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Abstract. Deployable lightweight structures are studied in the disciplines
of architecture, civil engineering, aerospace engineering, mechanical
engineering and other fields of their application. The research into these
structures in individual fields resulted in a large amount of data sorted out
by numerous classifications. The previously made classifications proposed
by different authors are presented in this paper by the usage of reasonably
unified tables that enabled a direct insight into the essential characteristics
of these structures, their analysis and mutual comparison. One of the
results of these analyses is the proposal for the unified classification given
in a separate table in this paper. The results of interdisciplinary studies
have been collected into a unified classification which could be applied for
the research in different scientific fields, presenting the basic types of these
structures, including individual elements and details with their
characteristic features. The proposal of the unified classification of
deployable structures is made according to the application of the basic
elements used for structure forming. The suggested classification, with the
review of the results of the present research, is a significant starting point
for the scientists in different disciplines and it provides a detailed insight
into the studied characteristics of these structures.

1 Introduction

The advantages of the application of deployable structures in architecture were recognized
in the 1960s. However, the complicated process of designing and implementing these
structures resulted in their rare application and very few examples completed in
architectural practice. The research of these structures on the interdisciplinary level resulted
in a large amount of data sorted out in different scientific databases, and that is why their
grouping with precisely defined parameters and criteria is necessary. These structures can
be classified into specific categories according to different criteria such as type of structural
element, the geometrical and kinematic characteristics of the structure, or by their
application in particular areas of engineering. According to [1] the purpose of the
classification system is to hierarchically present the principles that define the group of
discussed objects.

This paper brings the analysis of the classifications by the following authors: F. Escrig
[3], A. Hanaor and R. Levy [1] S. Pellegrino [4] C. Gantes [5] K. Korkmaz [6], N. De
Temmerman [7], A. E. Del Grosso and P. Basso [8], and E. Rivas Adrover [9]. These

*Corresponding author: amelag@af.unsa.ba

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 244, 05016 (2021) https://doi.org/10.1051/e3sconf/202124405016
EMMFT-2020

classifications are given in the unified tables (Fig. 1.), sorted by the basic types within
which the groups with the described characteristics are set aside and include the literature
review at a multidisciplinary level. Due to the limitation of this paper, just two of
classifications are shown in the unified tables with details, while others are presented in [2].
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Fig. 1. Review of previously made classification presented in the unified tables.

The progress in the field of deployable structures can be monitored by comparing the
classifications suggested by Escrig [3] and Rivas Adrover [9]. The most significant
advancement of these structures can be monitored throughout the development of modern
origami-inspired deployable structures or deployable tensegrity structures that are capable
of changing configuration from the compact folded form into unfolded form by using
specific mechanically supported systems. However, the potential for their application in the
field of architecture has not been applied to the full.

The proposal of a unified classification of deployable structures which presents the
result of the previously described research, enables a multidisciplinary approach to further
research, application, as well as to the development of new systems of deployable
structures.

2 Review of previously made classifications

Escrig (1996) proposed a classification based on the tendencies of the development of
deployable structures in the period from 80's to 90's of the 20th century. According to [3]
structures have been grouped into several categories: tensile folding structures, retractable
roofs, umbrella structure, mobile structure, foldable structures, deployable structures,
tensegrity and lifting structures. This classification has not shown the difference between
deployable and demountable structures. Tensegrity and lifting structures are presented in
this classification, although they do not belong to the group of deployable structures in that
period.

The classification of deployable structures proposed by Hanaor and Levy (2001) is
presented in Table 1 and Table 2. Deployable structures were classified according to the
morphological aspects and kinematic characteristics of the structure. According to [1] the
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kinematic properties of the structure significantly influence on the complete technological
process of production and increase the total cost of the construction. Tables 1 and 2 have
shown that bar structures represent the largest group of deployable structures, which leads
to the conclusion that these systems have great potential for application in different fields of
engineering. Pellegrino (2001) has divided deployable structures into several categories
without proposing a new classification, but with clearly defined and described groups of
those structures in the book Deployable Structures. Pellegrino develops deployable
structures for their application in different fields of aerospace engineering. According to [4]
structures are grouped into the following categories: coiled rods, flexible shells, structural
mechanism, membranes, rigid-panel structures, tension truss antennas, and retractable
dome.

By comparing the proposed classification with the previously presented, it is clear that a
large number of identical structures are grouped in different ways. Pantograph systems in
this classification are presented in the group of "structural mechanisms". The retractable
domes are now separated as a special group of deployable structures, while they have been
grouped into pantograph systems in classifications proposed by Hanaor and Levy.
However, new systems have been introduced, which have direct application in space
engineering, such as flexible shells, coiled rods and tension truss antenna.

The classification proposed by Gantes (2001) recognized the distinction between
structures whose applications were primarily terrestrial and those designed to be applied in
the space. The classification of structures with the terrestrial application does not differ
significantly from the previously presented classification, and generally was based on the
division into five groups [5] : pantographs, membranes and pneumatics, cables, 2D panels,
and retractable roofs.

Korkmaz presented the classification of kinetic architecture in his PhD dissertation,
where under the term ,kinematic architecture” generally refers to structures or their
components with different mobility or different geometric movements (Table 3). According
to [6] kinetic architecture is divided into two groups: "objects with variable geometry and
movements" and "objects with variable locations or mobilities". The difference between
deployable structures and structures that can move from one place to another, but represent
the demountable structure is emphasized with this division. Korkmaz proposed
classification of deployable bar structures according to the type of cover material that was
used, while the previous authors did not observe this aspect. From the proposed
classification, we can conclude that additional stiffness of the bar systems can be provided
by applying rigid cover materials.

De Temmerman has given a remarkable contribution to the development of deployable
structures in the last ten years. In his proposal [7] deployable structures are grouped
according to their structural system. Division in a smaller number of groups enables
systematic version from all above-mentioned classifications with a detailed description of
groups. Deployable structures are grouped according to the precisely defined parameters
and criteria into the following categories: spatial bar systems, foldable plates, membrane,
and tensegrity systems.

Del Grosso and Basso (2013) proposed classification that has been based on the
kinematic properties of the structure. According to their transformation process, deployable
structures are divided into two categories [8]: deformable structures and mechanisms with
rigid connections. A particular pneumatic structure category with integrated deployable
mechanism is presented in this classification. The authors first use the term ,,origami-
inspired structure” in their classification for the special category of deployable hinged
plates. In the category of "rigid link mechanisms" identical structures are presented, as well
as in the other classification. However, the authors have been used for the first time the
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term ,,modified scissor-like elements* in their classification, and proposed an entirely new

group of deployable structures called morphological truss structures.

Table 1. Classification of deployable structures by Hanaor and Lavy (2001) — (part 1/2). Note: All
illustrations and descriptions in this table were used from [1].

CLASSIFICATION OF DEPLOYABLE STRUCTURES BY HANAOR AND LEVY (2001)

12

Example

Groups and subgroups

Description
was made according to [1]

Peri 1
Scisssors

DLG

SC1SS0rS

Others | Radial

Double-layer pantograph gnids are suitable for
forming single and doubly curved shapes of the
deployable structure. Deployable pantograph systems
are requiring the application of curved surfaces as
they have the necessary structural thickness which
enables predominantly axial stresses in structures.
However, a distinctive feature of this type of
structures is the low bending stiffness of the bar
elements that significantly reduce the structural
efficiency and creates the need for additional
stiffening elements in the structure. Application of
the membrane cover in these structures could provide
better structural stiffness.

PANTOGRAF (SCISSOR)
scissor

SLG

LATTICE

ble roofs

RIGID LINKS

In contrast to the double-layer pantograph gnd
(which 1s used to form the structure of the single and
doubly curved shape), single-layer grid requires a
double curvature to achieve the necessary structural
thickness, that significantly affects the load-bearing
capacity of the system. However, single-layer
pantograph grid does not have the required stiffness
for practical application in architectural practice.

SPINE l

arches

Using a pantograph "spine" system enables forming
a flat or curved configuration of deployable system.
This system 13 formed by connecting the scissor units
on a prismatic basis.

BARS

1 DLG

In cases where there are special requirements for the
load-bearing capacity of structures that could not be
fulfilled with pantograph or "cable-strut" system, the
concept of "articulated joints" have been used. This
system consists of articulated bar elements that form
double-layer grids and additional elements that
enable the articulation of joints.

Reciprocal | Articulated joints | Mastand | Retracta | Angulated

I SLG
grids

The reciprocal frame structure consists of mutually
indirectly supported bar elements that form single-
layer grids. These structures are characterized by low
structural efficiency.

SPINE
Others
e
5

In group ,.bars* and category "spines" there are
systems with spatially connected bars that are
making the shape of a regular geometric body as a
base unit.
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Table 2. Classification of deployable structures by Hanaor and Lavy (2001) — (part 2/2 ). Note: All
illustrations and descriptions in this table were used from [1] .

CLASSIFICATION OF DEPLOYABLE STRUCTURES BY HANAOR AND LEVY (2001)

G 200 Descriot
was made according to [1]

The category of continuous plate structures is
divided into two groups: folded plates and curved
surfaces. The folded plates consist of planar
elements connected by line joints that enable
deployability of structures. In contrast to them,
the curved surfaces present a special category
that can not be foldable as a whole structure, and
those structures foldable in the segments.

:

Folded
Plates

CONTINUOUS
PLATES
surface

Although the systems mentioned above provide
all the advantages of lightweight load-bearing
structures, modem engineering aims to achieve
even better structural efficiency (reducing the
weight of the structure) with limiting the number
of joint connections between the bars. The "strut-
cable" system combines rigid struts with cables
making the lighter structures. Those structures
using the mechanically supported systems to gain
kinematic  properties that enable their
deployment. These systems are relatively newer,
and there are just a few types of these structures.

There are three different types of tension
membrane  structures: fabric, hybnd and
pheumatic structures.

Fabric structures require surfaces of negative
Gauss curvature, and they are often combined
with other elements. Pneumatic structures use air
pressure to pre-stress the appropriate membrane
- | samples.

Tensegrty | Curved

Others

LATTICE
STRUT-CABLE SISTEM

DEFORMABLE

CONTINUOUS
TENSION MEMBRANE

Note: The table used abbreviated terms that are: DLG — “double-layer grid” and
SLE —“single-layer grid. *

Classification of deployable typologies by Rivas Adrover is presented in the form of
diagrams in her book Deployable Structure (2015). According to [9] deployable structures
were divided through two different approaches to the development of the deployable
system of the structure. The approach based on the structural components of deployable
mechanisms is classified as "structural component". "Generative Techniques" is a second
approach inspired by natural biological structures combined with origami techniques. The
proposed classification of the structure has been grouped into groups with subgroups. The
division of structural components into deformable and rigid components is extended with
two new categories: flexible and combined. This classification provides a better insight into
the new architectural structures that are not presented in classifications before. Along with



E3S Web of Conferences 244, 05016 (2021)

EMMFT-2020

https://doi.org/10.1051/e3sconf/202124405016

the architectural structure, the structures that have their application in the space are equally

represented, which provides a multidisciplinary application to this classification (Fig. 2).

Table 3. Classification of kinetic architecture by Korkmaz (2004). Note: All illustrations and
descriptions in this table were used from [6].

OBJECTS WITH VARIABLE GEOMETRY AND MOVEMENT

Rigid forms of building

Deployable bars structures with flexible cover
material are composed of rigid bar elements
interconnected by joints that assure the kanematic
properties of the system. Due to the bar elements,
the structure consists of flexible materials that
serve as protection from external influences and
in the unfolded configuration has membrane
properties. The usage of flexible material
compared to rigid materials enables lighter
structures. They were often used in combination
with short span kinematic structures.

