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When the current research on transformable structures is investigate, it can be seen that most examples do not offer
truly flexible alternatives. Although certain parts of these structures do move, rotate or slide, the general shape of the
roof never changes. These examples therefore do not constitute real form flexibility, despite the need for structures
which can achieve a greater variety of form alternatives. The primary objective of this paper is to introduce a new
adaptive roof structure which can meet this need and transform from planar geometries to hypersurfaces.

To arrive at this adaptive roof structure, the present study considers the use of scissor-hinge elements combined with
actuators. Scissor hinge structures possess unique extension and rotation capabilities, and the modified scissor unit
developed herein greatly increases the form possibilities for the structure. This modified scissor unit differs from common
scissor units in the addition of two joints at a specific point in the mechanism. With the development of this modified unit,
it is possible to change the shape of the whole system without changing the dimensions of the struts or the span.

The proposed scissor structure is two-dimensional, but it is also possible to combine structures in groups to create three-
dimensional systems. This paper will however only discuss two-dimensional uses of the proposed structure. The
development process of this modified scissor unit and its dimensional properties will first be introduced; the specific
properties of the system such as general geometric principles will then be explained. Finally, basic calculation methods,
transformation limits and roles of additional actuators will be discussed.
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When current examples of transformable structures are examined, it can be seen that most have only certain start and
finish points. Therefore, all of these structures have definite “open” and “closed” body forms; and transformations occur
between these two body forms by using one of the various transformation types such as sliding, deploying, and folding
[1]. During these opening or closing processes; although some parts of these structures do move, rotate or slide, the
general shape of the roof never changes. Thus it can be claimed that there is no transformation in shape. According to
this observation, those examples are insufficient to constitute real form flexibility; and there is a need for adaptive
structures that can transform between more than two different shapes to constitute more flexible form alternatives. The
primary objective of this paper is to introduce a new adaptive roof structure which can meet this need and transform from
planar geometries to hypersurfaces. Figure 1 shows the abstraction of this transformation.

To arrive at this adaptive roof structure, the present study considers the use of scissor-hinge structures combined with
actuators. Scissor hinge structures possess unique extension and rotation capabilities, and the modified scissor unit
developed herein greatly increases the form possibilities for the structure. This modified scissor unit differs from common
scissor units in the addition of two joints at a specific point in the mechanism. With the development of this modified unit,
it is possible to change the shape of the whole system without changing the dimensions of the struts or the span. To
understand the principles of the proposed scissor unit and the proposed structure, first, general idea of scissor structures
must be summarized.
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To form a simple scissor unit, two bars are connected to each other at an intermediate point through a pivotal connection
allowing them to rotate freely about an axis perpendicular to their common plane but restraining all other degrees of
freedom. This scissor unit is called scissor-like element (SLE). All scissor structures arise from the concatenation of
SLEs [2]. SLEs can be put together into almost any configuration, but in this paper we will only consider planar
structures with straight bars.

One of the most important requirements of deployable scissor structures is that the configuration is able to be contracted
in a compact shape. Figure 2 shows a basic scissor structure. According to this shape, it can be said that in the compact
shape, the three units will have theoretically one dimension, and A, A, B, C, C’, D, E, E’ will be co-linear. To meet this
condition, the sum of the lengths of the bar segments on either side of an SLE, should be equal to the sum of the lengths
of the corresponding bar segments of the adjacent SLEs [3], [4]. When we generalize this rule as a formula;
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Scissor structures can be thought in two categories based on the orientation of the major axes of their intersection
points. First group is called translational scissor structures. These structures can only slide without any rotation. The
main rule to meet this condition is that all axles which connect the hinges must be parallel to each other (Figure 3a).
Second group is called curvilinear scissor structures. For this group, the axes intersect and are rotated around their
intersection points during deployment (Figure 3b). Both of these groups can only transform on one axis; so it is only
possible to constitute contracted, deployed and some semi-deployed forms. This is not enough for form flexibility.
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This research proposes a roof structure which can constitute both linear and curvilinear forms without changing the span
length. However, it is impossible to get curvilinear shapes by using translational scissor structures. For this reason,



proposed structure must be based on curvilinear scissor structures. Moreover, for facilitating the calculations and
optimization of the structural lengths, all SLE units have the same dimension. By this way, all axes from the hinge points
can intersect at one point. This means, for all SLE units, a; / bi have a constant value; and the structure can form a half-
arch.

In figure 4, we see the elements of the proposed scissor structure including modified scissor-like elements (M-SLE),
whose number changes according to the expected transformation; SLE units, whose number is related to the span and
the dimensions of SLEs, motors to transform the system, and actuators to fix the system at various positions. In order to
understand the structure better; first, M-SLE unit must be explained.

Actuators 2 Actuators
1 M-SLE 3
Unit M-SLE
Unit
Motor Motor
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To constitute a base for the further studies, this paper only deals with the characteristics of one scissor beam.
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The key point of proposed scissor structure is the M-SLE unit. In Figure 4, a drawing of this unit can be seen. The
difference of an M-SLE from a normal SLE unit is due to the additional revolute joints on the bottom sides of the bars (D
and E points). These revolute joints increase not only the degree of freedom (DoF) of the unit; but also the
transformation capacity of whole system. By the use of one or two M-SLE units in a whole scissor structure, it can be
possible to change the shape of the scissor system without changing the span length or the dimensions of the bars. In
figure 5, locations of M-SLE units on a planar scissor structure can be seen. In this figure, the system is fixed in a
random position, and the M-SLE units change their form according to the position of SLE units.
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The common scissor structures behave as one piece. This means, when one SLE unit moves, all the other SLE units
imitate this movement. However, in the proposed structure, M-SLE units divide the whole system to sub-structures, and
every sub-structure can transform without directly affecting the other sub-structures. For example, in the system in figure
4, there are two M-SLEs, and these units divide the whole structure into three. Thus, movement of one SLE unit in the
first group is imitated only by the SLEs in the first group, not by the others. This independency of the sub-groups creates
the main idea of this research.
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Transformation capability of the whole structure is related to two factors: First, the number of M-SLE units in the system;
second, dimensions of the SLEs and M-SLEs.

- - "

For the proposed structure, the number of M-SLE units is the most important factor that affects its transformation
capacity. All SLEs and M-SLEs in figure 6 and 7 have the same dimensional properties. The only difference is that figure
6 has one and figure 7 has two M-SLEs. By this difference, the number of sub-structures changes from 2 to 3; and this
affects the transformation capacity of the system. When the curves which pass through the pivot points are investigated,
the shape difference between two examples can be seen. The increase in the number of the M-SLEs enhances the
transformation capacity, but also the number of actuators and the cost of the system. For this reason, feasible number of
M-SLEs must be used to arrive to the expected forms. In this research, two M-SLEs are used.
M-SLE

1 Unit 2

1 M-SLE 3
Unit
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There are two conditions for the dimensions of M-SLE units. In the first one, M-SLE units have the same dimensions with
the other SLEs in the system (d+c=b, ai1=a;, bi.1=bi); and all axes which connect hinge points intersect at one point
(Figure 8). In this situation, the structure can constitute an exact half-arch. In the second condition, M-SLEs are
dimensionally different from other SLEs (d+c#b, or ai1#a;). In this condition, axes don't intersect in one point, and the
system can never constitute a half-arch (Figure 9).
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In this research, a deductive calculation method is developed for the scissor structures whose SLEs have the same
dimensions. This method can also be used for the proposed scissor structure in (d+c=b) condition. In this method, when
the span length of the system (S1), height of the structure (h), and b length of the SLE is known, minimum number of
SLE units (N), angle between bars for each SLE unit (8), AO1B= BO1C= CO4D=... angle (), a length and all locations of
SLE units can be found (see figure 10).
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When three points of an arch is known, the location of O4, radius (r1) and KO1T angle (a) can be found. According to this
data, the number of SLE units (N) can be found. According to the trigonometric equations about chords in circle;

When figure 10b is investigated, it can be seen that |[BC’|+|C’D| must be bigger than t1, thus;

According to the a, ¢ angles and number of SLE units (N), it can be said that;

When we apply equations 3 and 5 to equation 4, and manipulate the equation;




After definition of (N), location of pivot points for all SLE units can be found (See figure 11). All distances and the angle of
arcs between pivot points must be equal, because all SLE units have the same dimension. Thus, lines between pivot
points and Oy can be drawn. First, it can be said that;

T (7)

Coordinates of (B) and (T) points are known as; B[r1 cos(B+2¢);r1 sin(B+2¢)], T[r+ cosf;r+ sinf). Moreover, when lines
between pivot points (such as |BT| and |BD|) are drawn, the middle points of these lines to the centre point (]MO1| and
INO1|) are connected; the space which one SLE unit covers can be defined. The functions of these lines can be written
as follows;

for [O1M]; y=x tan(B+2¢) (8)
for O1N|; y=x tan(B+¢) 9

Now SLE units can be drawn and the length (a) and angle (8) can be calculated. It is known that (A) and (A") points of
SLE unit are somewhere on [MOq| line; and (C) and (C’) points on [NOq line. Moreover, both of |AC’| and |CA| lines pass
through pivot point B. From this information, location of (C’) and (A") points can be found by drawing a circle whose
centre point is on (B) and the radius is b. First, coordinates of point (A’) can be found. It is known that the general circle
function is;

(10)

When this function is applied to the circle whose centre is (B) and radius is b;

(11)

