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Abstract. Traditionally, Reciprocal Frame (RF) structures feature the
use of linear materials such as rods, beams and bars. Their potential in
varied curvature and doubly-curved forms illustrate ongoing advances in
computation and fabrication. Flexible to using small available materials
that span large areas, RF systems appeal as a popular research topic to
demonstrate tectonic and engineering feats. However, RF using planar
materials is a non-traditional application and is not widely explored in
research. This paper discusses RF research projects that feature planar
custom shapes with unique 3D tectonic capabilities. Their aesthetic
properties and structural opportunities will be discussed and evaluated.
The objective of this paper is to examine the use of planar materials
and highlight the potential of irregular 3D reciprocal systems. The
use of custom shapes in a reciprocal system and their unique growth
morphologies presents a novel direction in the practice of reciprocal
systems.
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1. Introduction
Reciprocal Frame structures have been featured extensively in research. Their
diverse tectonic capabilities in the use of small materials that can span doubly
curved forms and freeform structures continue to be of interest in many research
labs and institutions. With the rise in computational power, robotics and CNC
machines, reciprocal frames serve as a great topic that can demonstrate many
advances in these areas, such as research from Gramazio and Kohler in Complex
Timber Structures (Søndergaard et al 2016). When exploring form and elaborate
structures, reciprocal systems showcase developments in computation and digital
fabrication. Extensively, linear materials such as beams, rods and bars make up
these research projects. They demonstrate that through advances in computation,
the geometric configuration of linear materials in RF structures can achieve
varying degrees of complexity, as well, featured in such works of Larsen, Baverel
and Pugnale, to name a few.
The concept of the reciprocal frame derives its roots from prehistoric building
types where the issue of availability of materials and the relevance of human
agents in their development are central. Similarly today, as mobile and rapidly
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assembled structures play a major role in contemporary society (De Temmerman
and Brebbia 2014), reciprocal frames are designed and constructed for its economy
and mobility, renewing the role of the designer, architect and fabricator. This is
evidenced by small-scale fablabs to a shift in DIY full scale RF assemblage of rods
and bars featured in most research projects. Like linear RF, planar RF’s prolific
network can result in elaborate configurations to provide new design and structural
opportunities unique to the use of planar RF (Araullo and Haeusler 2017).
1.1. OBSERVATIONS

Advances in computation and fabrication usher in a revival of the practice of
reciprocal frames which predates modern design and construction. In the last
two decades we see novel freeform RF structures achieved in varying degrees
of complexity. When populated over a global form, the geometric profile of RF
configurations represents polygons and can be considered as its basic DNA. By
definition, polygons are 2D shapes bounded by a finite number of straight edges.
These polygons offer opportunities to elicit ways to re-configure and discretise the
global form. The rods and bars of an RF populated over the global form represent
edges of polygons, or as a 3D RF, their polyhedra counterpart (Figure 1).

Figure 1. 2D to 3D Reciprocal Frame.

Examine the 3D RF where the faces of the cube can be arranged and configured
in an RF assembly, such as the Ptolemi project (Araullo and Haeusler 2017). As
established, when linear materials in regular RF assemblies are replaced by custom
shapes, the size and nature of the shapes extend design opportunities. The basic
principles of reciprocity can be observed where planar shapes are configured to
support one another. This paper examines projects that explore diverse planar RF
arrangements and investigates the potential for using custom 2-D shapes.
2. Background
2.1. RECIPROCAL FRAME STRUCTURES

Reciprocal Frame structures are often associated with weaving structures,
tensegrity structures, mandala roofs, nexorades and grillages. The basic assembly
of these is described by Popovic Larsen (2008) and features the use of linear
materials (Figure 2).

Figure 2. Fan/Nexor; Reciprocal Frames (Larsen, 2008) .
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These basic configurations are generally referred to as ‘fans’ or ‘nexors’. The
rules for linear RF require each member to support and be supported by another,
and that the supported element sits along the span of the support away from the
vertices to avoid the generation of a space grid, as well configured without any
clear structural hierarchy.
Moreover, an RF configuration can also be constructed from identical or
non-identical basic elements as long as a tessellation pattern exists (Kohlhammer
and Kotnik 2011).
2.2. PLANAR RECIPROCAL FRAME STRUCTURES

In this paper, the definition of Planar RF is emphasized as being the kind of
structure that uses planar shapes in place of linear materials such as rods, beams
and bars. The term ‘planar RF’ was also used by Popovic Larsen (2008) when
referring to the flooring of the Mill Creek Public Housing Project by Louis Kahn.
However, this paper refers to building materials that are planar such as timber
sheeting, composites and acrylic sheeting in place of beams, bars and rods used in
an RF assembly.
When compared to linear RF, the sizing of planar members - their depth - is an
external parameter (Garcia Puyol 2015) which extend opportunities in planar RF
configurations. Examples that feature planar RF include the Serpentine Gallery
Pavilion in 2005 by Siza and deMoura with Balmond (Figure 3) using planar
boards arranged in an RF. Similarly, the Coca Cola Beatbox Pavilion by Khan
and Ohrstedt in 2012 uses planar materials (Figure 4).

Figure 3. Serpentine Gallery Pavilion 2005 (C Balmond).

Figure 4. Coca Cola Beatbox Pavilion 2012 (Khan and Ohrstedt).

2.2.1. Planar RF Tentative Classification
In 2013 Baverel and Pugnale have presented a first attempt of planar RF
classification (Baverel and Pugnale 2013). The first classification is described
as those where the planar boards are treated the same way as rods and beams,
classified as ‘Thick Elongated Elements’, such as the system employed in the
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2005 Serpentine Gallery Pavilion and the Coca Cola Beatbox Pavilion. The second
classification refers to grouping linear elements that represent planar shapes, called
‘Groups of Linear Elements’ (Figure 5), and often times arranged as skins or as a
surface.

Figure 5. Class 2: Groups of Linear Elements (Baverel and Pugnale 2013) .

The third classification by Baverel and Pugnale describes all those that fall
in neither of the first two classifications. Two types can be distinguished in
this classification: One, where the notch between the planar elements transmits
a bending moment (Figure 6a); two, where the notch permits the element to
transmit traction or compression forces (Figure 6b). This basic configuration
can be developed in a surface-like way or as a fully three dimensional structure
(Baverel and Pugnale 2013).

Figure 6. (a) Class 3: Bending moment at notches; (b) Class 3: Truss-like.

In this, we posit that irregular custom shapes when introduced and configured
in this third RF classification new design opportunities can be further elicited.
It can be conceived that when the basic geometry of individual elements in a
regular RF is altered, akin to altering its basic geometric DNA and which can
vary greatly from the conventional tessellation pattern often seen in reciprocal
frame configurations, such as rectangles, triangles, hexagons and the like, the final
outcome can be unpredictable and can produce interesting forms.
3. Research Question
We can observe that planar basic geometric profiles are often featured in
conventional linear reciprocal frames, such as hexagons, triangles, rectangles and
as described in the first 3D classification such as those illustrated in Figures
3 and 4. We can also predict that when the basic geometric DNA of RF
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systems are none of these shapes but are instead replaced by irregular custom
shapes, design configurations can be harder to conceive producing erratic and
unpredictable tectonic results. What criteria can be considered in mapping its
UVW morphology? As illustrated in Figure 1, UVW can present challenges in
the issue of supporting and supported members. As demonstrated in the Ptolemi
project (Araullo and Haeusler 2017), where a quadrilateral RF can be generative in
3 dimensions, the localised UVW of irregular members or custom shapes however
produces new morphological challenges.
4. Methodology
Building on existing knowledge and studies of RF as well as research that explore
the potential of using planar materials in a reciprocal configuration, the following
case study of built prototypes will discuss design opportunities and challenges in
scenarios where irregular custom shapes are featured in an RF. The research used
a design research method to develop 1:1 scale prototype of multi-unit reciprocal
frame system that have three dimensional capabilities. The case study aligns its
investigations within the third classification of RF structures described by Baverel
and Pugnale.
4.1. CASE STUDY

Euphonious Mobius is a freestanding structure where an irregular custom shape
was used and configured in an assembly adopting the basic principles of RF.
This project was commissioned by Destination NSW for exhibition at Vivid
Sydney. The basic concept is derived from a design of building blocks that
represent the Mobius geometry. As the name suggests, the resulting form is an
abstract representation of a segment of the Mobius strip (Figure 7).

Figure 7. Euphonious Mobius at Vivid Sydney.

Made of 10mm acrylic the resulting overall form was intended to resemble a
segment of the Mobius geometry. The RF structure featured fluid irregularities to
exhibit the concept that architecture is non static (Figure 8)
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Figure 8. Fluid irregularities of mobius building blocks.

4.1.1. Design Principles
In this reciprocal configuration, the Mobius building block is considered as a single
RF unit or nexor. The members of each block consisted of two custom shapes - an
irregular quadrilateral shape and a non-convex polygon similar to a boomerang,
Figure 9 illustrates an evolution from 2D to 3D. The quadrilateral RF unit or
fan evolves from 1) linear bars, to 2) planar rectangular shapes, then finally to 3)
an adoption of custom 2D shapes arranged along the localised UVW to form the
Mobius RF unit (Figure 9.3).

Figure 9. 1) Linear, 2) Planar, 3) Custom Shape .

The design and structural potential for this Mobius RF unit is illustrated in
Figure 10. Growth morphology can be observed in three dimensions. The
single RF, when populated over the UV of a global form, can be assembled in
a multi quadrilateral RF configuration. Reciprocity can also be enabled along the
elevation to create a 3D space truss. Finally, to further its architectural expression,
the Mobius RF configuration can be adapted to an irregular quadrilateral grid or the
UVW of a curvilinear form. The project additionally tests the system’s aesthetic
value by adapting the Mobius RF units to transform the tessellation pattern to
feature fluid differentiation in scale and shape for aesthetic ambition.
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Figure 10. Design morphology of custom shapes in an RF configuration.

Based on a multi-unit configuration, the Euphonious Mobius project was
composed to simulate a curved form to represent a segment of the Mobius twist.
Each 3D RF unit is an abstraction of the Mobius geometry and is treated like a
building block that is unique and varied in shape and size. Each Mobius block
functions as a single RF fan or nexor and as a pixel that houses LED technology.
Developed to interconnect diagonally and transversally as in Figure 11, when
assembled, the design and network of connectivity provided overall structural
strength and enabled the twisting mechanism.
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Figure 11. Assembly diagram.

As an RF spaceframe, the Mobius structure was built to span seven and a half
meters in length, with a two and a half meter maximum height and a weight of
over a tonne (Figure 12).

Figure 12. Euphonious Mobius along UV ground plane.

The structure can flex and can be positioned in various poses as a freestanding
complex structure. Figure 13 (a) and 13 (b) feature the twisting in form.

Figure 13. (a) Mobius segment rear; (b) Mobius segment front.

4.1.2. Material and Nodes
The project used 10 mm lasercut acrylic material. In collaboration with Arup
engineering 12mm industrial cable ties were instead used to connect all the
members together through lasercut holes. However the preferred alternative was
plywood, where the shapes or members can intersect to allow for notches to resolve
connection events. As the members intersected at varying angles,the result would
produce irregular 3D notches. However, this project was limited to using available
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acrylic sheets as material and the use of a 3-axis lasercutter.
4.1.3. Construction and Assembly
The construction and assembly method for the RF components is similar to the
assembly of conventional RF linear structures, whereby the origin of assembly
occurs from a single RF unit. In this case, when each Mobius RF unit was
assembled, each was interconnected to be supported by their diagonal counterparts
in both directions, then transversally. As a flexible structure weighing over a
tonne, the challenge was being able to move the structure in different poses which
required rigging (Figure 14).

Figure 14. Arup engineering, rigging and 3D RF assembly.

4.1.4. Evaluation
The adoption of the Mobius segment for its global form resulted in significant
compression benefits. The transversal connection strategy allowed the complex
structure to be self-supporting under both compression and tension as the form
is stretched and twisted across. The RF units connect transversally in three
dimensions and were in effect assembled as a spaceframe. Through this
arrangement, each member supported and was supported by another, whereby, the
connections allowed the components to transmit traction and compression forces.
The use of cable ties in this project allowed some movement without compromising
their connectivity. The entire system is self-supporting and flexible, exhibiting
diverse topographic features (Figure 15).

Figure 15. 3D RF using 2D custom shapes generates diverse topographic features.
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5. Conclusion
Self-registration, digital fabrication and CNC equipment bring a level of simplicity
to complex custom RF structures. The condition of whether member 1 lies
under or above member 2 (Parigi et al, 2012) is generally a main consideration
in an RF assembly. Auspiciously, custom shapes in an RF allowed for
multiple scenarios and conditions of supporting and supported members. Growth
morphology and possible RF configurations are intrinsic properties. The use
of non-convex polygons similar to boomerang shapes that make up the Mobius
RF as a spaceframe illustrates extensive possibilities on the issue of supported
and supporting conditions. Whereby, the angled boomerang shapes allowed
unique intersection events where the angles are considered as another external
parameter, resulting challenges in load paths can affect structural efficiencies
of an RF. However, numerous tectonic opportunities present themselves in the
nature and size of the custom shapes as illustrated in this case study. As a
sustainable solution, RF structures are reliant on issues and limits of serviceability.
In an increasingly mobile society where we see a rise in the need for portable
and semi-permanent structures, custom planar RF may present and encourage
new architectural typologies. Embedded schemes such as media, sensors, etc,
that informs on the overall form tests RF’s serviceability in the area of media
architecture and as an architectural interface.
Further exploration into the use of custom shapes or a combination of shapes
or use of different approaches such that the RF can be a top-down design approach
where the outcome is pre-defined would be beneficial in developing a custom
planar RF taxonomy for the practicing community. It is also important to point out
that this complex assemblage will require digital fabrication and can be beneficial
for advancing robotic and CNC processes.
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