Bars structure

Rigid covening matertals that are connected |
directly to the bar structure presenting the
alternative material when it i not possible to
apply the flexible material. Rigid solid panels
must be designed to allow a smooth deployment
process. These panels provide additional stiffness
of the structures.

Surface structure

Deployable surface structures consist of planar
elements that are connected by line joints. The
shape of the system depends on the choice of basic
elements and the prnciples of their mutual
coupling. This system transforms between the
compact form into an extended configuration.
They have been used for different application in
architecture.

building

Structures grouped into the category of "soft
forms of building" uvse lightweight, flexible
materials such as fabrics and have a
transformation  capacity that allows the
transformation from its original shape into
another predetermined stable geometrical shape
of structures.

' OBJECTS WITH

VARIABLE

LOCATIONS OR Soft form of

MOBILITY

Portable buildingz

T

Demountable buildings
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Fig. 2. Review of classification proposed by Rivas Adrover (2015) presented in the unified tables.

3 Comparison of previously made classifications and guidelines
for a new classification

The analysis and comparison of the classifications of deployable structures resulted in the
conclusion that the previously made classifications very often emerged with the aim of
assigning the membership of the existing architectural or space structures to a specific
group, often without the appropriate definition of specific criteria that significantly
determine them. The comparisons of the previously made classifications have been made to
form a new classification that will unify all the knowledge about deployable structures in
one place.

In this paper, the analysis of classification presented in chronological order resulted in
the conclusion that significant application of deployable structures has not been realized in
the field of architecture, and that the potential of these structures was not fully exploited.

By analyzing Escrig [3], we concluded that there is a strong need for a complete
separation of demountable and deployable structures, which Korkmaz [6] offered in his
classification of kinetic architecture. General division in presented classifications into the
structures with rigid links and deformable components, used by many authors could be
confused as these authors have different ways of defining the basic characteristics of the
groups for which they use identical terms. Deployable bar structures are the largest group
with great potential for application in various fields of engineering. However, these
classifications do not entirely present all the categories of these systems. Deployable bar
structures are divided into multiple groups among which scissor structures stand out. De
Temmerman [7] uses the division of scissor systems into three groups (translational, polar,
and angulated), while Del Grosso and Basso [3] use and introduce the term “modified
scissor-like elements” in their classification. These elements represent a significant
improvement in the development of deployable structures. The classification by Hanaor and
Levy [1] indicates the need for illustrated descriptions of geometrical forms of those
structures as they would provide researchers with a complete insight into the possibilities of
these systems.

In their papers Hanaor and Levy [1] and Korkmaz [6] took into account the achievement
of additional stiffness of deployable bar structures and suggest the application of membrane
covers, rigid cover materials, and cables in different constellations. This points to the need
for integrated observation of deployable structures.

By analyzing Pellegrino [4], new systems have been isolated for application in space.
Gantes [5] completely separates deployable structures for space application and those for

7
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terrestrial application, while Rivas Adrover [9] perfectly connects all these structures in a
unified classification. However, large number of groups in this classification makes it
extremely difficult for researchers starting to work with these structures.

The classification proposed by De Temmerman [7], which divided deployable structures
into four groups, is one of the guidelines for a new classification suggested in this paper.

4 New classification of deployable structures

The main features of deployable structures originate in the geometry of the basic elements,
their transformability regarding the position and possibilities of special hinge between
elements, and the joints between the units. This enabled the identification of the basic
criteria for the classification of deployable structures. The proposal of the unified
classification of deployable structures was made according to the application of the basic
element used for structure forming (Tables 4 and 5). Therefore, four primary divisions can
be distinguished: bar, plate, spatial, and combined elements. The basic unit in the category
“bar elements” consists of two bar elements connected by special hinge, while the basic
unit in the category “plate elements” are mutually connected plates by line hinges as shown
and described in Table 5. The structures that consist of elements that are given certain
functions and applications only after the spatial geometrical form of the element has been
achieved are presented in the group “spatial elements”. This group includes all types of
pneumatic constructions among which these stand out: air inflated, air supported and
pneumatic constructions with deployable mechanism. The group “combined elements”
include the combination of two or more different basic load-bearing deployable elements.
Umbrella type structures [10], membranes [11], tension trusses antennas [4], and other
systems that combine various deployable basic elements to form load-bearing structures are
in this group.

