn and Gengnagel, 2014; Liddell, 2015), the appli-

ISSN 2309-0103

17

Marios C. Phocas

Design and analysis of form-active systems. Spanning from tensile to hybrid bending-active structures

//

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

Figure 4.
Aerial view of the lightweight tensile roof structure of the Expo 2010 in Shanghai (Knippers, 2011)

cation of bending-active plate members has recently been demonstrated with a pavilion
prototype construction with birch plywood lamellas at the University of Stuttgart in
2010 (Fleischmann, et al., 2012) as well as with a Biomimetic Media Façade with flexible
shading elements at the Thematic Pavilion at Expo 2012 in Yeosu, South Korea (Knippers,
et al., 2012). In principle, the simulation of any form-finding process using finite-element
analysis requires that the actuated for erection and force-driven deformation of the
structure are considered in the same modelling environment, following a step-by-step
nonlinear approach (Phocas and Alexandrou, 2017). This ensures that residual stresses
of the structural members can be identified and stored in all stages of the analysis when
investigating the exact behavior of the system in terms of increasing geometrical stiffness.
Bending-active Plate Gridshell
The bending-active plate gridshell consists of primary elastic strips placed on their strong
axis and interconnected through steel rings and telescopic bars (Phocas, Alexandrou,
Zakou, 2016). In span direction, the supports are interconnected through cables with
variable length (Figure 5). The supports enable free displacements on the x and y-axis,
until the system has reached its form-found shape. A single corner support is fixed to the
ground, in order for the system to maintain a stable reference point. Once the structure
is stabilized, peripheral telescopic bars are applied for further deformation control. Thus,
the system, in its form-finding process, incorporates a) control deformation mechanisms
through the elastic properties of the primary members, modeled as beam elements and
assigned to elastic material properties PTFE (Polytetrafluorethylene) of high elastic mod-
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ulus, b) the length modification of the cables connecting the supports and c) the elastic members’
coupling telescopic bars.The bending-active strips have non-deformed length of 7.5 m and a span of
5.1 m in the fixed position of the system.
Finite-element analysis of the system is based on the third order theory. Given that the material
behaves linear elastically in the case in question, the analysis considers geometrical nonlinearities,
as well as large system deformations. Sequential, step-by-step structural modifications are followed,
in order to gradually investigate the structure’s deformations in obtaining the final form-found
position. In each consecutive analysis step, the residual stresses, stored by the members and the updated geometry of the system, are taken into consideration.The static analysis of the bending-active
gridshell throughout the deformation process is divided into three main stages with a number of
sub-stages in-between, as shown in Figure 6. The first stage refers to the ‘planar deformation’ and
considers the expansion of the units by gradually increasing the internal bars’ length at a certain initial value.The ‘erection approach’ follows in stage 2. At this stage, the reduction of the lower cables’
length, connecting the supports in span direction, causes upwards deformation of the system.When
the structure has attained its maximum height, all supports are set to ‘fixed’. In the final ‘morphology
optimization process’ of stage 3, further modification of the telescopic bars’ length is induced, in
order to examine their influence on the system’s deformation behavior preceding the concluding
loading stage. At first place, the bending-active plate gridshell demonstrates the advantages of deployability, self-erection, geometrical transformability and self-stabilization.
Hybrid Cable Bending-Active Structure
A hybrid cable bending-active structure has been proposed as a way to achieve longer structural
spans (Kontovourkis, et al., 2017). The design is based on a primary unit component. On the horizontal plane, the unit consists of a pair of vertically oriented PTFE lamellas, interconnected at midlength, and deformed in inverse direction, to form a curvilinear symmetric shape. Cable and strut
elements stabilize the primary elastic members by connecting them at both ends in longitudinal and
transverse direction respectively (Figure 7). The overall structure is composed of six, consecutively
connected units, assembled in linear arrangement. Prior to applying the secondary members, horizontal struts are added in-between each consecutive unit for stability purposes.
The structure acquires three arc-like configurations, controlled by the secondary system of cables
with variable length and with struts positioned at the periphery of the primary system’s span. In
principle, the position of the struts, as to the primary members, plays a critical role in the overall
shape of the structure. In this respect, three configurations are defined, resulting in distinctive arclike configurations, whereas the secondary cables are only activated in tension. An arc-like shape in
elevation is obtained by positioning all strut elements facing the inner side of the structure. In another configuration alternative, a stronger primary system’s curvature develops near the supports,
while struts are only placed at nodes 1, 3 and 5. At nodes 1 and 5, struts are placed at the inner side
of the system, while at node 3, at the exterior side. In another configuration alternative, the struts
in nodes 1, 3 and 5 are oriented in opposite directions.
The form-finding of the systems is divided into two stages. At the first stage, the linearly arranged
units, with total length of 16 m, are deformed using cable shrinkage values of 300 mm. Consequently,
the span of the primary system shrinks from 16 to 15 m. In the subsequent stage of analysis, all
members of the structural assembly are considered. Shrinkage values, varying from 300 to 500 mm,
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Figure 5.
Bending-active plate gridshell

Figure 6.
System transformation stages

20

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

Marios C. Phocas

//
Design and analysis of form-active systems. Spanning from tensile to hybrid bending-active structures

ISSN 2309-0103

are introduced for all cables of the secondary system. Due to the eccentricity of the applied force,
the primary structure is forced to deform in vertical direction through torsional deformation of
the elastic members. The cable shrinkage values vary respectively, in order to achieve a deformed
system span of 12.5 m in all configurations (Figure 8).
The finite-element analysis conducted verified, at first place, the interactive load transfer between
the primary and secondary cables from one configuration to another and the ability of the primary
structure to adapt into variable shapes through the secondary system. Furthermore, all examined
system configurations exhibited only minimum deformations under external vertical loading. Compared to conventional catenary structures, the proposed hybrid cable bending-active prototype
offers higher flexibility in its configurability. At the same time, gradual cable length modifications of
the secondary cables provide target shapes of the system, by avoiding complex and unsafe erection
stages.
Adaptive Beam of Scissor-like and Cable Bending-active Elements
The adaptive beam consists of scissor-like elements (SLEs) assembled in series with pairs of inversely curvilinear bending-active members (Phocas, Alexandrou, Athini, 2017), consisting of PTFE
material and positioned on the weak axis (Figure 9). The development of the system follows a
two-stage process that consists of the form-finding and loading stage. At the first stage, the SLEs
are linked together in series with the bending-active members placed in pairs. Form-finding of the
system is based on a step-by-step length decrease of the cable interconnecting the supports, which
comprises the primary actuation means of the system. Starting off with a non-deformed length of
12 m, the system’s resulting span amounts to 6 m. Throughout the form-finding process, the SLEs
decrease their relative angles, while the bending-active members in each pair are curved inversely.
Subsequently, the supports are transformed into fixed ones, the elements are fastened together by
contracting cables and the beam obtains a respective curvilinear configuration. Once the system is
form-found, the central joints of the SLEs are locked via electromagnetic brakes, while cables are
added to the bending-active members (Figure 10). The process is governed by two parameters: a)
the material strength limits throughout the form-finding process and b) the stiffness of the bending-active members under loading. The maximal members’ curvature corresponds to exclusively
elastic stresses of the members, avoiding permanent deformations or failure. At the same time, the
prestress of the members needs to be sufficiently high to reach adequate geometric stiffness with
regard to their deformations under loading. Consequently, implementation of the bending-active
members in pairs, and their subsequent coupling with cables, aims at increasing the stiffness of the
elements and improving the load-deformation behavior of the system.
The proposed structure composition aims at expanding the system’s transformation capability,
adaptiveness and form flexibility, while building on the advantageous behavior of its components, i.e.
SLEs for deployability and stability, bending-active members for lightweight, configurability, adaptiveness and reversible elasticity, and coupling cables for deformation limitation under loading. Implementation of the bending-active members also decreases the technical complexity and packaging
volume of the system before erection.The curvature of the system varies according to the position
of the SLE joints, the geometry and the degree of bending of the elastic members, resolving the
transformations on an intrinsic, element-level and thus relieving the nodes.
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Figure 7.
Typical units assembly of
hybrid cable bending-active
structure

Figure 8.
Systems’ transformations:
Non-deformed shape, linear
primary members’ deformation and arc-like system
configuration
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Figure 9.
Scissor-like and cable
bending-active members’
assembly

Figure 10.
System transformation
stages
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Conclusions
The brief review of the design and realization of long-span lightweight tensile structures, with reference to the example of the tensile cable-net structure of the Olympic Stadium of Munich that
had been enabled through the development and application of the finite-element analysis, is representative of a subsequent initiation of automatic form generation. The conclusions of the research
on the form-finding, the statics and dynamics of long-span net structures formed the basis for the
subsequent development of modern program systems for nonlinear structural analysis. Almost 40
years later, the membrane structure of the Expo 2010 in Shanghai demonstrates that the methodology of design and analysis of such structures follows similar modes, primarily aiming at a structural form refinement and automated fabrication. Enabled through contemporary advancements
in computational design and numerical analysis, the form-finding procedure in form-active systems
may comply with the coherent development of material, form and structure and further project
the role of architecture and engineering within the design process. In demonstrating this, three
prototypes of hybrid bending-active structures are here presented with regard to their design and
analysis conducted. In achieving lightweight, form flexibility and adaptiveness, the analysis considers
all system transformation stages. By extent, form-active systems may result from open-loop development processes and obtain variable characteristics following interactive tuning of their form and
load-deformation behavior.
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Concrete Form[ing]work:
Integrating patterns in flexible formwork for cast concrete		
Annie Locke Scherer // KTH Royal Institute of Technology

Abstract
This paper outlines the design methods in the research project Concrete Form[ing]work, and
seeks to contextualize these methods within design research. First, it examines current design
methodology in practice and situates this research within existing work. The second section
provides an overview of ongoing and planned probes, while the third reflects on future uses
and practice-based design applications. Concrete Form[ing]work explores the integration of
smocking and cast concrete to investigate novel techniques for creating architectural elements
(Figure 1). While traditional formwork for custom or sinuous concrete structures is often costly
or impossible to fabricate, this research looks at numerous techniques to custom-tailor fabric for
casting. These include traditional hand smocking as well as more recent research into custom
knit structures that can react and transform in response to heat, water, or electrical currents.
The integration of such methods advances new possibilities of design research and fabrication
techniques with regard to what can be achieved with state-of-the-art fabric formwork. It also
speculates on additional research that could introduce robotics and sensors to further explore
issues of repeatability, scale, and economy.

Keywords
Flexible formwork, Concrete, Parametric patterning, Materiality, Digital craft.
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Introduction
Concrete construction has always defaulted to the economy and simplicity of rational, planar elements. Because of the ability to rationalize and evaluate planar formwork, and standardized assembly processes in the construction industry, efficiency in building has been valued over experimentation. Designers have chosen to default to what is “known” instead of re-imagining novel methods
of using existing materials. With the technological revolution in the second half of the 19th century
came a shift away from the fabrication of forms that were logical slabs, beams, and columns. Instead,
construction methods developed expressive personalities of their own based on a material’s characteristics. Designers began to recognize that such simplified elements did not use the material in
the most rational means, but did not trust cost evaluations for these novel construction methods.
Eladio Dieste, one of the pioneers of vaulting and thin shell concrete construction, expressed his
concern of designers settling for fabricating planar elements because of the simplicity in testing and
evaluation. While he recognizes that it is critical to have an analytical evaluation of construction
methods and economy, he argues that simplification of construction is “unjustified,” and that it is not
enough of a reason to default to simple, economical structures in practice-based design research
(Dieste, 2004).
Dieste argues that while architecture is a construction, it is also an art. An engineer himself, he
looked to architecture and design to solve problems that were inherently structural. “For architecture to be truly constructed, the materials should not be used without a deep respect for their
essence and consequently for their possibilities” (Dieste, 2004). There must be a relationship between rationality and expressiveness in order to achieve progress. By re-envisioning material possibilities and resisting the temptation to only build simple, economical structures, designers choose
innovation over certainty. Over the next few decades, Dieste dedicated his life to the investigating
the essence of materials and their mysteries and applied these economically. Keeping an artistic
inquiry inherent in design, research raises new problems and research questions that would emerge
otherwise.
Reflecting on the difficulties of testing and disseminating novel construction methods, designers
and architects must continually develop evaluation methods for their research, particularly as new
methods of fabrication evolve. Mette Ramsgard Thomsen and Martin Tamke note that inherent
differences between architecture and engineering, as well as the varying levels of inquiry, require designers to develop more cyclical methods of evaluation.The recent advancement of digital machines
and fabrication has shifted the means in which we conduct design research; we must create new
methods in evaluating material evidence in relation to architectural practice. Thomsen and Tamke
present three types of material evidence as means of evaluating research within our field: the design
probe, the material prototype and the demonstrator (Ramsgard Thomsen and Tamke, 2009).
Because architecture is always embodied by the material, these three modes of material evidence
allow architects to apply a dimensionality to a given design question and solution. While the design
probe is more speculative investigation of design criteria, the material prototype explores the
material behavior and extrapolates upon the criteria set up by the probe (Ramsgard Thomsen and
Tamke, 2009).The demonstrator then builds upon this further, taking the wandering and sometimes
fragmented prototyping process and applying real-world constraints to construct a more conclusive
investigation. By arguing that utilizing the integrated approach of research by design and emphasizing
the implementation of physical demonstrators, architects can aptly position their research to create a more cyclical and reflective connection between design, analysis, specification and fabrication
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Figure 1.
Cast concrete probes

(Ramsgard Thomsen and Tamke, 2015).
Coupling the understanding of materials with complex rather than static behaviors, we can
work with the fears of innovation as observed by Dieste, and use demonstrators and fullscale architectural installations to realize new material practices.This reflection must also be
used when evaluating the complex relationship between digital and the physical prototype.
Material testing and probes must be developed simultaneously with digital models. Data
from physical testing is used to inform the digital tools and in turn, the digital models help
develop an understanding of material behaviors and structures not achievable by prototypes.
What is critical is that we must verify our computational models by simultaneously developing both physical and digital tools in order to evaluate the appropriateness and precision
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of our experiments. Figure 2 shows a comparison between the digital model of CITA’s Dermoid
and final scan of the demonstrator. Even after fabrication is complete, reflection on the validity and
precision of the digital model is vital.
Embracing Materiality
After examining the design methodology as outlined by Dieste and Thomsen, it is possible to more
critically question traditional concrete formwork. Design research by architects and engineers such
as Mark West, Remo Pedreschi, and Alan Chandler look to merge the process of, making as a craft,
with the importance of delivering a precise form in industry. As noted above, contractors are reluctant to embrace techniques outside conventional rigid formwork because of a lack of precision
and predictability. Projects such as West’s beams, Chandler’s Wall One, and Pedreschi’s Kate Moss
column (Figure 3) utilize flexible formwork to incorporate both an expression of materiality of
concrete while simultaneously adhering to an acceptable manner of repeatability and reliability
(West, 2017; Chandler and Pedreschi, 2007). Their experimental applications of flexible formwork
to construct traditional architectural elements such as beams, walls, and columns investigate what
aspects of these elements need to be precise for industrial applications, and those that have the
possibility of being be more unpredictable and dynamic. This delicate balance is achieved through
simultaneous physical experimentation and informed intuition of material behavior.
These projects utilize fluid-responsive formwork as casting techniques to allow the engagement
of materiality and rheology within the construction process, and re-envisions the workers’ role to
be much more active in the design. Upon embracing the inherent rheological qualities of concrete
rather than constraining them to rigid formwork, the material and fabricator are allowed to take an
active role in the more dynamic casting process.

