Automation in Construction 146 (2023) 104659

¥ p— |
Contents lists available at ScienceDirect rie = e
£CETRUICT IO
Automation in Construction N
journal homepage: www.elsevier.com/locate/autcon [r—

Check for

Design and construction of kinetic structures based on elastica strips S|

Minghao Bi, Yunzhen He, Zhi Li, Ting-Uei Lee, Yi Min Xie

Centre for Innovative Structures and Materials, School of Engineering, RMIT University, Melbourne, Victoria 3001, Australia

ARTICLE INFO ABSTRACT

Keywords:

Kinetic design

Ruled surface
Parametric modeling
Elastica

Lightweight construction

Ruled surfaces have been used to create kinetic designs capable of reconfiguring their shapes to adapt to the
environment and enhance aesthetic qualities. However, many existing designs require complex mechanical
systems and heavy construction. Simplifying the design and construction process using an elastic-kinetic
approach is promising but remains underexplored. This paper proposes a new strategy to rationalize kinetic
designs with curved surfaces using a series of non-intersecting elastica strips bent to the minimum energy state.

Complex 3D kinetic designs can be conveniently and parametrically modeled based on simple design parameters
for 2D curves. The generated shapes are systematically classified into four categories. As a proof of concept, a
full-scale kinetic pavilion was designed and constructed to demonstrate the effectiveness of the proposed method
in realizing lightweight, high-speed, and cost-efficient construction. An extension of the proposed method to
create interactive designs using sensors and actuators is also discussed.

1. Introduction

Ruled surfaces create elegant 3D forms by simply sweeping straight
lines (rulings) along the path curves (directrices) [1,2]. This surface
generation process has been widely adopted to create innovative and
aesthetically striking structural forms [3,4]. Complex 3D surfaces
created by straight rulings can be rationalized by a set of line segments,
allowing smooth surfaces to be constructed using cost-effective elements
[5]. When combined with hot-wire cutting [6], ruled surfaces can be
fabricated by aligning the cutter in parallel with the straight rulings.
Meanwhile, the shape and position of both rulings and directrices can be
parametrically controlled, offering a wide variety of design options with
few variables [7]. Favored by designers for their simplicity, ruled sur-
faces have seen applications in the design and construction of footbridge
[8], pavilion [9], stone vault [10], shell structure [11], and buildings
[4,12]. In pursuit of broader design potential, researchers have recently
drawn their attention to developing new categories of ruled surfaces
[13,14].

Elastica-ruled surfaces have been recently proposed based on the
transformation of line-ruled surfaces [14]. Instead of using straight lines
as rulings, elastically deformed curves are obtained from the analytical
solution of a pinned-pinned elastica [15] and used as curved rulings.
Sweeping all curved rulings creates a continuous elastica-ruled surface.
By specifying the parameters of curved rulings, well-defined and elegant
3D surfaces can be conveniently obtained. Compared with line-ruled
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surfaces, the extra geometrical freedom offered by curved rulings
significantly adds variety to the design solutions. Furthermore, a rich set
of cost-effective materials with elastic bending behavior can be used to
realize elastica-ruled surfaces [16]. Existing studies on lined-ruled [1,2]
and elastica-ruled surfaces [14] focus primarily on the design of static
structures. