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Abstract. Most foldable structures have been designed to optimize
collapsibility and structural performance. Likewise, they have been solely
applied to a limited number of architectural shapes such as arches, domes
or geodesics. While the constant folding process between retracted and
deployed states, has been the main concern of designers, non-constant
transformations and the in-between states remains unexplored. This
research will study non-constant transformations in the in-between states,
with the aim to find novel shapes and extend the repertoire of current
applications. Initially, existing structures will be modified in order to
find what type of shape transformations can be produced. Finally, a novel
solution, through a digital model and a kinetic physical prototype, will
be proposed.
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1. Introduction
A simple foldable structure can be made from a pair of straight and rigid bars
connected in the middle with a pivot or scissor hinge. This initial component is
called scissor-pair and it defines a single-degree-of-freedom (SDF) foldable
mechanism (You and Pellegrino, 1996). The SDF property enables the control
of the folding process through the propagation of rotations from one scissorpair to the next one and vice versa. This principle of propagation is essential
because it reduces the control mechanism to one variable, the rotation of only
one component. It also determines the synchronized transformation between
folding states (Hoberman, 1990).
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These types of folding structures have been generally used for rapidly
assembled constructive systems which are able to transform their shape between
retracted and deployed states. Some applications have been proposed in movable
theatre structures (Pinero, 1961), expandable space structures (Esgrid, 1985),
collapsible portable shelters (Zeigler, 1974), deployable domes (Hoberman,
1990; You and Pellegrino, 1996) and retractable roof structures (Buhl, Jensen
and Pellegrino, 2004). The main objective has been to optimize the ratio of
extended and contracted length.
There are mainly two general approaches to foldable structures, according
to the shape of the rigid bars and the position of the scissor hinge: The Offcentre Scissor-Pair (OSP) solution pioneered by Pinero, Zeigler and Escrig
(Escrig and Valcarcel, 1993) and the Angulated Scissor-Pair (ASP) discovered
by Hoberman and further developed by You and Pellegrino (Hoberman, 1990;
You and Pellegrino, 1996). Even though both approaches have been great
contributions to the design of folding structures, the repertoire of possible
applications is still limited to a small number of shapes. Any application is
unique and suitable for a particular platonic shape. While the SDF provides
the advantage of control and synchronized folding process, it also restricts the
shapes which can be designed and built.
This paper proposes a novel insight into those types of folding structures.
Instead of optimizing collapsibility, the objective is to use foldability as a
procedure to generate and control shape variations among states. This paper
analyses current solutions and incorporates certain variations to their initial
scissor-pair components. The aim is to understand how those derivative
components behave and what type of transformations and shapes could be
achieved in two- and three-dimensional space. Then a general component is
proposed as an alternative to current solutions. The component has been tested
in digital models in order to understand initial behaviours and to aggregate the
component on larger structures. Likewise, a physical model has been developed
to test thicknesses and real world folding performance.

Figure 1. Pinero (Left) and Hoberman (Right) Scissor-Pair Foldable Structures.
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2. Experiments
In order to find novel shape transformations, it is important to start by analyzing
existing solutions and then propose some basic variations. It is important to
clarify three key definitions: (a) Bar components: Are rigid components with
fixed length. (b) Scissor-Pair components: Are composed of a pair of identical
bar components. (c) Differentiation of components: Are the manners in which
rigid bars are connected–through the position of the scissor-hinge assembly
and edge-pivots. Considering those initial definitions and the aim of finding
shape transformations during the folding process, there are two questions to
answer: (a) How are the bar and scissor-pair components connected? (b) What
kind of shapes can these configurations produce during the folding process?
2.1. BASIC COMPONENTS

The Centre Scissor-Pair (CSP) is the basic configuration for simple foldable
structures. It is composed of a pair of straight and rigid bars symmetrically
connected with a scissor hinge at their centre. CSP exemplify some basic
principles which will be helpful to understand the other solutions.
The initial principle is the rotation propagation, which can be represented
as the height H and the length L. As shown in Figure 2, the rotation of any
component is propagated from one component to the other affecting the height
and length between each respective edge-pivot. During folding, the edge-pivots
follow parallel lines AB and CD, which generates linear shapes and planar
configurations. Since the propagation from height retracted to height deployed
is constant, all in-between states are proportional or scaled versions of the
others.

Figure 2. Centre Scissor-Pair folding process

The Off-centre Scissor-Pair (OSP) (Pinero, 1961) is basically a derivation
of the CSP. The difference is changing one bar scissor hinge to an off-centre
and therefore asymmetrical position. This very simple variation results in a
completely different local and overall behaviour. AB and CD are no longer
describing parallel lines intersecting at point O’.
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Figure 3. Off-centre Scissor-Pair folding process

This local condition generates the slope S which through repetition enables
the curvature of the overall structure. The functions between retracted and
extended lengths are not preserved, which generates a continuous transformation
from flatness to curvature while deploying. OSP generates two different lengths–
L and L’–whose ratio is variable during movement. Therefore, for threedimensional configurations, it is necessary to release the off-centre scissor hinge
while folding and incorporate locking elements on defined states (Escrig, and
Valcarcel, 1993).
The Angulated Scissor-Pair (ACS) (Hoberman, 1990) is based on the
modification of the CSP straight bars into angulated ones. Figure 4 illustrates
how the central point O is perpendicularly displaced according to a certain
height H, generating two triangles AOD and COD.

Figure 4. Angulated Scissor-Pair folding process

As in the OSP components, AB and CD are no longer describing parallel
lines, yet they remain invariable during the folding process. Therefore, even
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though the system is able to achieve different slopes and curvature, the overall
shape during folding remains constant. This property generates a homogeneous
transformation between retraction and deployment in which all in-between
configurations are scaled versions of each other.
This scaling transformation offers great advantage since the variation and
propagation of heights and lengths are invariable. Thus, it is possible to add
components in three-dimensional configurations such as domes, spheres and
other types of volumes (Hoberman, 1990).
2.2. DERIVATIVE COMPONENTS

There are simple modifications we can generate by changing the position of
CSP, OSP and ASP scissor hinges. In the case of CSP and OSP, the scissor
hinge position is defined as a parameter which can be fixed at different positions.
In ASP instead of an angulated rigid bar, it is possible to use a straight bar with
a central and perpendicular element with variable height.
The shape transformations which can be produced through the use of scissorpair derivations are illustrated in Figures 5, 6 and 7. There are two types of
scissor-pairs, S1 and S2, for each type of component. The additional parameter
for the scissor hinge position O’ is represented as distance d1 and d2. Retracted,
deployed and in-between states are symbolized as [r], [d] and [i] respectively
for each type of scissor-pair modifications.

Figure 5. Centre Scissor-Pair modification

Figure 6. Off-centre Scissor-Pair modification
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Figure 7. Angulated Scissor-Pair modification

Figure 8. Derivative Components three-dimensional configurations

In the CSP derivation the central scissor hinge is symmetrically displaced
according to d1 and d2 in both rigid bars. The scissor hinge modification
generates a variation on the height h1 and h2 between edge-pivots. Likewise,
there are implications in three dimensional configurations as shown in Figure
8. The ‘error’ means that S2 in one plane entails the rotation of that assembly
in the perpendicular direction. This would imply an additional degree-offreedom of the edge-pivot, which would have to rotate on two planes: in the
plane of the scissor-pair and perpendicular to it.
Figure 6 shows S1 and S2 modification for the OSP configuration. In this
case d1 and d2 are applied to one rigid bar and therefore the component is no
longer symmetrical as in the CSP modification. The arrangement in section
defines a curve which follows line BC. The slope of the curve is not constant
during the folding process as it defines different heights h1, h2, h3 and h4.
Even though this behaviour seems interesting due to this non-constant curve
transformation the different heights generate an error in three-dimensional space.
As shown in Figure 8 the transversal scissor-pairs are no longer connected.
The height variation propagated in both directions cannot be solved.
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In order to get different slopes and thus a different curvature in ASP, it is
necessary to simply change its central height. In Figure 7 we can appreciate
how S1 and S2 are generated and the connotations of their organization in
section. In this case the transformation is constant due to the preservation of
the height h1 in all scissor-pair components. There are no errors in threedimensional space and the folding process generates an even and constant
scaling transformation in which retracted and extended states are optimized.
2.3. DOUBLE SCISSOR-PAIR

The Double Scissor-Pair (DSP) is simply the use of two OSP components
keeping a particular relation between their scissor hinge positions. The DSP
component has been found in Figure 6 and it is explained with more detail in
Figure 9. It has been discovered an interesting behaviour during folding process:
Every parameter is constant yet the slope S is progressively changing. The
DSP combines the advantages of CSP, OSP and ASP solutions, particularly
the non-constant slope variation of OSP and the invariable and proportional
height and length variation of ASP components while folding.

Figure 9. Double Scissor-Pair from OSP modification

Figure 9 illustrates the retracted and the deployed positions for the initial
DSP found in the derivative components analysis. Even though lines AB and
CD keep parallelism in both states, the slope S defined by the segment SB
tends to zero when approaching the retracted position. To obtain this behaviour
there is a proportional principle within inner parallelogram OAO’B: The
segment OC’ has to be equal to D’O and segment OD’ to C’O. According to
this inner parallelogram proportion it is possible to define several types of
DSP and therefore different slopes and transformations.
Figure 10 shows the two types of double scissor-pair assembly S1 and S2
and how to combine them in the three-dimensional modules M1, M2 and M3.
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The DSP behaviour of parallelism and height-length constant variation enables
perpendicular assembly in three-dimensions and thus the generation of larger
foldable structures. In the DSP transformation, in addition to scaling, the slope
changes in different directions and thus the overall shape in non-uniform
progression changes as well: from a flat and compact state to a twisted and
deployed configuration.

Figure 10. Double Scissor-Pair folding process and three-dimensional configurations

The DSP parametric model, using Solid Works software, has been useful to
analyze the geometry and behaviour of SDF foldable structures. In digital space
lines and points have been modelled to test local constraints and their
implications in the overall shape. Once the geometry and behaviour are defined,
it is time to incorporate thicknesses in order to build physical folding structures.
This thickness entails an additional constraint to scissor-pair foldable structures.
The problem of overlapping is added to the rotation and slope propagation
initial constraints. In the physical world overlapping is not possible and therefore
it is necessary to alternate rigid bars in two different planes. A physical prototype
has been built to test assemblies, thicknesses and real world folding performance.
According to the analysis of constraints and behaviours the physical prototype
has to behave as the digital model. In that sense, there are two main concerns
about initial assumptions: the rigidity of the bars and the smoothness of
movement while folding. In order to maintain rigidity the prototype has been
cut in 1/8” aluminium which is a significant thickness for the scale of the
model. To preserve smoothness ball-bearings were included in each hinge and
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pivot assembly. The main concern of rigidity and smoothness is to propagate
rotations and avoid the deformations of components while actuating.

Figure 11. Double Scissor-Pair physical Prototype

The non-uniform behaviour extracted from OSP changes drastically after
approximately 70% of deployment. Figure 16 demonstrate this particular
process. It is possible to appreciate the path described by one DSP while
deploying: From the retracted state [r] towards the in-between state [i], the
edge-pivots move in a positive direction describing a predictable slope variation;
yet after [i] towards deployed state [d] the process changes drastically, the
edge-pivots move in a negative direction developing an extreme slope
modification. In spite of this unexpected and novel type of transformation, the
DSP physical prototype maintains the SDF properties and advantages of
previous scissor-pair foldable models. The slope variation not only generates a
twisting formal performance while folding, but also enables structural stability
due to diagonal arrangement in different directions.

Figure 12. Double Scissor-Pair curve path while folding
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3. Conclusion
This experimental research proposes a novel insight of scissor-pair shape
transformations. A key discovery was the DSP component, able to perform
novel transformations in the in-between states while folding. This new type of
transformation has been demonstrated in Figure 16, in which the positive scaling
transformation is reversed after state [i]. The slope and dimension of the overall
shape is transformed in a non-constant manner, without losing the SDF
advantages of control and synchronization while folding.
Since optimizing collapsibility and deployment has not been the main
concern of this research, future investigations will be narrowed to the analysis
of the in-between states among [r’], [i] and [d]. According to these new
boundaries, foldability may not be perceived and it will be used to simply
control shape transformations with economy of actuators. Creating novel types
of transformations with single actuator control may contribute to prospective
real architectural project. Through the use of SDF advantages of control and
the DSP shape transformation approach, it may be possible to promote the
design and construction of larger foldable structures in architecture.
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