Figure 2.
Comparison of Dermoid digital model and scan, CITA
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Figure 3.
Traditional concrete elements constructed from fabric formwork by A. Chandler, and R. Pedreschi
Image: Dirk Lellau (left), Remo Pedreschi (right)

Figure 4.
Mette Ramsgard Thomsen’s Listener and Yuliya Baranovskaya Knitflatable Architecture
Image: Mette Ramsgard Thomsen (left),Yuliya Baranovskaya (right)
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In addition to a more interactive fabrication process and expressive final form, fabric formwork
evokes drastically different possibilities for construction, inherently sustainable in both material
usage and formwork cost. Mark West’s points out the material waste in standard, cross-section
beams, and demonstrates that fabric formwork can be used as an easily-deployable, low-cost solution to manufacturing variable sectioned elements. Material density, strength, and durability of the
cast object increases as a result of excess water allowed to wick through the pores of the fabric.
Furthermore, portability becomes an option. Materials can be fit into duffel bags that can be easily
transported for efficient, on-site deployment and later re-used for future projects (West, 2017).
Projects such as Mette Ramsgard Thomsen’s Listener and Yuliya Baranovskaya’s Knitflatable Architecture (Figure 4) take textile research one step further, examining the implications of programming
material with inherent, varied elasticities and material properties. Envisioning these coupled with
cast concrete, fabric textures and seams could leave their own trace on the form and articulate
structural mass and depth with sinuous bumps and bulges. When pressure is applied to this differentiated material, either hydrostatic or pneumatic, the once-flat pattern is transformed into a
complex, differentiated volume. By differentiating areas of varying elasticity, these techniques can be
coupled with flexible formwork for concrete, allowing the hydrostatic pressure of the material to
act as both a form finder and form giver.
Smocking
In an effort to integrate current fabric formwork research with more specified material differentiation as seen in Listener and Knitflatable Architecture, Concrete Form[ing]work investigates patterning
techniques to formally manipulate flat sheets of fabric. This project examines smocking (Figure 5),
a embroidery technique of gathering fabric to increase elasticity, and questions how this technique
can be applied to differentiation of fabric formwork. Used in the absence of elastic, smocking refers
to the gathering and stitching together of fabric in a wide variety of patterns, commonly used in
clothing applications for cuffs, necklines, and waistlines. It reduces the size of the fabric to roughly
one third of its original size, and these techniques can be applied to flexible formwork to specify
varying areas of elasticity as well as differentiate global geometry.
Research Development
In order to better understand this process and potential architectural applications, a series of
smocking patterns were produced by hand. The jersey cotton fabric was laid out on a grid and
points of connection were marked with a felt pen. These areas were hand-stitched with a cotton
thread to create a variety of different textures and forms, a few of which are exhibited in Figure 6.
Some patterns proved to have too complex of folds or overlapping to allow the cast concrete to
easily flow and were discarded. In partnering with the The Swedish Cement and Concrete Research
Institute, a SCC (semi self-consolidating concrete) mix was developed with a 600-650mm spread.
This mix comprised of a ratio of 1:1.2:.5:.4 (cement: fine aggregate: L 40 Lime: Water) with an additional 0.1% VMA and 0.1% superplasticizer. Limestone counteracts the tendency of particles to
separate with the addition of the Superplasticizer (Master Gelenium 51), which increases fluidity
without adding more water to the mixture. The VMA (viscosity modifying agent) is used as a starch
to produce a homogenous composition and maintain cohesion.All of these modifications to the mix
allow for fluidity and strength, while also producing a more durable and economically sustainable
cast. This mixture will continue to be developed, based on the rheological needs of each particular
smocking pattern and construction.
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Figure 5.
Smocking technique

Figure 6.
Smocking patterns of “arrow,” “leaf,” and “ fish scales,” respectively in addition to sewn fabric, digital simulation, and
final cast
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This research is currently in the process of creating a catalogue of potential smocking techniques
that could be used in this manner. After rigorous testing of the application of smocking to two-dimensional surfaces, the next steps will apply these patterns to architectural tectonics, as investigated by West, Pedreschi, and Chandler. Looking at the application of smocking in the form of beams,
columns, and walls brings a greater understanding as to how these techniques could be applied to
architectural elements. This learning through fabrication technique will undoubtedly produce a series of unforeseen results, which will inform the design decisions that must be made, when scaling
up and adding multi-dimensionality to global forms. Such parameters could include:
•
•
•
•
•
•

concrete slump under larger weight and hydrostatic pressures
fabric selection to avoid connection breakage
improvement and specification of rheology of the concrete mixture
evel of detail that can be achieved without cracking of concrete
parameterization of patterns
application of smocking for both ornamentation and topology
METHODS OF EXPERIMENTATION

During this experimentation, a series of research questions were developed:
How can fabric formwork be re-envisioned through smocking to create novel casting techniques?
How can smocking be parameterized and differentiated to articulate new methods of fabricating
architectural elements?
What are the opportunities for applying smocking at multiple scales, and how can this be transferred to an industrial context?
In developing these questions, it is critical to specify and reflect on how current methods of experimentation are carried out and evaluate their relation to the research questions at hand. Peter Krogh’s “Ways of Drifting” describes an applicable series of research methodologies that can be used to
evaluate experiments carried out to test a hypothesis. He describes a few methods of “drifting” for
designers to evaluate learning from findings: accumulative, comparative, serial, expansive, and probing (Krogh, Markussen and Bang, 2015). When looking at Concrete Form[ing]work’s methodology, the
most logical means of experimentation lie somewhere between comparative and serial (Figure 7).
The comparative typology, as developed by Fogtmann and Ross, explores a number of cases to
evaluate results in an overarching comparison. It involves testing central design cases in both identical and wide ranges of design context. The application of such typology results in exposing the
complexity of an experiment by applying the design scenario in a multitude of situations (Krogh,
Markussen and Bang, 2015). The application of smocking to a variety of architectural typologies will
take this comparative approach.
Serial experimentation compliments the comparative method, where this “denotes how design experiments are being carried out in a certain order or logic of locality determined by how neighboring experiments in a sequence influence one another” (Krogh, Markussen and Bang, 2015) This
chronological approach continually builds upon the previous experiments and “systematizing local
knowledge.” While a portion of Concrete Form[ing]work will be comparative, this serial typology is
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Figure 7.
Comparative and serial typologies as outlined by Krogh

also useful in evaluating the value of each experiment. New constraints
and unknown discoveries will come about as more fabrication experience
is amassed, and this will aid in determining the feasibility and fabrication
of complex smocking patterns on multiple scales. Over the course of this
research, fabrication intuition will be improved and tuned, and further experimentation of smocking’s relation to concrete rheology and materiality
build upon previous results.
These methods of “drifting” are not the only means of assessing the value
of experimentation. It is important to view a research hypothesis as provisional and changing. The critical aspect is how the hypothesis evolves;
being certain to learn from careful and methodical, rather than unsystematic, experimentation. Whether experimentation is conducted with one of
Krogh’s typologies or is simply an isolated probe with a novel approach,
evaluation changes over time and often includes post-rationalization.What
is most important is the rigorous process in which a designer must compare experimentation and research questions, and consistently check to
make sure the two correlate.
CNC Knitted and Smart Textiles
While fabric formwork with concrete has evolved in the last half century,
there has been very little experimentation with differentiation of materials.
The past few decades have shown a huge increase in the fabrication of
smart-textiles that are “augmented with the power of change and have
the ability to perform or respond” (Verbüken, 2003). With the aid of computing technology and CNC knitting machines, it is possible to integrate
“smart” materials with textiles (Figure 8, 9). This can, in turn, question the
current research into fabric-cast architectural elements.
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In a partnership with KTH, The Swedish School of Textiles in Borås has been investigating
novel methods of developing interactive textiles, with an emphasis on various interactive
expressions such as water, heat, electrical and touch reaction. With the use of industrial
weaving and knitting machines, there is the possibility of fabricating more complex, reactive
formwork that could open a new realm of possibilities when working with cast concrete.
Such exploration could include a blend of a base material and reactive materials such as:
•
•
•
•

PVA: a fabric that dissolves when in contact with water
Pemotex: a material that hardens when heat is applied
Polyester or nylon blends that shrink when heat is applied
Nitinol or Flexinol integration that actuates or shrinks when heat or electrical current
is applied (Satomi, 2014)

These shape-changing materials could change traditional design to fabrication methods to
one, which is interactive and iterative throughout the casting process. Formwork could be
pre-programmed to harden or shrink, when it comes into contact with the moisture of the
cast concrete. After a form is cast, heat or electrical current could be applied to continually
sculpt the formwork even after the concrete has been poured. The exploration of textiles
that have pattern differentiation with structure-changing properties, whether it be shrinking,
stiffening, dissolving or actuating, could have significant architectural and industrial applications. These untapped possibilities will be explored in the coming year with KTH’s partnership with the Swedish School of Textiles.
Robotics and Industrial Applications
The added complexity of integrating smart textiles brings up the question of industrialization
and mass-production. Currently, these material probes are sewn by hand, in order to develop
an understanding of smocking patterns and their fabrication. While analog experiments are
vital to a significant understanding of material behavior, it is important to critically question
the industrial applications when working with these techniques on a larger scale. More rigorous testing of hand-fabricated elements will uncover the limitations of what is possible to
fabricate with smocked formwork.
Arcane knowledge of fabrication with industrial robot arms previously belonged to specialized engineers. This recent transfer of this knowledge and accessible interfaces has allowed
architects, designers, researchers, educators, and artists to take up their own robotic projects within the creative industry. Robotic arms signify a new type of tool and a possible shift
away from a conventional linear workflow. Previous conventional workflow was linear - design to fabrication - in which robotics were simply used in the fabrication of a predetermined
design. With industrial robot arms, we can see the emergence of bi-directional workflows
that supports the possibility of designer-robot-interaction. Figure 10 catalogues some recent
uses for industrial robot arms and demonstrates the huge breath possibilities for their use
in architecture.
While there are a huge range of existing applications for robotics, it is important to view a
robot as a tool with limitations. That being said, it can be used in conjunction with Concrete
Form[ing]work to develop processes that might not be possible by hand. Robotics could be
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Figure 8.
Pemotex hardening with heat, M. Bobeck, shrinking textiles at the Swedish School of Textiles in Borås, and
integration of heat-shrinking thread in custom-knit textiles, D. Dumitrescu and A. Persson
Image: Malin Bobeck (left), Delia Dumitrescu (right)

Figure 9.
Reversible Nitinol actuation with textiles (E-textile summer camp)

Figure 10.
Robots in architecture applications
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integrated in a way to take advantage of its precision, whether it is creating an industrial
smocking technique, or using the robot to sense and accurately apply heat or other inputs
to manipulate both local and global geometry to a cast form.
Conclusions
Through these design explorations and considerations, Concrete Form[ing]work seeks to evaluate existing casting techniques and re-envision these in the context of smocking, smart
textiles and robotics. While current flexible formwork mainly focuses on simplicity of form,
the introduction of CNC knitted textiles can bring about a similar ease of fabrication, as
well as introducing local and global articulation. Varying scales of smocking applications, and
the exploration of parametric patterns will produce a new vocabulary of spatial structures
possible with flexible formwork.
With the possibility of integrating heat, touch, or electrical responsiveness, this research
challenges conventional workflows of design to fabrication by employing a more iterative
and interactive production process. A new method of making enables the fabricator to take
an interactive role in the design of the form, rather than producing a product according to
exact, pre-determined specifications.This participatory fabrication process allows the capacity to maintain craft while applying flexible formwork to industrial contexts. Furthermore,
the correlation between probes and digital simulation augment this transition to industry,
enabling fabricators to have confidence in the validity of their models and a reasonable
amount of predictability.
The ability of flexible formwork to both express gravity and materiality of concrete, coupled
with the increased predictability for industrial applications, is largely unexplored in architectural research. Concrete Form[ing]work fills a niche of articulated surface differentiation,
while simultaneously addressing issues of repeatability, scale, and economy. Coupling reactive
formwork and expressive materiality of concrete exposes a myriad of new possibilities of
fabric cast forms and seeks to blur the line between where design ends and fabricator begins.
Acknowledgement
Concrete Form[ing] work is part of the research project: “Concrete Performance: Towards
Digitally Informed Cement-Bound Material Systems” funded by Formas, the Swedish Research Council and headed by Prof. Dr. Oliver Tessmann.

