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Abstract

This research focuses on extensible structures composed of rods and nodes, which
have been developed since the mid-twentieth century. A geometric, mathematical,
and graphical analysis of simple double-rod scissor structures, and then investigates
the three-rod and node structures of architect E. P. Pifiero, using digital and
parametric modeling.

Keywords Extensible structures - Rods and nodes - Parametric design - Geometric
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Introduction

Since ancient times man has needed to build architectural elements characterized
by: mobility, transformability, assembly and disassembly. This need derives from
nomadic and warrior peoples who, out of necessity, erected tents, bridges and towers
made from rigid and transformable grids. Among these kinematic structures are
‘extensible’ ones: a complex of building elements that move from a closed, cohesive
configuration to an ‘extended’-self-supporting one.

B. Fuller, J.W. Schweller, G. Bell, K. Wachsman, E.P. Pinero, and F. Escrig are
some architects who experimented with ‘transformable’ structures in the second half
of the 20th century.

The aim of the paper is to analyze the structure and ‘primary’ geometries of
double-rod scissor structures, and then those with rods and nodes by Emilio Pérez
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Pifiero (1935-1972) through the graphical analysis of a patent by the Spanish
architect (Piflero 1961), with the dual methodology: digital modeling as a tool
for investigation and visualization of geometries; parametric design software for
movement analysis.

The Scissor System for Extensible Structures

Architectural structures made by rods and nodes correspond in figurative terms
to geometric relationships through the intersection of the fundamental geometric
entities of line and point. This theoretical condition appears applied in constructivist
architecture and in modern and contemporary architecture. The resulting works turn
out to be in their form defined by Kandinsky as pure or abstract in space (Kandinsky
1926) and which, in becoming matter, take on, according to the artist, a conspicuous
character generated by a line-force application energy on a nodal point (Fig. 1a).

These structures are based on the principle of repetition of a geometric starting
module, the joining of which, allows different movements of the final structure.
The transition from single units to a group determines the formulation of the
extensible system and, where the movement takes place through skillful geometric-
mathematical control (Calvo Lépez and Sanz Alarcén 2011). Their analysis,
therefore, requires knowledge and control tools through parametric modeling
systems for the investigation of shape, number of rods and nodes, directions, and
degrees of movement.

Extensible structures have two different geometric configurations: one extended
(open) and one retracted (closed) (Fig. 1b on the left). The transition from open to
closed configuration can be made by sliding (translation), rotating, bending, or by a
combination of the same. The important requirements for the perfect fabrication of
this structure are ease of fabrication and structural stability over large areas where
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Fig.1 a Link between geometric entities and rod and node structures in space according to Wassilly
Kandinsky; b scissor structures: transverse movement of a sequence of scissor structure in frontal and
perspective view (left); symmetrical, asymmetrical and in-plane scissor structure (right). (Graphic image
processing by M. Cicala)
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they will assume an open configuration that also serves, at times, as a cover for the
space.

The most common type of extensible structure is the scissor type with double
rods, which allows for foldable membranes on rigid supports. Each rod consists
of three restraints, an upper and a bottom one, determining the continuity of the
structure and, finally, a joining bond between the two rods. The union of multiple
elementary scissor structures determines the configuration of modular one-degree-
of-freedom structures consisting of the angle of rotation around the middle hinge.
As for the node, however, three different configurations and types of ties can be
obtained: translation, polar, angled (Fig. 2c).

According how the rods are arranged, different interior geometries are generated
in relation to movement, which are defined by regular or irregular quadrilaterals
or deltoids: regular quadrilaterals for linear deployment; deltoids with two sets
of consecutive congruent sides for variable curvature deployment; irregular
quadrilaterals for curvature systems that can’t flexed (Torres 2013) (Fig. 2a).

These structures joined sequentially together enable the composition of extensible
flat structures of any shape provided there is a compatibility relationship between
the bars. For the structure to be flat the condition must be: c/a=d/b; for it to be
collapsible must be: c+d=e+e=2e (Fig. 1b on the right). Thus the ’scissors’ all
extend along the direction of development.

The analysis of the kinematic mechanism of double-rod scissor structures follows
the geometric analysis of the isosceles triangles that are formed, which will, again,
turn into rhombs in case of a multi-stage scissor mechanism both horizontally and
vertically (Cheng et al. 2014). Given the scissor structure (Fig. 3) that has 6/ = 61/
and DOC determining an isosceles triangle, we will have that/,, =1/2 =1, in a
given length of L on which & will depend. Applying the Pythagorean Theorem on
the basic triangle will have:
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Fig.2 a Geometric definition of scissors generating linear and curved course and related internal
geometries generated; b parametric construction of a simple scissor structurein Grasshopper for Rhino;
c the different patterns of scissor bonds: plane, curved, polar and angled translation system. (Parametric
modeling and graphic image processing by M. Cicala)
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Fig.3 Linear transverse motion analysis of a scissor structure with related geometric construction.
(Graphic image processing by M. Cicala Graphic)
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From here, considering 6 and given the ratio of the cathetus opposite the angle
a to the hypotenuse, we will have:

senf = ﬁ
i
h = sinfxi

i= lh = sen0£
2 2

This formula demonstrates the dependence relationship between the length,
height and angle of rotation, respectively, where it is shown that & varies in
relation to the change in the angle between the cathetus and the hypotenuse
(Fig. 3).
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Shape Grammar and Parametric Analysis of Rod and Node Structures
by E. P. Pifiero

Emilio Pérez Pifiero is a precursor of scissor structures. From 1961 he dedicated
himself to the development of flat grids and domes for temporary pavilions (Escrig
1993) (Fig. 4a). Geometrically, the insertion of an additional bar in the central node
is the first significant transition from double scissor structures to Pifiero’s extensible
structures, referring back to the mechanism of the ‘hunter’s chair’ (Fig. 4b).

In their movement, these modules can be bent and unfolded, either for a simple
structure or composed of several modules. Through the unfolding of a straight
module that results in a flat grid, with a change in the lengths of the top and bottom
sections of the bars, a module is obtained that generates a curved surface.

Principal among the architect’s patents is Patent US3185164 of 1961. The folding
three-dimensional reticular structure of this is given by a system of rods connected
through pivoting joints. These rods can be distributed in three-dimensional space by
deploying until their connections result in an easily transportable closed compact
bundle of straight lines.

For this condition to happen, design components assume considerable
importance. The rods, nodes, joints, and possible connections between them are the
basis of the geometric configurations of opening and closing.

Regarding nodes, we can consider two types: closed and open, both connecting
between modules of structures and with a 6 mm thickness. Then there are the ‘three
nodes’ that consist of a central node and three rods, in addition to anchor bolts, the
distance between the rods is given by angles of 120°. Also, there are the ‘four knots’
formed by four rods anchored by bolts whose distance gives angles of 90° (Figs. 4c;
Sa, b).

For rods, the composition of which is based on the decomposition of basic
polyhedra, these can be three or four noded, which must be placed in the equidistant
direction for flat structures and, ‘free’, (not equal) for curved structures (Fig. 5d).

THE KNOTS

THREE-ROD KNOT

Fig.4 a Summary images of Pifiero’s extensible structures, from physical models to digital
parameterization; b from the three-rod ‘hunter’s chair’ to Pifiero’s rod and joint meshes; ¢ detail drawings
of the types of nodes patented by the architect. (Modeling and graphic image processing by M. Cicala)
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Fig.5 Views of three-dimensional models Piflero’s patent. a and b the two types of nodes at three and
four rod knots; ¢ three-dimensional views of the possible combinations of rods and nodes, patented by
the architect, d three-dimensional views of the flat and curved spatial structures. (Modeling and graphic
image processing by M. Cicala)

From the different combinations of rod types it’s possible to generate simple, double,
multiple, semi-cylindrical, and hemispherical structures (Fig. 5c).

The system of Pifiero’s basic module is given by three rods articulated in a central
joint inscribed in a prism given by bases of equilateral triangles (De Miguel 1972;
Rédenas-Lopez et al. 2018), that is, the two Platonic solids (the regular tetrahedra)
whose intersection of one of the vertices flows into the central node of the module
of the structure. In contrast, the second system has four rods that meet in the central
pivot inscribed in square-based prism, that is, two regular pentahedra. The condition
in which scissor structures are simply inscribable in a prism and, do not generate
solid geometries, occurs when a simple scissor system is placed along the surfaces
of the sides of the prism and articulated along the midpoint. This condition will be
successive to Pifiero and occur in F. Escrig’s structures (Valcarcel 2019).

For the movement investigation of the architect’s basic three-rod module, the
use of modeling in a digital environment is insufficient except for the geometric
knowledge of the individual components (Fig. 6a). Therefore, it was necessary
to use parametric modeling with Grasshopper for Rhino software (Fig. 2b) and,
specifically, through the Kangaroo plug-in (Figs. 6b, c¢), which can manage by
algorithm the interactions and dynamism of the module components.

This operation allowed us to define the movements of the rods and nodes in
different variables and study the various geometries of the modules in relation to the
rods and source nodes.

There are two parameters that affect the geometric characteristics of the structure
under open or closed conditions: the number of rods encountered in an assemblage
and the equality and inequality relationship of the distances of each intermediate
coupling of each rod (Pifiero 1961). The first case influences the geometric shape
of the configuration in the plane: if three rods concur at each conjunction, the
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Fig.6 a Geometry of Pifiero’s patented three-rod base module geometry and modeling with repetition
of the base module in the plane; b Pifiero’s and Escrig’s base modules processed by Grasshopper for
Rhino algorithm and respective modular repetition; ¢ Pifiero’s base module processed by Grasshopper
for Rhino through the use of the Kangaroo plug-in whose algorithm is reported (Simple and parametric
modeling and, graphic image processing, by M. Cicala)

contour explained will take the shape of a hexagon (Fig. 6); if four rods concur,
the configuration will be quadrangular (Fig. 6b). In the second parameter, if the
intermediate rod ratio is equidistant from the other two extremes (top and bottom),
the structure has no curvature. This means that overall and ignoring the height, the
structure is flat, that is, the series of repeated modules with equal characteristics
belong to parallel planes. In opposition, if the intermediate coupling is not
equidistant to the other two, the open structure defines a curved configuration, that
is, the rod couplings lie on one of the three curved surfaces.

Conclusions

From simple scissor lattice structures, to the Egyptian chair, to the hunter’s chair,
as examples of extensible structures, the progress these have made has been
considerable. The aim here was to highlight how much the apparent simplicity of
these structures springs from and results in different geometric conformations
derived from mathematical calculations.

The grammatical and syntactic study of the forms of the scissor structures and, of
Pifiero’s extensible structures, turns out here to be a first cognitive approach oriented
to a subsequent application of these extensible structures not used as an autonomous
element of new construction, but as an architectural support of cultural heritage
enhancement. Specifically, for the enhancement of slender architectures (Zerlenga
et al. 2021), this topic is part of a broader research aimed at enhancing the value
of contemporary Neapolitan bell towers, built before anti-seismic regulations and,
therefore, subject to architectural vulnerability in case of natural disasters.
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