When this circle is intersected with the line |O4N| in equation (9);

(12)

When this non-linear equation is solved, two solutions are found as;




These solutions mean that this circle has two intersections with [MO;| and [NO;| lines. Intersection points which are
nearer to the centre point Oy must be defined as (A’) and (C’). Coordinates of A'and C’ points can be called as; A[xa ; ya]
and C'[xc ; yc]. By drawing a straight line from (C’) to (B), the intersection point of this line to the [MO4| line can be
defined as the point (A). Function of [MO4| line is known as in equation 8 and the function of |C'B| can be written as;

(15)

where the coordinates of B and C’ are B[ry cos(B+2¢); ri(sin(B+29)] and C’[x ; y¢] from equations (13) and (14). When
|C’B| and MOy lines are intersected;

(16)

(17)

Similarly, When a line through |AB| is drawn, the intersection point of this line with |[NO+| is point (C). When the SLE unit
is drawn, length (a) can be easily found from the equation;

J (18)

The above mentioned geometric design method is valid for common scissor systems with one centre point. However, it
can be used for the systems with modified SLE units when it is in singularity position and the system can be solved by
the above mentioned methods except the lengths of (c) and (d). In other geometric positions, ADB angle and C'EB angle
do not have to be the same and the modified SLE unit does not have to be symmetrical. Therefore a trigonometric
method cannot be developed to solve this modified unit.
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Before investigating the form limits of the whole structure, limits of the angles between scissors must be calculated. In
Figure 12, a typical SLE unit can be seen. From the experiments on models, it was seen that; when BC'D angle (823) of
any SLE unit is smaller than 180°, the whole system locks itself. From this observation, it can be claimed that this angle
for all SLE units must be bigger than 180°. According to this information, it is possible to calculate the maximum and
minimum limits of BCD, CDB and CBD angles.
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According to the figure 12, we can obtain,



To see the formal limits of the proposed structure, an experimental method is used. For this experiment, physical models
and Solidworks software was used; and the structure used has dimensions as a=5, b=4, c=1, d=4, span=46. The
method of the experiment is simple. By pushing the three-dimensional structural model in Solidworks to top, bottom and
left, formal limits of the structure were roughly found. These results can be seen in figures 13, 14, 15.

Although these limits can be thought as the limits of the study, the final limits of the structure is also related to the
additional actuators (cables, motors, struts, etc.). The exact limit can only be seen after the installation of these
additional elements.
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The proposed structure needs actuators to fix it in certain positions. Number and the locations of these actuators is
another important problem. We know that a system, whose mobility is zero, is a rigid body without any rotation or
transformations. Thus, our structure must be able to meet M=0 condition for every moment. There are different formulas
to calculate mobility for different structural systems, but in this paper, Alizade’s formula [5] for structural groups will be
used. According to this formula;

(21)
where M represents the mobility; L is number of closed loops in the system, is all independent bodies from

firstto jth element; and is the mobility coefficient for planar and spatial systems ( is equal to 3 for planar systems,
and 6 for spatial ones). When we apply this formula to our system in figure 16, we see that the structure has 37 joints, 11
independent loops (11t loop is the loop which closes the system). From here, we obtain;

(22)

By this equation, mobility of the system can be found, but we need to find the number of necessary actuators (A). When
we investigate figure 9, we see that every additional actuator between hinges increases the number of loops. We can
generalize as the number of additional loops is equal to the number of actuators. Moreover according to the number of
actuators, the number of joints also changes. Every actuator has two joints more, so we can say that the number of
additional joints is twice the number of actuators. When we apply these ideas to the equation 4, we get;

(23)

When we apply the formula to the figure 16, we get the number of necessary actuators.

3 2 & % %) &S

Design of the transformable planar scissor structure is the first step of this research; and this step will finish after the
prototyping of this structure. During the prototyping process, type and dimensions of actuators, power of motors,
possible covering materials and other necessary elements will be defined.

By using the proposed scissor structure, different kinds of adaptive roof structures will be developed. In one of these
designs, proposed planar structures will be placed parallel to each other to compose a ruled surface. In other words,
proposed structures will be used as beams, and the roof structure will provide its form changes by individual
transformations of the scissor beams. To cover this structure, an origami based cover material whose volume can be



changes by folding will be used. An abstraction of this design can be seen in figure 17.

Proposed structure will have important potentials on practice of developing new models and techniques for architectural
form generation. For example, this kinetic structure can be used as the roof of an exhibition hall, and in this way, it can
be easier to produce adaptable and flexible spaces. According to the activity and the necessities of activities in that halll,
users can transform the shape of the roof. This kind of transformation constitutes a real flexibility for spaces. Moreover,
this roof structure can also be used as a solar roof. It can rotate according to the location of the sun; and benefit from the
sun more than conventional solar panels.
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