ISSN 2309-0103

39

Annie Locke Scherer

Concrete Form[ing]work: Integrating patterns in flexible formwork for cast concrete

//

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

References
Chandler, A. and Pedreschi, R., 2007. Fabric Formwork. London: Riba Publishing.
Culver, R., Koerner, J. and Sarafian, J., 2016. Fabric Forms:The Robotic Positioning 		
of Fabric Formwork. RobArch 2016. Sydney, Australia.
Dieste, E., 2004. Architecture in Construction. reprinted in A. Stanford, ed. Eladio 		
Dieste Innovation in Structural Art. New York: Princeton Architectural Press. Originally published July 1980.
Dumitrescu, D. and Persson, A., 2011. Exploring Heat as Interactive Expressions 		
for Knitted Structures. The Swedish School of Textiles: University of Borås. Nordic
Design Research Conference.
Krogh, P.G., Markussen, T. and Bang, A.L., 2015. Ways of Drifting: 5 Methods of 		
experimentation in research through design. Proceedings of ICoRD Research into 		
Design Across Boundaries, volume 1: Theory, Research Methodology, Aesthetics,
Human Factors and Education.
Manelius, A.M., 2012. Fabric Formwork: Investigations into Formwork Tectonics 		
and Stereogeneity in Architectural Constructions. Danish Royal Academy. 			
CINARK.
Meibodi, M., 2015. Manifested In Form:Tensions Between Utility and Form in the 		
Digital Design of Architecture. Lulea University of Technology. Stockholm, Sweden.
Norell, D., 2016. Taming the Erratic: Representation and materialization in 			
post-digital architectural design. Licentiate Thesis: Stockholm, Sweden.
Ramsgard Thomsen, M. and Tamke, M., 2009. Narratives of Making:Thinking Prac-		
tice Led Research in Architecture.
Ramsgard Thomsen, M. and Tamke, M., 2015. Prototyping Practice: Merging Digital
and Physical Inquiries. Rethink! Prototyping:Trans-disciplinary Concepts of Proto-		
typing. Springer, pp. 49-62.
Satomi, M., 2014. E-Textile Summer Camp: SMA Meets Smocking. < http://etex-		
tile-summercamp.org/2014/sma-meets-smocking/ >.
Verbüken, M., 2003. Towards a new sensoriality.The New Everyday - Views on 		
Ambient Intelligence. Rotterdam: 010 Publishers, pp. 54-59.
West, M., 2017. The Fabric Formwork Book. London: Routledge.

40

ISSN 2309-0103

//

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

ISSN 2309-0103

41

Beatriz Arnaiz

Ephemeral tensile structure: Membrane House

//

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

Ephemeral tensile structure:
Membrane House
Beatriz Arnaiz / Polytechnic University of Catalonia-Barcelona Tech

Abstract
This paper discusses the Membrane House as a small-scale prototype of tensile structures. It is
born for the need of establishing long-term shelters in the worrying current situation with regard
to contingency resources. It is a very versatile prototype working as social space and it offers
many functions for inhabiting. It won the first prize at eme3 “Contingency and Praxis” competition at November 2016 (Figure 1). Its ephemeral condition responds to the necessity to ease its
transportation and assembly by using a construction solution based on integrity and coherence
and following principles of low-tech manufacturing. The stretched fabric is combined with elongated timber sections working under compression, and conveys stability to the inner structure.
The geometry of the prototype is composed of hexagonal and pentagonal modules, offering the
space a character that combines spatiality of the dome and functionality of the vault.This paper
describes the Membrane House design process, the tools used for its design and its complete
structural development. The authorship of the prototype belongs to LHRC architects collective,
which the author of the paper is part of and with whom she works on research and different
projects of similar concerns and principles.This prototype contributes to tensile structures development, being part of the new contemporary architectural social paradigm and finding its own
morphology and beauty following the logic of loads in tensile structures, as well as offering an efficient response in optimizing its construction materials to its full potential with low market cost.

Keywords
Prototype, Shelter, Tensile structure, Membrane, Low-tech manufacturing.
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Introduction
Tensile fabric membrane structures have geometric shapes generated by a tensioned equilibrium.
This makes to define them as natural structures, as they are governed by the structural principles
found in nature (Casiopea). They are structures generated by systems of linear loads of compression and tension. Structure and form are intimately linked. The curvature of the shape in tensile
membranes provides structural stability and higher stiffness. In these structures the membrane has
an important structural function. It is the element that works in tension together with the cables of
the system, while there is a support structure of rigid timbers that works under compression. The
complementation of these loads generates a state of equilibrium (Bögle, et al., 2003). This balanced
system provides stability that, combined with the lightness of the structure, leads to very attractive
architecture.These characteristics of simplicity and efficiency have been translated into a very beautiful aesthetic product that offers a functional response to the needs of the contemporary urban
scene (Pinto, 2012). It is presented as an alternative to the architecture of last decades, being much
more coherent, respectful and contextualized (Ishii, 1999).
What makes a big difference in how we create architecture in respect to the traditional way of
design is that the morphology, or form, of this prototype is defined during the process and not
predetermined. Actually, it is an undertaking to reach the state of balance in the system of elements
that conform the structure by modifying parameters according to design requirements. What is
exciting about this design process is the result of a maximum structural efficiency, the perfect state
of equilibrium, the maximum utilization of the material properties of each element and its maximum
exploited potential, therefore there is no excess or missing element, when we obtain the final form
(Carrió, 1991). These shapes are generated using self-training processes (invented by Frei Otto in
the new school of design in the 50’s) and based on the concept of “minimum surfaces”. They are
defined by having the smallest surface and they require the least amount of potential energy due
to their shape within a given set of “boundaries”. Their main feature is that they have a uniform
distribution of loads everywhere (Otto, 1969).
The shape that a tensile structure adopts is not given by geometric considerations as regulated surfaces, but by the equilibrium position reached by the tensile fabric as a result of its internal forces,
external live loads (like wind and snow) and edge constraints given by the support structure. There
are different methods of form-finding, but they can be divided in two: numerical or analog-physical.
At the beginning of textile architecture, hand models were used during the process of design and
even today they are still very useful tools for design, although there is lack of precision to facilitate
the intuitive understanding of the designer. Frei Otto proposed a physical analogy method with soap
bubbles based on the principles of superficial tensions of water. Even though they act as uniform
tensions, they behave facing the equilibrium of tensions similarly to a textile surface in a state of
tension.Then the edges of these bubbles were built with thread or wire to obtain geometric shapes
with soap (Figure 2).
Another analog method on the search of forms is based on models made of elastic fabrics, which
reproduce forms of equilibrium, when they are subjected to tensile efforts similarly to those that
would generate a structure on true scale. Some of the advantages of this method are:The curvature
is better controlled, products can be applied to stiffen or increase the curvature locally, and they
work very well for data gathering destined to the cut of patterns. Nevertheless, this process is done
with much more precision nowadays thanks to WinTess3 software (Figure 3).
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In the case of the Membrane House, this second analog-physical method is applied.The manufacture of a model was the origin of the form found, the support to find that morphology
was used as well to understand the structural operation of the system. A model was made
of wooden sticks and articulated nodes that allowed length variations on the sticks that
conformed the structure. Then the lycra fabric provided rigidity to the set generating the
form to work on later. After drawing the support structure in 3D with Autocad and Rhinoceros, the surface that covers this structure (the membrane) was subjected to analysis with
WinTess3 and through this calculation was verified that the system was in stable equilibrium.
Once this process of form-finding has been completed, we proceed to define the materiality of the set, seeking only homogeneous construction solutions and using nearby material
resources. We work under principles of low-tech architecture, which means recognition of
techniques and construction materials of the past, in order to maintain the current efficiency
of the building in the future, while keeping in mind the environmental impact derived from
the activity (Huelva). It arises from a way of making architecture according to the environment, based on structural and material efficiency, which generates functional solutions with
great aesthetic appeal. Because the beauty of forms is nothing more than the consonance
of human perception with a morphology that establishes a clear analogy with nature. These
forms that are defined by themselves and are found directly in the process of design, are
pure natural forms. The human eye identifies them as a beautiful result. In this way the conjunction of simplicity, efficiency, functionality, beauty and temporary nature adapted to the
use, leads to results of design, which will generate a new paradigm in current architecture
(Cirugeda, 2007) (Figure 4).

Figure 1.
Membrane House at eme3 “Contingency and Praxis” competition in November 2016
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Figure 2.
A method based on a physical analogy with soap bubbles, proposed by Frei Otto

Figure 3.
Models made of elastic fabrics

Figure 4.
MH won the first prize at eme3 “Contingency and Praxis” competition
Picture by Simon García ARQFOTO
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Description of the Prototype
Designed as a Refuge
The Membrane-House was born in response to the necessity of long-term shelters in the current
refugee crisis given that in many worrisome cases, life on refugee camps continues for years. Facing
these facts, the refuge must not restrict itself exclusively to serving contingency, but based on its
ephemeral condition, it should facilitate life and bring back to the users a space, where they can
develop their cultural habits and to which they have been forced to renounce (Figure 5).
It was designed for the eme3 “Contingency and Praxis” competition, under conditions of concrete
volume and functionality. The volume should not exceed a surface of 2x3 m in plan, being able to
expand by 50 cm on all its perimeter without touching the ground, and being able to reach a maximum height of 4 m. The triangulated geometry allows to optimize the space, providing a maximum
capacity of interior space and adjusting itself to these dimensions. The functional requirements
respond to the ease of transportation and the speed of assembly, as well as provide a suitable space
to be used in refugee camps, where conditions are already so hostile to the inhabitants, and improve
the quality of life in them (Willemin, 2004).
A membrane is applied with structural and enclosure functions and works as wall and ceiling offering thermal protection, insulation and privacy. Linked to a simple timber structure based on
the geodesic dome principle, it modifies its form to adapt to a daily use and terrains of different
characteristics. The tensioned fabric is combined with timber elements that work in compression
to give rise to an efficient structure that optimizes to the maximum its materials with low market
cost (Figure 6).
Morphology and Structure
The Membrane House is a prototype, whose geometry corresponds to the triangulation of a regular geodesic dome that works through compression of the timber sections, which compose the
support structure. It is stabilized by a tensile membrane linked to all the joints (nodes) of the
structure and makes it work as unique structural system. The membrane is made up of triangular
patterns according to the triangulation of the structural timber sections and it has the strength and
lightness adapted to the rest of the structure.
The primary structure has three timber sections (S, M, L) that form the morphology of the Membrane House, which is symmetrical, with respect to the longitudinal axis. It does not complete the
symmetry with respect to the transverse axis, because of the existence of an access point where
the door timber profiles have special dimensions. The timber sections used for the construction of
the Membrane House are included in Table 1 and shown in Figure 7.
The Membrane-House structure is designed to persist. It is made up of 84 structural timber sections of pine wood treated for outdoor application, with an estimated life of 15 years, and a tensile
membrane with insulation and waterproofing coating. The combination of these two elements,
wood and membrane, in addition to triangulation, give high rigidity to the whole. By means of the
tensegrity principle, the compression of the wood is combined with the tension of the fabric. Both
elements need each other to consolidate the shape of the prototype.The combination of hexagonal
and pentagonal modules confers to the space certain longitudinality, remaining halfway between the
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Membrane House as
emergency shelter

Figure 6.
The tensioned fabric is
combined with timber
members that work in
compression
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Figure 7.
Types of timbers and assembly process

Table 1.
Timber sections implemented for the construction of the Membrane House

spatiality of the dome and the functionality of the vault.
As the timber sections are connected to each other, the structure could collapse in different
directions, but in this case, the membrane linked to the nodes confers the required stability
to reach the equilibrium position. In fact, the membrane was calculated and designed for
this position and it was created in parallel to the timber sections’ configuration. Therefore,
the assembly must just follow this notion of complementarity between compressed and
tensioned elements. This implies that the membrane needed to be anchored to the timber
framework nodes, while it was built.
The whole structure rests on a wooden base designed according to the given dimensions
(2x3 m) with seven anchoring points, where the structure is fixed and supported. These
points are solved in construction with similar details as to the construction details designed
for the nodes, for maintaining the integrity and construction coherence of the whole system
(Figure 8).
Functionality
The prototype is designed to be assembled in a short period of time and to be transported
easily, since only two of its pieces (XL for the door) are 1.40 m long, while the fabric is transported in folded position. The design also allows to replace pieces separately, if one of them
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Figure 8.
Membrane House drawings

is damaged during its operational life, while being able to last several years.
The refuge is conceived as a unit within larger groups, offering the possibility to include both
private and public spaces. Therefore, a different way of approaching emergency architecture
is suggested: instead of generating large public spaces divided later by their users, it offers
to start from a smaller module that can work as a “room”, “living room”, “workshop”, or
“shower”. The neutrality of the given space allows to host different functions that, articulated together, form a whole living area. To carry out a variety of activities, different artifacts
could be arranged hanging from the structure, allowing diverse situations: double heights,
furniture, water tanks, storage spaces, etc. Actually, during the 5 months that the prototype
has been exhibited next to the M.A.C.B.A in Barcelona, it has been used for leisure activities
and events such as concerts, music sessions, activities for children, workshops, showing its
versatility as a social space, which offers a variety of functions, when the prototype is not
inhabited (Figure 9).
Design process
Physical model and virtual model
The design process begins with the most traditional method of form-finding, that of hand
models.The node is designed with flexible materials, in order to observe the variation of the
morphology of the structure through the relative position of the angles formed between
the linear elements that correspond to the structure.The length of the elements can change
according to the position of equilibrium offering different sizes of timber sections in a simple
way (inserting them closer or further from the node) to reach the ideal position. Once this
flexible structure is found, it is stable, because the nodes block any movement. Then the
fabric (represented as lycra in the model) is placed joining all its vertices from the inside and
forming a surface in homogeneous tension that makes the structure rigid, while also complemented by the compression of the timber sections (Figure 10).
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Figure 9.
Membrane House functionality
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Once the scaled model is made, the found shape is transferred to the digital model. The plans
are drawn in Autocad and the 3d model of the structural timber sections’ framework is made in
Rhinoceros, from where we extract the dimensions of the elements with precision. Then by using
this digital model we proceed to calculate the textile membrane with Wintess 3 (WinTess3). The
calculation made using this program is explained on the third point of this section.
Construction Details
We focus in every point of the structure, where a constructiion detail has to be solved and we seek
to obtain a constructional homogeneity that gives coherence to the whole system. The materials
used for the Membrane House are timber and fabric, elements that work very well with the cables,
anchors and metal nodes.
•

•

•

The nodes of the structure are the connection points of the timber sections that correspond
to the triangulated framework and the vertices of the membrane. Therefore the nodes work
as articulations between the timber sections exerting tension in the same direction as the
membranes, perpendicularly to the direction of their free movement.
The structure is connected to the base at seven points that are fixed to the perimeter edge
beams, in every corner and in the middle of the three sides excluding the entrance. These
points are free of movement on the vertical plane (rotation from the anchoring point at 180 °
in positive) but not on the horizontal plane.
The seam of the patterns has in some sections a pronounced curve, which requires precise
sewing.Therefore, it is made a single line of seam is waterproof, resists the tension of the membranes and guarantees durability of the prototype.

Under these conditions, an efficient solution is established being affordable for quick assembly. The
assembly has been made by hands, not necessarily qualified. The materials can be easily obtained
in the market, optimizing the resources and the construction impact, while following a “low-tech”
philosophy (Figure 11).
The structure works under the principle of tensegrity, as an open system that has to be affixed to a
base to reach equilibrium (Oliveira Pauletti, 2011). This base is formed by a wooden perimeter that
is divided in six pieces, two of 2.30 m in the crosswise sides and another four of 1.65 m that are
composed two by two in the longitudinal sides of 3.30 m. The base imposes a fixed settling to the
ground in one position.The weight of this perimeter edge beams with the wooden flooring provide
adequate stability to the system, without the need of concrete or fundations, and it can adapt to
different ground conditions. The perimeter edge beam supports five beams in crosswise position,
where the wooden flooring rests, offering a cozy and multifunctional floor in line with the esthetic
set of the Membrane House.
Calculation
Once the model of the support structure is drawn in Autocad and Rhinoceros 3d, unifying the dimensions of the timber sections, the framework is exported in dxf as auxiliary lines to proceed to
the analysis of the membrane. This process is carried out thanks to the program WinTess3, which
works in three different phases: form-finding, calculation of the structure and pattern design of the
fabric (Foster and Mollaert, 2009).
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Figure 10.
Hand model

•

Form-finding: We start the design of the mesh, establishing its characteristics of geometry and density,
using in this case triangular divisions and an adequate density according to the scale of the prototype.
Then we export the auxiliary lines from the geometry to represent the support structure and we decide about its connection points to the mesh. We introduce in WinTess3 the position of these points,
as well as the mechanical properties of the selected fabric for the construction. The program creates
with this information the shape of the membrane under the established conditions. The curvature
of the lines of the surface can be controlled making it more or less accentuated. This means that we
decide about the tension to which these edge lines will be subjected. In reality, these lines could be
headlines, or as it is in this case, the seams between patterns of a tensile surface (Figure 12).

•

Calculation of the structure: WinTess3 uses the matrix method to analyze tensile structures made
of bars that are understood as linear elements that can support different stresses. To analyze the
membrane the program decomposes the mesh that has been described in the previous phase. In this
phase of calculation, working already on the found shape, we apply the wind and snow loads to which
the structure will be subjected, in order to find the equilibrium state of the system. Following this we
can define already the auxiliary cables of the structure, the dimension of the elements that compose
it and the efforts that are generated in the mooring to the base. Then we use this data to define the
construction details (Figure 13).

•

Membrane pattern design: To design the double-curvature surface, it is necessary to join patterns obtained from a flat membrane that is served in rolls of 180 cm width. In this phase, the aesthetic quality
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Figure 11.
Construction details

Figure 12.
Membrane House morphology; hand model membrane and real membrane
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Figure 13.
Structural analysis

of the tensile membrane depends on how this process is carried out and even the structural
behavior can be affected by this process. The main requirement on the pattern design phase is
that the seams of the pattern and their connection points should follow the geodesic lines of
the double-curvature surface of the membrane. Once these points are fixed and the direction
of the surface is given, the next step is to draw those geodesic lines extracted from the surface
and define them geometrically as the shortest lines lying on a given surface and connecting two
given points. In the case of the Membrane House these geodesic lines are drawn by making the
triangulation of the surface and using a logic that follows the geometric scheme of the structural timber sections. From these lines that define the perimeter of the modules we proceed
to design the patterns. There are several methods to generate patterns, in this case the most
appropriated method is to draw triangles out of diagonal lines that connect the internal points
of the geodesic lines. For more precision, we decide to use small size triangles according to the
already determined appropriate density. Once all the patterns have been designed, they have to
be placed on the blueprint taking into account the roll width and the offset needed for sewing,
which is to be of a single seam line. Being a symmetrical prototype, the half part is made and
the other half is inverted. The pattern for the lower flap that closes the membrane with the
base is drawn separately, and the respective construction details are solved in all areas where
necessary. This information and the membrane rolls are given to the company that carries out
the garment-making. To join the patterns, nowadays welding with high frequency could be applied, although these could also be joined through gluing or sewing, even if they are not widely
used. For this prototype, it was decided for the sewing method, because the patterns have very
curved sides and the unit would need to be composed of very short segments. This would
suppose an effort and an increase of cost for this process that is not in accordance with principles raised in the design and general assembly process of the prototype. It is established that
the simple seam has a durability guarantee according to the rest of the structure (Figure 14).
Implementation / Construction Process
After performing isolated tests for every single detail to check the operation of the elements, the
construction process begins with the collecting of the material for the structure. The pieces of
wood are obtained at the Vivre en Bois (Granollers) and we cut, sand and prepare the ones which
form the triangulated structure and those that make up the base. A textile architecture company
called TP Arquitectura Textil for the garment-making and the details of the membrane are solved in
certain areas, such as the lower flap, the door and the buttonholes that allow the function of the
detail of the node. The patterns already drawn and worked on Autocad are sent to the company
once exported from the calculation in WinTess3.
The material used for the membrane (Tejera Parra, 2011; Rogier and Orpana 2000) (membrane
model: Precontraint 502 Satin in white) was donated by the textile fabric manufacturer company
Serge Ferrari. This material has very good durability (more than 15 years for which the wood is
treated), low maintenance and appropriate translucency and tensile strength for this commitment
(Figure 15).
After cutting the wood for the structural timber sections to a 40x40 mm, and making them sharper
at the end to fit in the nodes, the ends are drilled with holes that are smaller in diameter than the
eyebolts placed on these ends. Two types of eyebolts are used in the connection of the vertices,
some of them with open head (like a hook) for are the ones that join the timber sections in the
node and are placed with the head looking to the inside, and those with closed head, which cross
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Figure 14.
Membrane pattern design, with WinTess 3

the membrane grommets, leaving the head out to be hooked up in the eyebolts of the structure
vertices. A section of flexible PVC tube is placed in every bolt to make a perfect fitting in the buttonhole of the membrane, so it remains isolated and protected from water. In addition, the flexibility
of these pieces enables the connections to appear as controlled articulation.
The wood is cut to assemble the base, where the built structure is planned to rest. This base has
fittings to be disassembled into six pieces that are in scale with the rest of the elements of the
folded set. The pieces that compose the perimeter have wooden elements in their inner part, to
receive the transversal beams, on which the wooden flooring is supported. These beams are cut
and assembled to fit easily and safely at the base. The wood used on the flooring was donated by
Vivre en Bois, the supplier of the rest of the wood for the prototype as well.The strips are cut with
four different dimensions and twice varnished. They are then placed respectively and screwed to
the five lower beams.
A first test of the assembly of the timber structure was made without the membrane and the
wooden flooring, but with ropes that connect the nodes from the inside, in order to reach the
stability that the membrane gives and fix the positions of the nodes of the triangulated structure.
These rope segments are cut in sizes according to the form-found system (Figure 16).
Days before the event of the eme3 contest “Contingency and Praxis” the membrane made in Girona was collected and a test of assembly was performed with all the elements of the prototype.
Nevertheless, there was a fault in the percentage reduction of the membrane, since the membrane
was not tensioned in the structure. The option of re-sewing a membrane was not feasible. It was
estimated that 8 cm of length were missing per timber, in order to attain that the vertices are in
the correct position, where the membrane is in its ideal tensile state. Due to lack of time to find a
suitable solution, and since there were no larger eyebolts available for that section of wood, the eyebolts of the timber ends were placed a few more centimeters out. The solution for the hooking of
the membrane to the nodes of the structure was also modified to stretch the membrane as much
as possible: the bolt that joins the eyebolts in the nodes is placed looking to the outside instead of
looking inside gaining a few centimeters.
Based on this solution the Membrane House was taken to BAM BioBui (L) t-Espai Txema, the space
next to the MACBA that was assigned by the eme3 competition organization for the exhibition
celebrated in Barcelona, in November of 2016. The MH was the winner of the competition together with the REme prototype of the Fab Lab Alicante. Following this event, the Membrane House
remained five months exposed in the BAM, and it has recently been disassembled to be exhibited
in June 2017 in the Festival Innund’art in Girona for which it has been also selected. Afterwards, in
July 2017 it will be exhibited in the Art Per Tot Festival in Cerbère (France), and in October 2017
in Mallorca.
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Figure 15.
Membrane model: Precontraint 502 Satin in white, by company Serge Ferrari

For future installations the timber sections were replaced with ones
that were by 8 cm longer. In addition, the section of these timbers
has been reduced to 36x36 mm for providing a lighter structure and
contributing to the efficiency of the prototype.The majority of the eyebolts has also been replaced, since these were forced to solve the scale
error between the structure and the membrane. Also the membrane
was cleaned and checked.This implies an improvement in the quality of
the structure and the state of tension of the membrane.
Conclusions
The experience gained throughout the development of this project,
that still continues, serves as great contribution to the theoretical
knowledge with regard to tensile structures. It is in the practice where
you learn from each of the stages involved in tracking a project, from its
successes and failures. It was possible to learn from the scale error between the membrane and the support structure, due to the respective
membrane tension calculation and pattern design and the incorrectly
calculated reduction of the membrane used in the manufacturing. This
error hindered to find the perfect balance, but the solution for this
unforeseen was agile even if the cost of this method meant the forcing
of the nodes. Thus, this was a very valuable experience from which we
learned for the next installations of the Membrane House that has
been already tested to claim that it works properly. The scale error is
solved in open tensile structures by using supported masts and therefore, with the possibility of tensioning the membrane outwards since
this support structure has a movement leeway towards the outside. In
the case of the Membrane House, as the structural elements are connected inside to each other, it is not possible to have that movement
leeway outwards. Consequently the error was sloved by changing the
size of the timber sections.
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Figure 16.
Construction process
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The success that has supposed and still supposes this project in social and architectural
context suggests future investigations and interventions in the current panorama under the
same premises. The Membrane House project is an exemplar of tensile architecture that
starts to grow in the current scene and can expand its field of action in being able to work
in many different contexts and in solving situations that society is currently facing and architecture is so far not able to encompass. The new path of the ephemeral, light and low-tech
architecture with new structural materials used efficiently and the recycling of discarded
materials, changes the way of project designing and claims for a process, where the designer
is not the omnipotent figure (Cuchí and Sastre, 2014). This proposes a future on the field of
architecture that seeks to respond to needs, by integrating the physical and social environment and making it functional, affordable, coherent and by taking into account all the actors
involved in the project in question.
The prototype Membrane House was selected together with other six projects to be built
in Barcelona in November 2016 for the event of the competition “Contingency and Praxis” eme3 for the design of a prototype of emergency housing (Figure 17). The project was
awarded as the best emergency prototype for “its ability to adapt to different scenarios and
its ease of transportation”. It has been exhibited in the center of Barcelona, in Carrer Montalegre 4, in front of the MACBA, until March 2017. It was recognized as an adequate prototype for the requirements of contingency architecture, as well as an example of ephemeral
architecture that gives rise to innovative social spaces and gathers the conditions for the
current needs in a coherent and sustainable way (Figure 18). As recognition for winning the

Figure 17.
Membrane House in the Bio Bui(L)t Espai Txema, close to the MACBA
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Figure 18.
Membrane House interior view
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Figure 19.
Origami postcard for Verkami
rewards
Figure 20.
Tensegrity lamp
for Verkami
rewards
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competition, an entry was published in METALOCUS magazine together with photographs taken by Simón García (ARQFOTO) (Membrane House in Metalocus). The Membrane House has been selected for the Innund’art Festival that will take place in Girona
in June 2017, as well as for the Art per tot festival that will take place in Cerbere (France)
in July-August 2017 and in Mallorca in October 2017.
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Poster for Verkami
rewards
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Membrane House,
Architecture collective
LHRC

