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Abstract

Connecting copies of a single scissors unit into a grid forms a surface which deploys nonuniformly where the units
will be open at various angles. When these units are laid out in a two-dimensional pattern, the entire mechanism
transforms into a three-dimensional surface. This paper presents the conditions for arranging a single type of scissors
unit in a two-dimensional pattern and shows some design examples.

Introduction

Assembling scissors units in a sequence forms a one-DOF mechanism [4], but tessellating them in a plane,
i.e. a scissors grid, forms an overconstrained system, so it does not generically transform in the plane except
for a special case, e.g. scissors grids based on self-similar tiling of parallelograms or cyclic quadrilaterals [3].
However, when we allow the mechanism to transform out of plane using thin elastic slats, we obtain more
varieties of mechanisms [2] that deform out-of-plane through in-plane metric changes. Such shape-shifting
surfaces are a great source of inspiration for kinetic sculpture and transformable architecture. Several studies
solve inverse problems that aim to deploy to target surfaces by assembling units with bespoke lengths [1, 5].
This paper presents a novel finding that even repeating the same scissors unit can deform out of plane and
deploy into a nontrivial surface. We describe the conditions under which the mechanism can be deployed
and introduce examples made using elastic sheet materials.

Geometry and Compatibility

The scissors unit consists of two thin slats connected by a pivot. Each slat is modeled as a length-preserving
straight line as it is stiff in the in-plane bending or compression. The design parameters of this unit are the
lengths of the four arms that extend from the pivot, denoted as a, A, b, B. The opening angle 6 is a parameter
that determines the deployment state of the unit (Figure 1a). Next, the scissors grid is constructed by tiling the
scissors units. The pivot point is denoted as p, and the endpoints are v, v4, vp, vg. In the vertical direction,
vq and v4, vy, and vy are connected. In the horizontal direction, v, and vj, v4 and vg are connected. The
flexibility in out-of-plane bending is modeled by the rotation of units around the endpoints.

(V]

Figure 1: (a) One scissors unit, (b) Scissors connection and 3D shape, (c) Scissors with elastic slats.
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The variation in the angle 6 of a scissors unit propagates through adjacent units both vertically and
horizontally. However, the system becomes overconstrained when the units are assembled into a closed loop.
That is, generically, the side lengths (dashed lines in Fig 1a) of adjacent scissors units fail to align as they
transform, causing the mechanism to lock up. However, if the scissors surrounding the shared endpoints
adhere to the compatibility described in the next paragraph, they transform synchronously. As 6 varies, the
sum of the sector angles around the vertices deviates from 360 degrees, causing the mechanism to shift out
of plane (Figure 1b and I1c).

The compatibility of the scissors units around a closed loop is as follows. When connecting units in one
direction, the opening angles of each unit propagate as two units share the same distances between the end
points of the arms. This relation can be expressed by a first-order function if the cosine of the angle is used
as the variable.

Figure 2: Propagation of opening angle.

First, consider the propagation function f : cos 6; ; = cos 6;41 ; between horizontal units. This can be
obtained using the cosine law on the shared distance as

b? + B* +2bBcos(6; ;) = a* + A* + 2aA cos(i41. ).

Then
f(cosb; ;) =xcosb;;+y (1)
holds, where
bB b*+ B> —a> - A?
X=—, y= .
ad’ 2aA

Similarly, the propagation function g : cos 6; ; + cos 6; ;1 can be expressed as

g(cosb; j) =zcosb; j+w 2)
where,
AB a’+b*— A% - B?
= —, w = .
T ab 2ab
For the loop to close, it is necessary that the following holds
cos 841,41 = f(g(cos; ;) = g(f(cosb; j)). 3)
Solving this gives
a+A=b+B or a+b=A+B. 4)

These equations are equivalent to the condition of linear collapsing in the vertical or horizontal direction,
respectively.
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Examples

We made some models by laser-cutting polypropylene sheets and connecting them with eyelets and plastic
screws. The development and three-dimensional shape are shown in Figure 3. The model cannot be collapsed
into a straight line due to interference of the parts.

(b)

Figure 3: Development and physical models. (a) Arm length ratios: a=9, A=8, b=10, B=7. (b) Arm length
ratios: a=2, A=2, b=3, B=1.

6=10-

(a) (b)

Figure 4: A Mechanism with isoceles trapezoid units (a = b =7,A = B = 4). (a) Geometrically obtained
rotationally symmetric shape where 6 is the opening angle of the bottom row. (b) Asymmetric
shape obtained by dynamic relaxation simulation (angle of the bottom row 6 ~ 122°). (c)
Physical model.

When the scissors have a = b and A = B, the unit shape becomes an isosceles trapezoid, and the
opening angle remains constant in the horizontal connection. Such scissors can be connected rotationally
symmetrically, resulting in a negatively curved surface like a horn. The limit of the rotationally symmetric
arrangement is when the sum of the angles between the slant sides of the trapezoids at the ends exceeds
360 degrees. Bar-based elastic simulation of the deployment shows that it is possible to expand beyond this
symmetry with frills similarly to [2] (Figure 4b). The physical model is shown in Figure 4c.
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Future work

As we increase the number of units, the entire structure approaches a smooth surface (Figure 5). We
conjecture that there is a subdivision scheme in which the surface approaches a pseudosphere (constant
Gaussian curvature), but it is unknown for a general case.

From a design perspective, this mechanism has the advantage of being able to construct curved surfaces
with only a few types of parts, making it effective as a modular system for deployable surface structures.
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Figure 5: Mechanisms with different number of columns by the same scissors unit (a=b=4, A=B=3).
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