In terms of the application of bar as the basic element for deployable structures, they are
further divided into scissor structures, cable-strut structures [12,13], coiled bars [4], NASA
—Type Cubic [14] and structures based on Bennet mechanism [15].

Scissor structures have the greatest potential for application in architecture and civil
engineering from all above mentioned. According to the application and geometry features
of the bar elements, scissor structures are divided into three groups, described and presented
in Table 4.:

a) classic bars connected by a scissor hinge;

b) modified bars connected by scissor hinge or hinges;

¢) scissor units combined with cables.

Some authors studied the possibility of modifying the bar elements to achieve
additional adaptability of scissor structures. Akgiin [16] has given the most significant
contribution to the development of modified scissor-like elements by suggesting a modified
bar element that, apart from the classic scissor hinge, also has additional scissor hinges
aimed to increase the adaptability of the system. His research served as an inspiration to
scientists who studied additional adaptability of scissor structures. The change in the
geometry of the traditional bar elements opens up a large number of possible variations
when it comes to the formation of these structures.

The presented classification also includes other authors (Alegria Mira [17], El- Zanafy
[18], Sala and Sastre [19], Rosenberg [20], Lu and others [21], Roovers and De
Temmerman [22]) who have made a significant contribution to the development of
modified scissor-like elements. A particular group in this category includes the structures
based on the principles of “circular package” that allows the transformation of a specific
geometric shape into circle systems into which scissor units are installed, thus allowing
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their assembly into compact geometrical forms. This system has been proposed by Roovers
and De Temmerman (2015).

Table 4. New classification of deployable structures (part 1/2).

~ NEW CLASSIFICATION OF DEPLOYABLE STRUCTURES part 12

Name of Basic unit Geometry Desctipdon
groups

| The first group of scissor units
3 consist of two bars connected by
a=b | © 7| scissor hinge which allows bars to
rotate around the axis perpendicular
to a common plane. There are three

4 () 4 types of scissor units: translational,
asb polar and angulated.

Translational
ype

Curved
ope

By using this units, it 1s possible to
[17] | form linear, single and doubly
curved shapes of structure by using
different pantograph grids. The
position of the scissor hinge
significantly determines the type of
structure that can be formed.

Classic bars + scissor hinge

' - By modifying the basic bar
|' 1 element, it 15 possible to achieve
additional adaptability of the
[20] | scissor structures.

M-SLE | Angnlated | Polar | Translational units
units

Akgiin units
(2010)

Several similar examples of
modified scissor-like elements are

¥ M A= | proposed to  achieve different
>'\ mobility of the scissor structure.

IMP-SLE SalajM-SLE

land Sastre  [Rosanberg
(2011)
&

BAR ELEMENTS
Scissor structure

.%
8 o
v |
;g‘ - - The various modifications of the
L Tt bar has been considered, such as
=) c . change of the geometric shape of
o nal type : S g i
! s Polar e € the bar, adding additional scissor
@ |9 § é N | 107" & W | hinges, changing the shape of the
e e 5 07 pe 1n acissor elements and others.
E = - However, none of those above
=) b3 \’.( 21 ‘,“', mentioned has a realization
T E i /A /\. )’( “':' architectural and  engineering
;,'g ] 21 = R O B practice. Creating the new scissor
=] - grid using C“circular packing”
2 =081 X J W (18] | proposed by Roovers and De
L X o) Temmerman opens a new area for
i 2 X AL the design of scissor structures,

z | | m o 2 ;@52 o | Combining scissor units with cables
E N ’%.‘\ W m opens a wide area for application of
& scissor structures. The usage of

Q@
S
§ o % & o cables could provide the reqmred
'§ g sg ‘ [23]| stiffness of the system and achieved
sl » lighter structures.