ISSN 2309-0103

61

Beatriz Arnaiz

Ephemeral tensile structure: Membrane House

//

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

References
Bögle, A., Schmal, P.C. and Flagge, I., eds, 2003. Light Structures. Jörg Schlaich Rudolf 		
Bergermann. Munich: Prestel.
Carrió, J.M., 1991. Introducción a la Arquitectura Textil. Madrid: Servicio de 			
Publicaciones edl Colegio Oficial de Arquitectos de Madrid, COAM.
Casiopea, (Ed.), de Arquitectura y Diseño PUCV, Frei Otto. A Gaudì. Buckminster 		
Fuller. Online: http://wiki.ead.pucv.cl/index.php/Frei_Otto/_A._Gaud%C3%AC/_		
Buckminster_Fuller#FREI_OTTO/ Edición Digital.
Cirugeda, S., 2007. Situaciones urbanas. Self-published.
Cuchí, A. and Sastre, R., 2014. Las Tenso Estructuras y la Sostenibilidad. Espazio.
Foster, B. and Mollaert, M., 2009. Arquitectura Textil, Guía Europea de Diseño de 		
Estructuras Superficiales Tensadas. Coordinated by Juan Monjo Carrió. Editorial 		
Munilla-Lería.
Huelva, M.A. Low Tech y la Soberanía Tecnológica. Jornadas Low Tech, 11.
Ishii, K., 1999. Membrane designs and structures in the world. Tokyo: Self-published.
Membrane House in Metalocus. Online: http://www.metalocus.es/en/news/a-		
tightened-shelter-membrane-house-lhrc-architecture.
Oliveira Pauletti, R.M., 2011. Anotaciones sobre el proyecto y el análisis de las 		
estructuras tensadas. Entre Rayas Magazine.
Otto, F., 1969. Tensile Structures: Design, Structure and Calculation of Buildings of 		
Cables, Nets and Membranes. Vol I, II. Cambridge: The MIT Press.
Pinto, P., 2012. La globalización de las tensoestructuras. La Tensored. Red 			
Latinoamericana de Tensoestructuras.
Rogier, H. and Orpana, M. 2000. Materials for Membrane Structures. Bauen mit 		
Textilien, 4, pp. 27-32.
Tejera Parra J., 2011. Construir con Membranas. TECTÓNICA, 36: Arquitectura 		
Textil. ATC Ediciones.
The Verkami Project. Online: https://www.verkami.com/projects/15954-			
membrane-house.
Willemin,V., 2004. Maisons mobiles. Editorial Gallimard, Anarchitecture Collection.
WinTess3: Software for Design and Analysis of Textile Strutures, by Ramon Sastre.

62

ISSN 2309-0103

//

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

ISSN 2309-0103

63

Andreana Papantoniou

Parametric models for tensegrity structures with double curvature

//

www.enhsa.net/archidoct
Vol. 5 (1) / July 2017

Parametric models of tensegrity
structures with double curvature
Andreana Papantoniou // University of Patras

Abstract
The current work addresses double layer tensegrity structures with double curvature, in an effort to enrich their typological configurations and to develop processes, that will facilitate their
full-scale application. It constitutes part of an ongoing research, performed on a Ph.D. level. This
study is based on previous research on the exploration of the geometric rules and processes that
generate tensegrity structures of vaulted and spherical shape, composed of identical tensegrity
units. The main goal of the current research is the development of parametric models for a
double-layer tensegrity structure of spherical and ellipsoidal surface, composed of square-base
units, with variable sizes. As the above-mentioned tensegrity structures, occur from the assembly
of tensegrity units of square-base, the geometric approach that will be followed will permit the
concurrent arrangement of the bases of the tensegrity units, on the two layers of the structure.
For the developed geometric solution that permits the distribution of the square-bases on the
first layer of structures of spherical and ellipsoidal shape, an application of the Mercator projection technique has been used. For the arrangement of the square-bases of the units on the
second layer, various methods have been investigated and evaluated. Furthermore, the applicability of the developed methods on surfaces with more complex forms, such as minimal surfaces
is addressed. The entire design process is computationally encoded and performed within the
environment of Grasshopper. The main features of the developed methods and the geometric
processes, are described in the paper.

Keywords
Double-layer tensegrity structures, Planar square-bases, Mercator projection, Spherical
surface, Ellipsoidal surface, Minimal surfaces, Parametric models.
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Introduction
The term tensegrity structures, as defined by Fuller, refers to a special type of tensile structures,
that consist of “isolated compression members (bars) and a continuous path of tension members
(cables) that connect all nodes” (Fuller, 1973).Yet, even before the term was defined by Fuller, sculptural objects with the properties of tensegrity structures, were built by Kenneth Snelson (Snelson,
1965) who is probably the first one who invented this type of structure. Since the invention of the
concept, significant research has been conducted to address both the geometric properties and the
associated mechanical and structural properties of tensegrity structures. As far as the applications
of the tensegrity concept are concerned, the geometric complexity that characterizes most tensegrity configurations, bears responsibility for delays in their adoption in the building industry.
In earlier research, Liapi has identified and demonstrated the geometric principles and rules applied
to regular curved tensegrity configurations, composed of identical tensegrity units (Liapi, 2001).
Based on the developed geometric rules and processes that facilitate the study of various morphologies, a parametric design method for the automatic generation of double-layer tensegrity
structures in a graphical environment, using algorithmic procedures, have also been developed (Liapi
and Kim, 2004) (Figure 1).The algorithm takes into account several interrelated parameters, such as
the proportions and dimensions of the units that compose the structure, the overlap between the
upper and lower bases of adjacent units, and the curvature of the surface. Liapi has also developed
a licensed technology for the rapid on site assembly of tensegrity structures. A main feature of the
method is the use of deployable units that can be easily collapsed and transported. An important
advantage of the developed technology is that the collapsible and re-usable units permit the on-site
assembly of structures of more than one geometric configurations (Liapi, 2005) (Figure 2).
In order to broaden the range of possible applications of this technology, this paper discusses in
detail a geometric solution for the development of double-layer tensegrity structures with double
curvature of less regular geometry than the aforementioned spherical and vaulted geometries. The
structures are composed of square-base tensegrity units (the four vertices of each base should
remain coplanar). In this study, the constraint according to which only one size of identical squarebased units was required has been waived, and instead various sizes are allowed. The applicability
of the method to other categories of surfaces, such as certain types of minimal surfaces (catenoid
and helicoid) is also discussed. The outcome of the research is presented in the following sections.
The main goal of the research, is the development of parametric models of double curvature configurations of tensegrity structures, that can used for the construction of full-scale prototype tensegrity structure. As tensegrity structures occur from the assembly of square-base tensegrity units, a
geometric approach that permits the arrangement of the bases of the units on the two layers of the
structure is followed and relevant algorithms have been generated. Furthermore, the environment
of Grasshopper has been used for the computational encoding process. In the following sections,
the main steps of the geometric approach are described, beginning with the development of the first
layer of a tensegrity structure of the spherical shape, and then of the first layer of the ellipsoid and
continuing with the creation of the second layer of both structures.
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Figure 1.
Tensegrity structures composed of square-base tensegrity units: a) Spherical configurations and
b) Cylindrical configurations

Design Method
The surfaces examined have been selected because of their geometric interest and their possible
use in environmental applications. Specifically, a primary solar radiation analysis has been made,
which indicated that when various double curvature surfaces with integrated solar panels of square
shape have been compared, the ellipsoid presented better results (Figure 3). For similar reasons,
minimal surfaces have been considered, because of their geometric advantages that make them
particularly interesting for architectural applications.
To start the design process, the geometry of the investigated forms through physical models has
been analyzed and explored (Figure 4). Digital models have also been developed and specific geometric topics that focus on various methods for the study of the distribution of the square surfaces
on a layer, have been investigated, including projection methods (Liapi, Papantoniou and Nousias,
2016).
A geometric method for the development of spherical configurations of double-layer tensegrity
structures composed of non-identical units, has been developed initially. In solving the first layer of
the structure, among the examined methods, a technique that is based on the Mercator projection,
also named isocylindrical projection, has been applied. Using this technique, the uniform arrangement of the squares of the spherical structure was made possible. For tensegrity structures of
ellipsoidal shape, approximation methods were also used.
The entire design process has been computationally encoded and performed within the environment of Grasshopper. The programming languages of Python and MATLAB for the code implementation were also used. The developed method can be applied both to an oblate (flattened) ellipsoid
(Figure 5b), with semi-major axis a and b, where a=b (x and y-axis), and semi-minor axis c (z-axis)
pointing towards the direction of compression, where a>c, as well as to a prolate (elongated) ellipsoid (Figure 5c), where a<c.
The last step in the process, that is still under development, is an interactive design tool that takes as
input general geometric characteristics of the structure and returns various models of it. The steps
of the developed method are described in detail in the following sections.
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Figure 2.
Deployable technology developed by Liapi: a) Deployable tensegrity unit (Full-scale model) b) Detail of a node connection
and c) Structures composed of deployable units

Figure 3.
Solar radiation analysis on different geometric surfaces using the program Ecotect Analysis

Figure 4.
Assembly of four units: mock up models forming different surfaces
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Development of the First Layer of the Structure
Spherical Tensegrity Structure
A method for the uniform distribution of the squares on a spherical surface was the first
stage of the developed process. The method is based on a projection procedure from the
plane to the sphere, using an analytical approach. According to the developed method, in
order to simplify the problem, we replace the squares with their center points.The distances
between the points need to be properly determined, ensuring that when the squares are
designed around the points, their sides will be connected properly. Firstly, we attempted to
project a defined orthogonal grid of equidistant points on the plane with coordinates P(x,
y), where the domains for x and y are [-π, π] and [-π/2, π/2] respectively, to a sphere. After
applying the spherical parametric equations x=Rcosφcosλ , y=Rcosφsinλ and z=Rsinφ, where
φ and λ are the latitude and longitude of P’(λ, φ) respectively, a network of points is created
on the sphere, and when connecting these points with lines the meridians and parallels are
generated. We noticed that while the distances of the points along each parallel is constant,
along the meridians the distances of the points towards the poles are increasing and as a
result, the squares designed around the points became rectangles, as they came closer to
the poles (Figure 6).
For the redistribution of the created points on the sphere, a technique, which is based on
the Mercator projection is applied. This technique is a conformal projection; has been used
in cartography for map creation and can project the parallels and meridians of the sphere to
a plane (Deakin, 2002; Osborne, 2013). Practically, applying this projection we can increase
the number of parallels while moving towards the poles, in order to create squares instead
of rectangles. In order to proceed from the plane’s coordinates to the sphere’s coordinates,
an inverse process of the Mercator projection has to be followed. Inverting the Mercator
projection equations which are:

we can easily get the sphere coordinate λ. Also, applying an inverse equation of the Mercator projection, called Gudermannian function gd(x)=arctansinhx, we can get the coordinate
φ. The new distribution of the points allows the proper creation of the adjacent squares
(Figure 7).
In this way, we create a network of squares that are placed around these points. In order to
generate the necessary ‘void’ between each set of four squares, each square is rotated by
the same angle around a perpendicular axis that passes through its center (Figure 8). The
rotation angle depends on the amount of the overlaps between the sides of the adjacent
squares and the necessary scaling, in order to maintain their connections. It can be observed
that, as the rotation angle increases, the overlap of the adjacent unit sides is getting lower,
and respectively the void space between adjacent squares increases (Figures 9, 10).
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Figure 5.
Surfaces of investigation a) Sphere, b) Oblate ellipsoid and c) Prolate ellipsoid

Figure 6.

Figure 7.

Point distribution on the sphere with the use of parametric

Point distribution on the sphere after the application of the

equations

Mercator projection
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Figure 8.

Figure 9.

Creation of the square-surfaces on the sphere

Rotation of the square-surfaces

Figure 10.
Two cases of rotating the tensegrity units by different angles. The rotation angle affects the produced
overlap and the void between four adjacent units
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Ellipsoidal Tensegrity Structure
The method presented in the previous section is modified for the ellipsoidal surface, by a process
according to which the developed grid of points on the sphere, is projected on the ellipsoid, specifically to the ellipsoid of revolution given by the equation:

For this process, we also apply the Mercator projection technique, however further actions are
required, in order to define the new point coordinates on the ellipsoid. Inverting the Mercator
projection equations of the ellipsoid x(λ, φ)=αλ, y(λ, φ)=αψ(φ), we can find the longitude λ with
the same exactly way as on the sphere, however to find the latitude φ from ψ(φ)=y/α, is anything
but trivial and thus, it is not possible to find a purely analytical solution.
Various techniques have been examined in order to proceed with the appropriate geometric transformations. A method that approaches the problem graphically, using numerical approximations is
also developed. Specifically, in order to approximate the point position change rate along the axes,
sinusoidal curves are created to represent this proportion, which are translated afterwards to
polynomial expressions.
Following the projection approach and trying to find a more systematic solution, approximation
methods have been developed, in order to approach the latitude φ, as a purely analytical solution
was not possible. To address this problem, two different methods are applied, the first utilizes polynomial series and the second fixed point iterations (Osborne, 2013). Both methods give us great
results throughout the entire surface, while their accuracy depends on the number of the polynomial terms and the number of iterations respectively.
After defining the values for φ the ellipsoidal parametric equations are applied to generate successfully the grid of points on the ellipsoid:

Consequently, the squares are created around these points, applying the same process with the
sphere. It is shown that the accuracy of the method is not affected when a) the number of the
squares on each row increases and b) the ratio between the two main axes of the ellipsoid changes
(Figures 11, 12).
The applicability of the developed method to surfaces of less regular geometry, such as certain
types of minimal surfaces has also been examined. Minimal surfaces are defined as surfaces with
zero mean curvature and may also be characterized as surfaces of minimal surface area for given
boundary conditions (Weisstein). Because of their particular geometric properties, the geometric
solution of these surfaces can be approached easily by applying the parametric equations of each
surface, and no projection technique is required. We conclude, that these types of surfaces constitute a simpler case and the developed method can be applied successfully (Figure 13).
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Figure 11.
Arrangement of
square surfaces
on an ellipsoid for
different values
of the semi-minor axis of the
ellipsoid: a) Oblate
ellipsoid and b)
Prolate ellipsoid

