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RECIPROCAL SYSTEMS
BASED ON PLANAR
ELEMENTS

MORPHOLOGY, CLASSIFICATION AND DESIGN ISSUES

BAVEREL OLIVIER', PUGNALE ALBERTO?

"ENSA Grenoble, AECC - France
Faculty of Architecture, Building and Planning, University of Melbourne - Australia

ABSTRACT
'This paper deals with the design of reciprocal spatial configurations
based on the use of planar elements, which are investigated and classified
according to their morphological characteristics and potential.
Reciprocal structures are generally designed with the use of linear
elements. Since their historical conception, at least in Western culture,
they have been strictly related to the use of short timber beams to cover
large spans. This structural principle is described for instance by Villard de
Honnecourt, who drew in his sketchbooks reciprocal grillage assemblies
for the construction of floors, between 1225 and 1250, followed by
Sebastiano Serlio in 1566, John Wallis in 1695, and it can be still found in
several treatises of carpentry, written during the XIX century.
From the morphological point of view, reciprocal structures have been
generally used to develop bridges, slabs, domes and shells. We could
conceptually refer to the first case linear developments. Examples are the
so-called ‘Rainbow Bridge’in Shandong or the Leonardo’s concept for a
bridge structure. In the second and third cases we could refer to a two-
dimensional development, since they can be conceptually conceived and
represented as surfaces. Several examples have been built by the architects
Ishii, Kijima and Kan.
In architecture, reciprocal structures are rarely used due to a set of
practical issues. Their simple technology allow a simple and rapid
construction,. However, problems related to spatial complexity, structural
calculations and cladding, generally encourage designers in exploring
other structural typologies, making their use suitable just for temporary
or experimental structures.
In this framework, the authors propose a first study of reciprocal systems
based on the use of non-linear elements, i.e. 2D planar panels.
Such configurations are classified in this paper according to the shapes
and properties of their composing elements. For example:
- most of the planar elements can generate the same configurations of
beam elements;
- some planar elements can be disassembled in two or more linear
elements forming a similar configuration;
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- some planar elements can be composed in order to take advantage
of their shape peculiarities, for structural or construction purposes.
Configurations belonging to this category could be also refer to the
previous ones.
'The presented categories are supported by drawings and photographs
of prototypes, also realized with the contribute of the students of the
Ecole des Ponts in Paris (developed during a workshop run by the authors
in March 2012) and the University of Melbourne.

Keywords: reciprocal structures, nexorades, spatial structures

INTRODUCTION

The principle of reciprocity in structural design and construction refers to the use of load
bearing elements to compose a spatial configuration wherein they are mutually supported
one another.

Reciprocal structures are generally designed with the use of linear elements. Since their
historical conception, at least in Western culture, they have been strictly related to the use
of short timber beams to cover large spans. Main applications are related to bridges,
slabs domes and shells [1] [2] and [4].

In this framework, the authors propose a first study of reciprocal systems based on the
use of planar elements. The paper first recalls the concept and characteristics of reciprocal
structures based on linear beams. Thus, different types of reciprocal configurations based
on planar panels are described and a first attempt of classification is proposed as well.

RECIPROCAL CONFIGURATIONS BASED ON LINEAR ELEMENTS

From the conceptual point of view, the development of a reciprocal structure requires:
(1) the presence of at least two elements allowing the generation of a certain forced
interaction; (2) that each element of the composition must support and be supported by
another one; (3) that every supported element must meet its support along the span and
never in the vertices (in order to avoid the generation of a space grid with pin-joints).
Figures 1 and 2 show an elementary example of reciprocal structure respecting such
conditions. This basic configuration is developed with linear elements and is generally
called fan’ or ‘nexor’. It can be assembled with other similar systems in order to generate
more complicated structures.

From the geometrical point of view, a reciprocal configuration is defined by:

(1) the eccentricity between elements; (2) the engagement length (i.e. the distance
between the supported element and the bar end); (3) the length of each element;

(4) the style/orientation; (5) the end disposition and (6) the topology of the grid chosen.
With these parameters, it is possible to describe and automatically generate any configuration,
as shown in the following section.

Engagement length and eccentricity

The engagement length represents the distance between the bar end of a supporting
element and its meeting point with the supported one. As shown in figure 3 left,

it is denoted by A and can vary between O and L, which indicates the total length of the
supporting bar.

The eccentricity is indeed the shortest distance between the axes of two connected
elements and provides three-dimensionality to the resulting assembly (figure 3 right).
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Figure 1 - 2
An elementary
reciprocal system.

Figure 3

Fans with identical
and different
engagement
lengths (left);
changes in
eccentricity due to
different elements
radii (right).

Figure 4

Basic reciprocal
configuration with
fixed eccentricity
and decreasing
engagement
length.

Figure 5

Basic reciprocal
configuration with
fixed engagement
length and
increasing
eccentricity.

A AL A

If the elements of a reciprocal configuration have an identical circular cross section, the
eccentricity is equal to the diameter of the element. In other cases, this parameter could be
more complex to calculate and not constant due to angle variations between elements.
Figures 4 and 5 show how changes in eccentricity and engagement length can affect the
geometry of a simple reciprocal configuration made of three linear elements.
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Figure 6
Plan view of a left
fan and right fan.

Figure 7

A fan with positive
end dispositions
and a fan with ‘up’
and ‘down’ end
dispositions.

Figure 8

Flat (with

notched joints)

vs. curved (with
superimposition
of bars) reciprocal
configurations.

Style/orientation

Every simple reciprocal structure (fan) can be built in two different manners according to
its orientation. The method to determine it is to virtually push each of the elements of a fan
and observe the rotation direction. When it creates a clockwise moment is called a ‘right
fan’ while with an anticlockwise moment is identified as ‘left fan' (figure 6).

End disposition

The end disposition considers whether an element of a reciprocal configuration is placed
above or below its support. In figure 7, left part, a fan created with only above, or positive,
end dispositions is shown. By contrast, the right image represents a mix of positive and
negative end dispositions.

Assembly and growth possibilities

Simple fans can be assembled to obtain more complex configurations with endless
possibilities. From the geometrical and architectural point of views, some growth categories
are worth to be mentioned.

First, reciprocal configurations can generate flat or curved structures. As shown in figure 8,
the composing elements can be shaped in order to obtain flat bridges or slabs, while with
simple superimposition of bars the final assembly is intrinsically developed in space.
Second, the growth of reciprocal structures can be classified according to the development
directions of the final geometry. Bridges are therefore 1D or linear configurations while
shells are 2D or surface-like structures. Other assemblies, not belonging to the previous
two categories, are 3D or ‘fully’ spatial configurations.
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Figure 9

Left, 1D reciprocal
bridge inspired by
the Leonardo’s
bridge; Middle,
2D reciprocal
roof with fans
composed by four
elements; Right:
3D conceptual
reciprocal
structure by
Popovic Larsen.

Figure 10
Reciprocal
polyhedra:
‘tetrahedric’
(left), ‘cubic’
(middle) and
‘dodecahedric’
(right).

Figure 11

View of a
cocolithophore
and an elementary
tile.

Reciprocal structures can be also obtained from the geometry of regular polyhedra.
Within this family, figure 10 shows that tetrahedric, cubic and dodecahedric reciprocal
configurations can be built with fans identical aspect ratio.

RECIPROCAL CONFIGURATIONS BASED ON PLANAR ELEMENTS

Throughout history, reciprocal systems have been mainly developed with linear or
elongated elements. In Europe, the concept of spanning distances longer than the
length of the available timber beams was the key reason for the use of such structures,
which were therefore called ‘short-beams. In Orient and especially in China, the use

of interwoven strips of bamboo for the construction of baskets is an old tradition that
was transferred to objects of larger scale, bringing to the development of reciprocal
configurations based on linear elements as well.

However, such principle can be also extended to the use of planar elements as suggested
by the rare natural example of the Cocolith. As shown in figure 11, in this case the
composing elements are made of circular tiles instead of elongated members, inspiring a
new research direction for finding new shapes and geometries for reciprocal structures.
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Figure 12-13
Joints of
reciprocal
configurations
based on planar
elements by
Werner Blaser.

Figure 14
Reciprocal fans
based on planar
elements used

4 as ‘thick’ linear
elements.

Material and Joints

Some furniture realized by Werner Blaser [5] shows how the use of planar elements

for the realization of reciprocal configurations highly moves the attention in the study

of materials and joints. As shown in figures 12-13, the use of timber as well as
superimposition of elements, commonly used in reciprocal configurations based on linear
elements, find here new design possibilities which are completely to be explored.

ASSEMBLY AND GROWTH: AN ATTEMPT OF CLASSIFICATION

In order to guide future morphological researches, we would propose to distinguish three
main categories of reciprocal configurations based on planar elements, as shown below.

Planar elements used as ‘thick’ linear elements
This category includes all those reciprocal structures in which the composing planar
elements are assembled in the same way of linear ones.

Planar elements used as ‘groups’ of linear elements

This second category includes all those reciprocal structures in which the composing
planar elements can be substituted by a fan of linear elements, i.e. the planar element is
conceptually grouping linear ones forming reciprocal fans. In this case the focus is on the
design of the composing element.

Figure 15 shows the simplest example of a reciprocal structure belonging to this category,
which is made of triangles replacing fans of three linear elements each. The tiles can have
three different engagement lengths where only two are possible for elongated elements.
These tiles can be transformed in a configuration with three linear elements that are the
edges of the triangle. The arrangement in figure 16 shows a 6 vertices star element.

The star shape is the only solution to allow the elements to be placed on top of one
another otherwise the tiles would overlap one another. This type of tile could have 6
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Figure 15-16
Triangular tiles,
perspective view
and zoom on a tile
(left); Hexagonal
arrangement with
6 vertices stars -
plan view (right).

Figure 17
Reciprocal
configuration
made of cross
tiles, plan view.

Figure 18-19
Example of tile
with slots (left),
example of a
complex tile with
slots (right) and
their resulting
shapes.

different engagement lengths. Figure 17 shows a configuration made of crosses replacing
fans made of 4 linear elements.

Figures 18 and 19 show a reinterpretation by H. Logan [3] of the Leonardo’s bridge
developed with planar elements. Here, the tiles are connected with a slot that can be

quite simple (figure 18), but working on shaping the composing element more complex
configurations can be obtained (figure 19). This configuration connects many tiles together
and, as drawn in the elevation, it creates a truss effect. The stiffness of the structure is
therefore not only depending on the stiffness of a tile but of the equivalent truss.

Figures 20 and 21 show perspective views of the structure represented in Figure 19.

Planar elements used in other ways than the previous two categories

In this category two different configurations can be distinguished: (1) where the notch
between the tiles transmits a bending moment (Figures 22-23) and (2) where the notch
permits to the element to transmit traction or compression forces (Figures 24-25).
Figure 22 shows the connection between two planar elements - this assembly permits to
transfer bending moment and give the structural stability of the configuration.
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Figure 20-21
Resulting
structure made
with the complex
tile.

Figure 22-23

A specific tile
element and the
resulting shape
from IBOIS EPFL

Figure 24-25
A truss made
with tiles

24 25

The second type of such configurations creates a sort of truss-like structure (figures 24-25).
Another example of configuration belonging to this category is shown in figures 26-33.

A basic fan is obtained as a reciprocal structure of the first category but with small
engagement length (figures 26-27). By means of interlocking and superimposition, such a
basic configuration can be extended in a surface-like way (figures 28-29) or as a fully 3D
structure (figures 30-31).

CONCLUSIONS

The paper has presented a first study of reciprocal systems based on the use of planar
elements. First, the parameters that define a reciprocal system with elongated elements
are reminded. Second, configurations based on planar elements are tentatively classified
in three categories where the composing panels are used: (1) as ‘thick’ linear elements;
(2) as ‘groups’ of linear elements and (3) in other ways than the previous two categories.
For each category several examples are given, displaying a wide range of resulting geometries.
This first investigation has aimed to show the morphological potential of reciprocal
structures based on planar elements, demonstrating the need of further geometrical,
structural and construction explorations.

306



307



Figure 32-33
Prototype in

1:1 scale of

the reciprocal
structure drawn in
Figures 26-31.

32 33
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