Cables in deployable scissor structures, apart from additionally increasing stiffness,
make the structure significantly lighter (examples [7] and [23]). According to [7] the usage
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of the pre-stressing cable would contribute to the improvement of the structural
characteristics of those systems.

Table 5. New classification of deployable structures (part 2/2).

Description

Structures formed of compression bar elements in
discontinuity and tensioned elements in continuity
are called "tensegrity” structures. The deployment
of the tensegrity system is achieved by acting on the
cables.

There are many other fypes of "cable-strut"
systems, and one of them called "di-pyramid" (DP
units) is shown in figures on left side.

Coiled bars, structure based on Bennett mechanism,
and the Nasa Type Cubic represent the results of
different research projects.

The coiled bars have been invented with the
propose for applications in aerospace engineering.
Applying Bennett mechanism_ it is possible to form
barrel vault structures that unfold in one direction.
A particular category of a deployable structure is
presented with cubic structures which are
investigated, but their application still missing in
the fields of science.

This group is divided into three sub-groups as
follows: hinged plate elements, origami-inspired
structures, and flexible shells. It is possible to form
a singly and doubly curved form. A large number of
plate structures is based on origami-inspired
structures. Flexible shells are the systems
introduced by Pellegrino (2010) while in
classification by Rivas Adrover (2015), they were
named STEM systems.

BAR ELEMENTS

NASA
JRa
Cubic

1| inspired
by hinges | structures

PLATE ELEMENTS

Flexible [Plates Origami-
zhells

There are three types of pneumatic structures: a)
air-filled, b) air-supported and c) pheumatic
structures with an integrated deployable
mechanism. The last group of these structures does
not need additional technical equipment for the
deployment.

The umbrella structures are a mechanism formed of
a mast (as a fixed part) that supporting the

SPATIAL
Umbrella [Pneumatic
structures [structures

] collapsible membrane structure.
A The membranes achieve rigidity and stability only
é 3 | &N (5T il in the state of biaxial tension. Frei Otto classified
Aol Frny | s ) s’ | the membrane structures according to the
ki E movement matrix. Two groups of these structures
g4 4 ‘[“] =2n, . ,&_[\“];‘.fﬁi are distinguished: the first group has a permanent
g g A W | 22 6 %7 | bearing structure, while the other group has a
= Sy : ' movable bearing structure.
Tension trusses | Note: This table uses illustrations from the authors' listed in the references, except 1% that i
antenna s used from https:/www.youtube.com'watch?v=FeXxjerleZE and 2*from hitp:/www.tensin

et com/database/viewProject/3932 html

10



E3S Web of Conferences 244, 05016 (2021) https://doi.org/10.1051/e3sconf/202124405016
EMMFT-2020

Cable-strut systems have been created by the combination of classic struts with cables.
There are many cable-strut systems, but just two of them (tensegrity and “di-pyramid”) are
shown in Table 5. Tibert [12] proposed the possibility of applying different geometric
forms of deployable tensegrity structures, such as mast and antenna. Coiled bars are the
third group of deployable bar structures and are presented in details in classification by
Pellegrino. Deployable single curved structures, which include structures with the
application of Bennet mechanism, are the fourth group of structures with bar elements in
the classification presented here.

Other groups with their characteristics are described in Table 5.

Reciprocal structures that were previously classified in the category of deployable bar
structures are not grouped in this paper because they are not able to fully achieve
deployable configuration.

5 Conclusion

The suggested classification, with the review of the results of the present research, is a
significant starting point for the scientists in different disciplines and it provides a detailed
insight into the studied characteristics of these structures. This classification has several
advantages when compared to those presented previously as it gives the possibility to add
certain structures developed over time, without changing the basic divisions and contexts.
This proposal of a unified classification of deployable structures enables a multidisciplinary
approach to further research, application, as well as to the development of new systems of
deployable structures. A simpler approach to the basic information shall create a stronger
interest in a deployable structure research that would result in a larger number of studies
with specific application of these structures in various scientific fields.
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