Figure 12.
Arrangement of
square surfaces
on an ellipsoid for
different numbers
of squares on each
row. Increasing
the number of the
square tiles on
each row does not
affect the accuracy
of the method

Figure 13.
Creation of the
first layer of a a)
Catenoid and b)
Helicoid
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Development of the Second Layer of the Structure
Specific requirements for the development of the structure’s second layer have been determined in earlier research and have been applied in this study. In order to create the
square-bases of the units on the new layer, the already formed surfaces need to be shifted
on an offset surface.The centroids of the new squares need to lie on the same perpendicular
axes with the first ones. As in the first layer, the vertices of each square need to be coplanar.
The new squares have to be rotated by 45 degrees to the initial ones, around their perpendicular axis that passes through their centroids and make the necessary scaling concurrently
(Figure 14).
Spherical Tensegrity Structure
The sphere’s second layer creation is the simplest case of applying all the aforementioned
requirements, without facing any difficulty. We have first created an offset surface to the
initial one, the distance of which represents the thickness of the structure. The squares have
been shifted on the new surface along their centroids’ perpendicular axis. In the case of the
sphere, these perpendicular axes passes also through the centre of the structure. In order
to determine the new squares size, each base is rotated by 45 degrees and the appropriate
rotation is made, so that the sides of the adjacent units are connected properly through one
point. Once the two layers of the structure have been properly constructed, then by adding
the diagonal cables and bars, the structure can be easily completed.
Ellipsoidal Tensegrity Structure
For the development of the ellipsoidal’s second layer, a process similar to the one used for
the sphere is followed. However, creating the second layer of the ellipsoid, involves a more
complicated process, than the one used for the sphere, as in the ellipsoid the new offset
surface has a different curvature and geometry than the first. This affects the connections
between the square-bases. Unlike the case of the sphere, where the perpendicular axes of
the units pass through the centre of the structure, in the case of the ellipsoid the axes do
not pass through the center of the surface. Thus, new rules and requirements had to be
determined and new techniques to be investigated, in order to create proper connections
between the structural units.
Methods based on linear transformation processes, as well as a method that uses a nonlinear transformation procedure are applied and examined. These methods involve different
ways of creating the offset surface that corresponds to the second layer of the structure.
For example, the methods include two cases of shifting the initial layer’s squares along their
perpendicular axes that pass through the square’s centroids: a) at a fixed distance and b) at a
distance equal to the length of the side of each square have been examined (Figure 15). The
offset distance represents the thickness of the structure, where in the first case the thickness
is constant, while in the second case, the thickness of the structure changes proportionally.
Lastly, a process using an optimization method has been applied, that estimates the vertical
distance between the two bases of each unit, in order to achieve a more systematic solution.
As in the case of the sphere, after the development of the two layers, the ellipsoidal structure can be easily completed by adding the diagonal cables and bars (Figure 16).
Based on the results, we highlight that the accuracy of all methods depends on the size of
the greatest semi-axis of the ellipsoid, the thickness of the structure, as well as the number
of tensegrity units that constitute the structure. We also notice that when some important
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Figure 14.
Square bases of
adjacent units
connected to each
other

Figure 15.
Creation of the
second layer: a) at
a fixed distance
from the first layer
and b) at a distance equal to the
length of the side
of each square

structural constrains and proportions are disregarded, the connections between the
units are not made properly. Specifically, when the distance between the two layers is
increasing more than the “allowed”, narrow gaps are created between the units that
are placed on the meridians. Proper procedures are developed, in order to control this
factor and minimize these gaps when created. Concluding, more optimization methods
can be applied in the future, for the further improvement of the developed techniques.
Applicability of the Method to the Catenoid and the Helicoid
The applicability of the developed method to certain types of minimal surfaces has also
been examined. As in the case of the ellipsoid, two techniques are applied firstly; a)
the first layer’s squares have been shifted along their perpendicular axes at a constant
distance, b) the squares have been moved to a distance equal to each square size. Both
methods present interesting results. We notice that in the case of the catenoid, while we
move from the central zone of the structure to the edges, a progressive growth of the
unit sizes is occurred. Similarly, in the case of the helicoid, while we move from the helix
that is nearest to the center to the helix boundary, the unit sizes are increased progressively (Figures 17, 18). Consequently, an optimization method has been applied defining
the vertical distance between the bases of the units.
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Figure 16.
Ellipsoidal configurations of the assembly of 5x10 square-base units. The in between cables are represented with
green color and the bars with grey

Figure 17.
Creation of the two layers and a 6x12 square-base units structure of a catenoid shape

Figure 18.
Creation of the two layers and a 8x8 square-base units structure of a helicoid shape
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Conclusions
In this paper we have presented a method for the development of parametric models of double-layer tensegrity structures with double curvature consisting of square-base units. To this end, various
methods have been investigated and have been applied to several curved surfaces including the
ellipsoid and minimal surfaces. At the first stage of the research, we developed the first layer of the
examined surfaces. A method that utilizes the Mercator projection was described and, in the case
of the ellipsoid, geometric approximation processes were applied. We concluded that the accuracy
of the method is not affected when a) the number of the squares on each row increases and b) the
ratio between the two main axes of the ellipsoid changes. At a following stage, the second layer of
the structure has been developed and various methods have been explored. Based on the results,
we can conclude that the development of the second layer of the structure depends on the ratio of
the unit size to geometric properties of the ellipsoid. The accuracy of the methods depends on the
size of the greatest semi-axis of the ellipsoid, the thickness of the structure, as well as the number
of the used tensegrity units. Optimization methods can also be applied, for further improvement
of the various techniques. Our results demonstrate that the developed methods can be applied
successfully to other curved surfaces such as the helicoid and the catenoid. Future research could
focus on the investigation of ellipsoids, the dimensions of which change on more than one axes,
as well as on the development of free-form surfaces parametric models. Furthermore, the study
on form optimization methods comprises an interesting future research topic on environmental
applications of such structures.
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Shell structure: Analysis of hyperbolic
paraboloid in paper
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Abstract
In contrast to the opinion of many people, who think that technology will eliminate paper, tons
of paper are used daily worldwide.The annual average paper consumption is 48 kg per person,
which is equivalent to approximately 347, 035, 970.30 tons. In the last few years the architect
Shigeru Ban has motivated research in the field of paper as building material. In this paper, we
evaluate the implementation of paper as building material in shell structures. At first, paper
does not seem to be strong enough to be used as structural material, however we propose
shaping it, in order to improve its structural behavior.We have simulated a hyperbolic paraboloid
(HYPAR) of paper in Abaqus software based on the finite element method (FEM), and analyzed
its structural behavior.The analysis results demonstrate the feasibility of using paper as building
material.

Keywords
Shell structure, Paper as building material, Hyperbolic paraboloid, Form optimization.

Note
This essay is the result of an extensive research conducted for the author’s Master Thesis
at the Polytechnic University of Catalonia-Barcelona Tech (UPC), completed in October
2016. Due to the complexity of the calculations of the HYPAR, we first calculated a plate
by using the Navier method. Then, we compared these results with those obtained from
a simulation model of the same plate in Abaqus. Likewise, we use this model as reference
to compare it with a HYPAR structure and made a comparative analysis between paper
and concrete, since concrete is a material well known and by now, widely studied.
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Introduction
Shell structures are constructed systems described by three-dimensional curved surfaces, in which
one dimension is significantly smaller compared to the other two. They are form-passive and resist
external loads, predominantly through membrane stresses. A shell transfers external loads to its
supports predominantly through forces acting in the plane of the shell surface, which are called
membrane stresses. The shell surface is normally stressed in compression, or in combined compression and tension. A ‘thin’ shell has to be sufficiently ‘thick’ to carry these compressive stresses
without buckling. Shell structures can be constructed as a continuous surface or from discrete elements following that surface. Geometric shapes such as sections of spheres, hyperbolic paraboloids
and regular polyhedrals are also commonly used.
The challenge is to find geometries that can work entirely in compression under gravity loading.
These geometries are not limited only to masonry, but are often built of any material. However, for
traditional masonry structures, the dominant load is often due to the self-weight of the structure,
and the applied live loads, with smaller effect, due to wind or snow (Adriaenssens, et al., 2014).
The antecedents of shell structures are founded in Gothic architecture evolving from the heavy
brick vaults to the slender and ribbed vaulted alloys.The most direct precedent in time is the barrel
vaults. These consisted of several layers of fine brick, the first of which is placed with the help of
small wooden guides and is overlaid with plaster paste, constituting a collaborative formwork. This
sheet reproduces the shape of the inner curve of the vault, the following layers are superimposed.
One of the most important developments in shell structures was the application of reinforced concrete. At the end of the Second World War (1945), due to lack of steel, reinforced concrete favored
the development of molds with its ability to work in compression and traction, as well as to provide
monolithic construction.
The construction of reinforced concrete shells became a process of study, experimentation and
innovation, whereas respective contributions made by Eugène Freyssinet, Eduardo Torroja and Felix
Candela were decisive (Carceles Garralón, 2007) (Figure 1).
Paper as Building Material
The first cultures to use paper as building material were the Chinese and Ancient Egyptian ones. At
the beginning, it was used in form of papier-màché, followed by the development of papyrus by the
2nd century B.C. By the 9th century A.D., the Japanese culture started to use paper elements in the
construction of sliding doors and walls, called shoji-fusuma.That was the first time, when paper was
utilized as an interior building component. France was the first to use paper in furniture production
in the 19th century, and later as wall covering, introducing for the first time in history paper as a
decorative element.
Paper products were being used in the production of aircraft and tank components in World War I.
When realized that aluminum had problems with expansion and shrinking, the substitute for aluminum sheeting on aircraft wings came in form of plaster-made molds for shaping and cellulose reinforced sheets of paper combined with starch or similar adhesives. By 1920’s, paper and cardboard
started to be used as electrical insulation in the United States. In the same period impregnation
experiments began with the introduction of cellulose fiber laminates in industry. First, phenolic-resin was used, until the development of melamine resins led to an increased popularity of paper and
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cardboard as building material.
In following decades, several architects began to experiment with paper as structural material. The
first building principally constructed out of cardboard was ‘The 1944 House’ that was followed
by a period of slow development in the field. Several architects have influenced the progress of
cardboard applications in architecture, with the two most influential figures, Buckminster Fuller in
1950’s and Japanese architect Shigeru Ban, most recently (Sekulic, 2013) (Figure 2).
Geometry Definition
Among different shell structural configurations, a hyperbolic paraboloid was selected for the simulation. This is an anticlastic surface, whereas the center of curvature is located on opposite sides
of the surface. In this type of structure, normal loads are transferred to its surface by tangential
stresses (compression in the convex curve and traction in the concave curve).
The hyperbolic paraboloid equation can be written as:
z=kxysin(ω)								
Where k is a constant representing the unitary warpage of the paraboloid; k = AA ‘/ (OB • OH •
sin ω). Then x and y are axes that will only be perpendicular in the case when a = b and in this case,
ω shall be equal to 90°.
Another way to understand this surface is to consider it as generated by a main parabola P1 moving
parallel to itself along another main parabola P2. Thus the surface has two systems of paraboloid
generatrices (Oliva Quecedo, et al., 2011).
Paper Mechanical Properties
There are three significant factors, which determine the mechanical properties of paper: The properties of fibers, the interfiber bonding and the geometrical disposition of the fiber (Figure 3). It’s important to know how these factors influence the properties of paper. In laboratories, when sheets
are produced for experiments, even if these have the same composition as machine produced ones,
they do not have the same properties, because paper properties do not depend only on the composition, but also on the production process. Laboratory prepared paper is different than machine
prepared paper (Sekulic, 2013).
Stiffness Values of Paper
Table 1 contains a collection of directly measured values of the elastic stiffness parameters for a
few paper grades. Many values are missing, because of measurement difficulties caused by the small
thickness of paper.Various estimation schemes have been developed to avoid direct measurements.
The table demonstrates that the ZD (Z-direction) stiffness of paper is generally low compared to
the in-plane values. The negative value of the Poisson ratio Vxz for the paperboard shows that uniaxial tensile loading in MD (machine direction) increases with thickness. In compression, at least, the
elastic moduli, perhaps even the Poisson ratios, are usually equal to the corresponding tensile values.
In general, the density of paper is between 300 and 900 kg/m³.The elastic modulus usually increases
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Figure 1.
Los Manantiales restaurant, Félix Candela

Figure 2.
Japan Pavilion, Expo 2000 Hannover, Germany by Shigeru Ban
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with density and ranges from 1000–9000 MPa, when the effect of anisotropy is removed by
averaging over MD and CD (Cross-machine direction) (Niskanen, 2011).
Simulation Process
Analysis Parameters
Following the geometry exploration process, a hyperbolic paraboloid was chosen for the
prototype design. For the simulation, an initial model was used starting from a quadrilateral
of 6000 x 6000 mm, with height of 5000 mm, and thickness varying from 60 to 10 mm.
We have simulated the hyperbolic paraboloid of paper in Abaqus software based on FEM
(Abaqus, 2004), in order to investigate its mechanical behavior (Figure 4). To this model,
two general analyses (linear and nonlinear) have been conducted. A static linear analysis
provides a first approximation of the structure’s behavior, by considering equilibrium of the
system without deformation. For obtaining precise results with regard to the response of
the structure, a second-order analysis is required that incorporates the effects of material
and geometry nonlinearity. The nonlinear analysis considers the properties of the material,
the surface loads and the boundary conditions. All elements are assigned with an elastic
modulus of 5420 MPa and a Poisson’s ratio of 0.38, selected from the table of measured
values of elastic stiffness (Niskanen, 2011). A uniform vertical load of 1 kN (0.001 N/m²) is
applied to the surface. As to the boundary conditions, two of the four nodes are pinned with
zero displacement.
Development of the Analysis
The development of the simulation model provides information about the physical behavior
of the Hypar structure in paper. In all cases, the maximum deformation and the maximum
stress by Von Mises in the center of the Hypar have been registered. Probably the most
important properties of structural materials are their strength and stiffness. The limit stress
refers to the maximum strength value of the material. The type of paper chosen for the
analysis has a maximum strength value of 5.00 MPa. Currently no standard regulations exist
with regard to paper as building material. We have chosen a maximum deformation limit of
L/100, i.e. 8485/100= 85 mm.
To calculate the longest distance of the system, the following equation applies:
Lmax=L.√2 							

		

where L is a side of the quadrilateral that makes the Hypar.
Only maximum values of the stress and deformation in the center of the Hypar have been
considered in the analyses, and any respective results superior to the limits set were dismissed. For better comprehension, the analysis process is divided in three stages. The first
stage, static linear analysis, considers the equilibrium of the structure without deformation.
Then a second stage, static nonlinear analysis, takes into account effects of the deformed
geometry. And finally, a third stage, plastic nonlinear analysis, considers effects of nonlinearity
of the geometry and the material behavior.
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Figure 3.
Wood fibers, interfiber bonding and geometrical disposition of the fiber
Table 1.
Measured values of elastic stiffness parameters in tensile loading for some machine made papers (Niskanen, 2011)

Figure 4.
Simulation model, visualization of the Von Mises stress and deformation
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Stage 1 – Static Linear Analysis
The initial model was ideal for obtaining a first approximation of the Hypar behavior. As
shown in Figure 5, the highest stresses develop at the ground supports areas and the
center of the Hypar on both sides (superior and inferior). This is due to the fact that
the shell transfers the external loads to its supports through forces acting in plane of its
surface. For the specific analysis, the resulting stress values in the center of the Hypar
have been registered.
Figure 6 summarizes the Von Mises stresses in the center of the Hypar obtained from the
static linear analysis. Based on the analysis conducted, the maximum stress increases with
thickness reduction, even above the material strength limit.
The specific Hypar structure works along one axis as an arc and along the other axis as
a suspended arc. While compression stresses tend to deform the membrane along one
axis, traction stresses along the other axis, tend to counter this deformation. For this reason, the maximum deformation develops in the center of the Hypar as shown in Figure 7.
Figure 8 summarizes the maximum deformations obtained from the static linear analysis.
Two systems have higher deformations than the respective limit set.
Stage 2 – Static Nonlinear Analysis
The difference between linear and nonlinear analysis is the system’s stiffness. When a
structure deforms under an external load, it is the stiffness that changes due to the geometry or the material properties. This second stage of nonlinear analysis comprises a
static nonlinear analysis that considers the system’s deformation effects. In Figure 9, the
results of the simulation model are presented. The last two systems do not converge.
Figure 10 summarizes the Von Mises stresses in the center of the Hypar obtained from
the static nonlinear analysis. The last two models with 20 and 10 mm thickness do not
converge.
As shown in Figure 11 the maximum deformations develop in the center of the Hypar.
Two of the six systems do not converge.
Figure 12 summarizes the deformations obtained from the static nonlinear analysis. The
last two systems with 20 and 10 mm thickness do no converge. The other four systems
develop favorable results within the respective allowable limits set.
Stage 3 – Plastic Nonlinear Analysis
Finally, for obtaining most accurate results, mostly similar to reality, with regard to the
Hypar structural behavior, a plastic nonlinear analysis has been conducted. The analysis
at this stage considers both, the effects of nonlinearity with regard to the geometry and
the material. Figure 13 shows the results of the simulation models.
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Figure 5.
Results of the simulation
model - Von Mises stress in
static linear analysis

Figure 6.
Structural response -Von
Mises stress in the center of
the Hypar based on static
linear analysis

Figure 7.
Results of the simulation
model - Deformation in
static linear analysis

Figure 8.
Structural response - Deformation in the center of the
Hypar based on static linear
analysis
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Figure 9.
Results of the simulation
model - Von Mises stress in
static nonlinear analysis

Figure 10.
Structural response - Von
Mises stress in the center of
the Hypar based on static
nonlinear analysis

Figure 11.
Results of the simulation
model - Deformation in
static nonlinear analysis

Figure 12.
Structural response - Deformation in the center of
the Hypar based on static
nonlinear analysis
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Figure 13.
Results of the simulation
model - Von Mises stress in
plastic nonlinear analysis

Figure 14.
Structural response - Von
Mises stress in the center of
the Hypar based on plastic
nonlinear analysis

Figure 15.
Results of the simulation
model - Deformation in
plastic nonlinear analysis

Figure 16.
Structural response - Deformation in the center of
the Hypar based on plastic
nonlinear analysis
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Figure 14 summarizes the Von Mises stresses in the center of the Hypar obtained from the plastic
nonlinear analysis. In this particular stage, all simulation systems show favorable results within the
allowable limits set.
The maximum deformation of the systems develops in the center of the Hypar, as shown in Figure
15.
Figure 16 summarizes the deformations obtained from the plastic nonlinear analysis. None of the
systems exceeds the allowable limits set.
Conclusions
Research activities in the field of paper as building material have increased in the last years. Paper is
an excellent material with regard to providing innovative, new ways of application in construction.
This material can be used as structural material for construction and as formwork of complex
structures, in both cases, offering opportunities for sustainably and economically sensitive designs.
Following analyses of a hyperbolic paraboloid based on FEM, the following can be concluded: In a
first stage of a static linear analysis, as well as in a second stage of a static nonlinear analysis considering deformation effects, the response values obtained are almost in the range of the allowable
limits set in the analysis, except for the models with 20 and 10 mm thickness that have passed these
limits. Finally, in a plastic nonlinear analysis, most similarly to reality, the results obtained are all favorable and within the allowable limits set. The developed stresses of the models obtained values
within the range of 0.56 to 4.79 MPa, all below the respective maximum strength of the material
of 5.00 MPa. All system maximum deformations are less than L/100, starting from 3 mm for 60 mm
surface thickness and reaching 73 mm for 10 mm thickness. Therefore, the results obtained from
these three stages of analyses, favor implementation of paper as building material in shell structures.
Future research will investigate the mechanical behavior of the different types of paper, ways for increase of the strength of paper in combination with glued composites, of reduction of the humidity
of paper, and among others, the fiber of paper as material for the 3D-printer.
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morphological configurations through
coupling with tension-only members
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Abstract
Active deformation applied as primary design agent for the conceptualisation and generation
of lightweight free-form structures in architecture, has been recently exponentially adopted by
the research community. In principle, elastic members of thin, initially planar geometry of low
bending stiffness material, enable the realisation of unique curvilinear structural morphologies,
achieved through their capacity in active-bending. Despite this genius concept on producing
free-forms, the soft mechanical approach entails great potential to generate more complex
systems of enhanced controllability in the active formation process and augmented structural
stability and capacity in the post-strained state, through hybridisation with tension-only elements.
Along these lines, this paper refers to the investigation of hybrid bending-active and tension-only
structural configurations of single and coupled bending-active stripes of regular shape and continuous length. Primary aim of the investigation is to reveal their deformation behavior during
the form-finding stage, while preserving their load-bearing capacity in post-formed condition.
Activation of the primary elastic members is performed throughout a gradual cable shrinkage
process, that also enables the succession of various configuration states of the proposed system.
The investigation follows a multi-stage, nonlinear Finite-Element Analysis, considering all nonlinear attributes that govern the members’ mechanical and geometrical properties.

Keywords
Hybrid cable bending-active members, Form-finding, Finite-element analysis, Nonlinear
analysis, Load-deformation behaviour.
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Introduction
The revitalisation of the soft mechanical approach, initially incorporated in the previous Century
with the design of strained timber gridshells and plydome structures, is now brought to foreground
and re-established within the framework of computational design. Respective current developments
run under the influences of new construction techniques, assembly logics and morphological objectives.The realization of these applications is carried out with the support of computational methods
and tools provided in software design kits, which enable rabid conception, experimentation and
fabrication. Despite the ease workflow and variety of digital design instruments provided by these
tools, the design lacks sufficient numerical calculations, which govern the actual nonlinear elastic deformation approach, by excluding necessary information such as nonlinear material characteristics
and effects that occur during the active formation process of the elastically deformable elements.
In extent, the majority of recent respective applications mainly focuses on stimulating free-form
morphologies and organic patterns that are primarily only suitable for small scale constructions,
façade skins and building envelops. In this respect, the design objectives followed leave unexploited
structural aspects that active-bending may provide to a system in terms of its low self-weight characteristics and self-stiffening behaviour evoked by the prestress amount acting on the members.
Background
Historically, critical aspects that have triggered the idea of establishing an alternative design and construction approach for the generation of organic forms, followed by active deformation processes
of the structural elements, have been mainly based on economic factors (Adriaenssens et al., 2014).
Compared to construction frameworks developed for conventional structures, the exploitation of
pliable materials of initially straight or planar geometry, overcomes transportation difficulties and
minimises construction duration. It suggests the avoidance of cold formed structural elements. In
extent, the use of massively produced timber stripes, a relatively cheap and easily accessible material,
stretch forth the idea of cost minimisation. Despite related unique and cost-effective construction
advantages, design wise, this soft mechanical approach necessitates the use of numerical calculation
for the accurate estimation of the active deformation process, in order to efficiently render the
actual design outcome. In this respect, the design process superposes linear developments and falls
into more complex nonlinear schemes and strategies (Ahlquist et al., 2014).
The aforementioned profound construction and design aspects of the soft mechanical approach can
be traced in the example of the Mannheim multihall gridshell, designed by Frei Otto in 1973, and
the geodesic plydome project, designed by Buckminster Fuller in 1957 (Liddell et al., 2015). In the
first case, the form-finding method adopted for the draft calculation of the structure’s deformed
shape was investigated following the hanging chain model technique with small scale models. The
actual structure is planarly assembled in a regular grid network of cross-fastened rectangular timber
stripes and forced to bent using the ‘’pull-up’’ technique to finally form the synclastic shell shape.
The latter example refers to the utilisation of pliable planar plywood plates to generate a self-stabilised double-curvature dome. The overlapping lamination connectivity of the elements, forces the
plates to deform in a mutual manner, able to sustain a stabilised three-dimensional dome formation.
The hemispheric polyhedron structure preserves global structural rigidity through a self-equilibrium bending force distribution that is acquired from the non-symmetric members’ connectivity. The
system has been form-found following physical experimentations and intuitive estimation of the
elements’ overlapping area.
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Structural principles and Recent examples
Flexible structures compared to hard mechanical ones, utilize their material elastic capacity in
bending, stretching or even buckling to generate transformation. Force is not directly translated
into kinetic motion and displacement; instead, it is stored temporarily in the material’s molecular
structure, i.e. residual force, allowing an incremental, nonlinear form distortion. In particular, bending
is not an internal, but rather a visual effect. Within this frame, planar surfaces may form single or
double curvature surfaces according to the type and magnitude of the force applied.Transformation
takes place so long the force is active. Once the force is released, the elastic members regain their
initial form, autonomously and without the need of any additional energy. Such components can
also succeed on a vast amount of polymorphic behaviour, due to the highly flexible characteristics
of their mechanical attributes (Phocas and Alexandrou, 2017). Lienhard refers to this newly conceptualized idea as ‘approach’, instead of classifying it as a discrete structural system (Lienhard, 2014).
In engineering terms, the principle structural action, which allows the members’ bending-active
feature to be suitable for implementation in load-bearing structures, is the pretension force, i.e. embedded energy, stored inside the elastic members, resulting to noticeable structural stiffening of its
constituent members (Alexandrou and Phocas, 2016). Henceforth, the active ‘rigitization’ process
can generate solid static solutions of curvilinear configuration with less mass and minimal initial
members’ three-dimensional geometrical complexity. Consequently, the structures’ morphological
emergence is directly related with the amount of the prestress acting in the members, the structurally optimised form-found geometry and the desired architectural form. Consequently, there is
no absolute architectural freedom in the design approach, but rather a cross referenced, nonlinear
design methodology, which should incorporate and validate all aforementioned aspects, before proceeding to the construction phase.
The research pavilion constructed at the University of Stuttgart in 2010 demonstrates how this
principle can provide a unique and performative design approach for spatial structures (Leischmann
et al., 2012). The overall structure consists of 80 unique birch ply- wood stripes, bent to form a curvilinear highly tensioned torus-like structure, which can attain a valid overall stiffness. At local level,
the inversed curvilinear system of the coupling bending components allows the establishment of a
force equilibrium state between them. The variation of flexural stresses of all components allows
the global structure to reach sufficient robustness, since its stiffness is highly increased, maintaining
at the same time the benefits of a lightweight result. The twist installation at the timber expo 2015
in London also reveals how material efficiency can be of significance for the design process (AA,
2015). In this example, low thickness timber profiles are twisted, allowing an increased complexity
in the outcome geometry of the deformed structure.The primary forced-to-bend elements exhibit
a double-side connection with the secondary planar non-deformed curved elements, in parallel
direction. Due to length and planar geometry differentiations, the primary elements are potentially
required to both bend and twist, in order to fit the secondary elements planar curvature, enabling
thus a set of flexural stresses to be developed. The components’ configuration is duplicated along
the structure’s length, allowing a natural form-finding process to take place, in providing overall
stability for the structure.
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Assembly and fastening techniques
The ability of an actively-bent structure to succeed and sustain itself in elastically deformed state
necessitates the control of its constituent members’ boundary conditions or a fully-defined configuration assembly strategy for the members, i.e. members’ fastening technique, in case of modular or
multi-componential systems. This can be achieved following multiple assembly or load-deformation
control techniques and may be classified as follows:
A. Altering boundary conditions. This active formation process refers to planar structural
components, composed of single or globally networked elements of pre-fastened plates or
stripes, i.e. planar geometries.The process suggests control of the degrees of freedom of the
supports to permit motion towards the direction/s that will eventually cause the desired
elements’ deformation. Practically, the control of the supports’ degrees of freedom may
be achieved with the design of appropriate structural details, and the activation of motion,
through infrastructural support and mechanical actuators. The techniques may vary according to the desired shape acquisition and complexity of the preassembled members (Figure
1a). Applications of such may be found in the construction and erection development of
timber gridshells (Liuti, 2016).
B. Coupling or interconnected fastening of elements. This approach suggests a real time
partial and stepwise fastening process of elements for the assembly and therefore, the succession of the overall structure’s form-found shape. This technique mostly applies to structures that are composed of multiple stripes or plates of similar or dissimilar length. During
the interconnected fastening, the system reaches a self-equilibrium state, based on the inner
stresses developed in the geometrically indifferent elements employed (Figure 1b).To realize
the formation process, an embedded active control system or special mechanical tools are
required. This however increases the costs and complexity of construction.
Hybridisation and the role of cable
Due to the assembly and calculation complexity that preoccupies the soft mechanical approach,
bending-active systems necessitate consideration of both, structural behaviour and formative construction aspects, to be encompassed in the final construction, in order to reach a valid and performative lightweight outcome. Along these lines, the current paper suggests the embedment of
secondary cable elements, to function both as actuation means for the active formation process, as
well as stabilizers and structural strengthening add-ons in the hybrid structure’s post from-found
state. This synergic structural action between bending-active and tension-only members may also
provide the advantage of reaching and sustaining a broader spectrum of multiple configurational
states, followed by the active regulation of the cables’ length.
In hybrid tensile and tensegrity structural systems, which are frequently applied in architecture
for achieving large spans, the role of the cables is very critical and aims at providing adequate
geometrical stiffness to the structure (Saitoh and Okada, 1999). This is controlled and further
optimized through introduction of pretension. The dome example presented in (Quagliaroli et al.,
2015), clearly demonstrates the superiority of self-stress stiffening achieved by using calibrated
cable pretensioning, compared to the mechanical rigidity provided by a bracing technique, for both
load-deformation control and self-weight minimisation.
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Figure 1.
a) Altering boundary conditions: Examples of simple elastic structural configurations. The active formation process
is enabled through control of translational freedom of the supports; (i) non-deformed state; (ii) deformed state
b) Examples of the coupling or interconnected fastening technique of group of elastic members. Case 1 is developed from an initially horizontal configuration and case two from a vertical; (i) non-deformed state; (ii) deformed
state

In hybrid cable bending-active systems, the role of cables falls into more complex set of criteria
with regard to the evaluation of their actual role in the design and structural efficiency. Due to
the active deformation of the primary elastic members, the cables become significant components
for the overall shape acquisition of the system. This is primarily based on the need of the elastic
members to rest in static equilibrium in their deformed state. Subsequently, the role of cables may
be characterised as integral. Compared to hybrid rigid elements, in which the cables can be utilised
for either passive or active applications, the relation that governs hybrid flexible systems is rather
singular, that of active control, applied through an initial cable’s length reduction. This action simultaneously induces prestress in both elements, i.e. the cables and the elastic members, and results to
global stiffening effects (Figure 2). In this respect, the following aspects may characterise the general
contribution of cables in bending-active systems:
1.
2.

As actuators for erection and form-finding of the hybrid system, through their initial length
reduction.
As control elements for stiffening and inducing prestress to the hybrid system.
Typological Investigation

The typological investigation focuses on the morphological exploration emerging from single curvature configurations of the members’ bending in one direction only.The hybrid structural prototypes
are composed of single and coupled regular bending-active stripes of uniform rectangular section,
which are connected with a single cable with variable length. All units are based on possible derivatives and more complex geometrical configurations of the primal, most fundamental configuration
of a two-element unification, unit 1, as shown in Figure 3. Unit 1 consists of a 1.0 m long stripe
with sectional dimensions of 250 x 10 mm (width to thickness), connected on both ends with a
single cable element of 10 mm diameter. The stripes are being assigned to PTFE material with an
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Figure 2.
Simple hybrid cable bending-active configuration. Cable shrinkage length
as actuation mean for controlling the bending-active member’s curvature.
Gradual cable shrinkage results to proportional axial forces increase

elastic modulus of 2.5 GPa and are ground supported on both
ends with one support allowing rolling in longitudinal direction,
X-axis, and both supports allowing rotation along the Y-axis.
Unit 2 is composed of two bending-active members of 1.0 and
1.4 m respectively. The deformed shape results into a double
arch deformed configuration. In unit 3 and 4, single and double
interconnected stripe fastening is applied to the members at
midspan, L/2 and L/3 of the actual length respectively. The fastening of the members is simulated using secondary contracting
cables of shrinkable length.
Numerical Analysis
For improved accuracy, the deformation and stress analysis of
the units is conducted with the Finite-Element Analysis (FEA)
software, SOFiSTiK® (SOFiSTiK AG, 2014). In contrast to computational tools and calculation methods (Veenendaal and Block,
2012) provided by alternative software, FEA considers nonlinear effects that take place during the active-deformation, such
as large deflections of the system and length modifications, and
uses the member’s mechanical characteristics, which necessitate
the calculations. All units have been geometrically defined with
the modelling software Rhino® (Robert McNeel & Associates,
2017) and then exported in SOFiSTiK. For the establishment
of a sequential nonlinear analysis workflow, with the ability to
provide custom settings in each analysis step, the Teddy module (alternative text input platform) provided by SOFiSTiK has
been selected (SOFiSTiK AG: Basics, 2014). Teddy allows customisation of the analysis sequence and every new load-case to
act additionally on the previously stored ones. In this respect,
all internal forces developed from previous load-cases in the
structural members are been stored and considered as starting
conditions for the following one (SOFiSTiK AG: ASE, 2014). The
general workflow followed is demonstrated in Figure 4.
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Figure 3.
Proposed cable bending-active configurations; (a) Non-deformed state; (b) Bending-active members fastened state;
(c) Form-found state following main cable’s length reduction (Phocas and Alexandrou, 2016)
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Figure 4.
FEA workflow; (a) Performed in SOFiSTiK main interface; (b) and (d) enabled in third
party modelling environment; (c) enabled via text commands in Teddy

Analysis Stages
The analysis model seeks to create sequential nonlinear analysis stages
that follow in analogues way the hypothesised actual physical structure’s
assembly. Subsequently, the model generates the form-found shapes of the
units. All four units are designed in planar shape and bent in progression
sequences to reach half their initial span length (L0/2). The target span has
been purposely selected for the analysis to provide insight in the elastic
deformation capacity of the units. The analysis process is analytically described in (Phocas and Alexandrou, 2016). Excluding unit 1, which only
necessitated a single analysis stage, that of its main cable’s length reduction,
all other units have been form-found following two stages. In the first stage,
the two components have been fastened together using secondary cables
of shrinkable lengths and in the second stage, the units have been further
deformed through their main cable’s length reduction.The secondary cable
elements used in stage 1 are necessarily employed for simulation means, in
order to enable the fastening process of the units. In actual construction,
this assembly method may be performed using mechanical actuators or
specialised mechanical equipment. In stage 2, the units have been further
deformed through the main cable’s length reduction, until the desired deformed span length is reached at half of the initial non-deformed length
L0/2. As a result, a set of multiple analyses are needed to take place in sequential way, until the overall structures’ shape is achieved.The form-found
shapes of the units in all analysis stages are demonstrated in Figure 5.
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Figure 5.
Unit’s form-found shapes, obtained through FEA; (i) Non-deformed shape; (b) Internally fastened bending-active
members form-found shape; (iii) Form-found shape after main cable’s length reduction (Phocas and Alexandrou,
2016)

Morphological Variations
Due to the elastic members’ inter-fastening process performed in unit 3 and 4 and implemented
in stage 1, the bending-active members’ length differentiation causes a mutual influence on their
geometry resulting to distinguished global curvature configurations. This is directly related to the
initial distance between the two members that undergo fastening. In principle, the fastening process
enables the units to substantially deform upward and reduce their span.Therefore, a relatively lower
cable shrinkage value is needed for these units in stage 2 to reach the desired deformed span of L0/2.
The coupling technique responsible for the units’ active deformation control, as examined in unit 3
and 4, may enable the desirable shape succession and can be considered as ideal form generating design aspect. However, the elastic members’ coupling provides only limited geometrical adaptability
to the system. In contrast, this option can be extensively handled on the basis of the hybridisation of
the system, i.e. by the cable element, which can act both, as actuator and as a strengthening member in improving the load-bearing capacity of the structure. For this reason, in following the paper
focuses on further analysis of unit 1, in examining its active configurability possibilities.
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System Development
Unit 1 has been examined with longer system span of 4.0 m and interconnected at five points using
four cables of 1.0 m initial length. Each cable acts autonomously in terms of its length reduction, in
order to investigate how this affects the primary member’s deformed shape, and therefore trace
the geometrical limitations of the hybrid system configuration. However, for creating a comparable
set of results, a preliminary uniform cable length reduction has been performed in a preliminary
stage, i.e. form-found system, to potentially deform the structure at L0/2 (i.e. 2.0 m). This value has
been purposely selected as it allows the system to reach an appropriate span to height ratio of
0.675 (Table 1). Once the first stage has been completed, the initially sliding ground support is fixed.
Throughout this process 12 morphological differentiated shapes for all the scenarios of discretised
cables action have been obtained. Due to symmetric geometrical characteristics of the system, all
mirrored cases have been excluded from the results and the resulting six unique cable activation
scenarios are demonstrated in Figure 6.
Numerical Results
The deformed shape of the form-found structure, as obtained from the preliminary analysis in
stage 1, reaches an absolute maximum stress of the bending-active member of approximately 40 %
(18.80 MPa) of the material’s bending strength of 48.00 MPa. The resulting configuration refers to
a uniform cable’s length reduction of 66.2 mm. The cables’ initial prestress causes an average axial
tension of 0.46 kN. For the activation case scenarios, the system is examined in its maximum deformation, obtained by gradually increasing the amount of the cable’s shrinkage value to the point
that the bending-active member reaches an absolute stress value, slightly smaller than the maximum
bending strength of the material used (PTFE). The active cables are denoted from left to right with
C1…C4. The analysis results of all examined scenarios are included in Table 2 and Figure 7. The
maximum cable’s axial force developed reaches an absolute value of 1.45 kN in case 1.4. In all cases,
the cable’s maximum axial force development is not related to the cable that performed activation.
In case 1.1 and 1.5, maximum values of the cable’s shrinkage are achieved with values of 260 and 220
mm respectively. In these cases, a higher amount of cable shrinkage may be achieved, because the
acting cables link the bending-active member with the ground support. In this respect, the cable’s
length modification causes the global structure to rotate, instead of inducing local deformation on
the bending-active member. This can also be detected from the resulting span to height ratio of the
structure, corresponding to relative low values of 0.545 and 0.493 respectively. A minimum cable’s
shrinkage value of only 140 mm is observed in case 1.6, resulting into a higher symmetrically deformed structure shape of 0.666 span to height ratio.
Conclusions
The current paper refers to the design, analysis and re-configurability control of four hybrid cable
bending-active units. The preliminary investigation of the prototype units with 1.0 m span employs
both, single and coupled bending-active stripe configurations followed by the main cable’s length
reduction to examine their reconfiguration potentials in terms of their geometrically deformed
capacity. It has been observed that the geometrical deformation already caused in stage 1 of the
coupled cases, limits the reconfiguration capacity of the units to be further controlled by the cable
element in consecutive stage. Therefore, the subsequent investigation scheme focused on a longer
bending-active stripe with 4.0 m span, interconnected with multiple cables at five points.The results
obtained clearly demonstrate the morphological reconfiguration capacity that may be achieved in
six custom cable activation scenarios. The proposed design and construction techniques presented
in the current paper demonstrate the hybridisation potentials emerging from the two-element
unification in achieving a highly reconfigurable system, while maintaining self-stabilisation and low
self-weight structural assembly. In extent, the integral role of the cable to act both, as a system’s
erection instrument and post-deformation control component, renders a simplified approach in
dealing with flexible structures.
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Figure 6.
System 1 deformation limits for all six cable activation cases

Table 1.
System 1 reconfigurations. Maximum stresses of the bending-active members and span to height system ratio

Table 2.
System 1 reconfigurations. Maximum cable’s axial force and activation cable’s shrinkage value
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Figure 7.
System 1 reconfigurations. Non-deformed and deformed system configurations using specific cables activation
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In architecture, compared to conventional design schemes followed by the employment of rigid
members and realised on the basis of a top-down approach, the soft mechanical approach renders
the possibility of generating organic shapes though repetitive nonlinear geometrical form-finding
processes. Despite its engineering novelty in dealing with natural shapes, the soft approach ends up
becoming complex and time consuming in cases where complex shapes are desired. This is directly
affected by several parameters, such as the members’ planar shape and construction details with
regard to the fastening technique applied for the elastic members. The approach presented in the
current paper may enable a simplified design approach towards generating curvilinear structural
forms. The use of regular planar stripe members and the introduction of tension-only elements
enable a respective morphological exploration process of bending active members. The internally
connected cable elements provide segmental deformation to the elastic members enabling in this
respect higher amounts of deformation control at global scale. Further research will focus in large
scale structures with increased number of elastic members and cable elements, in order to extend
the typological investigation of this approach. The construction and design simplicity of the concept
makes it a promising solution for lightweight reconfigurable structures.
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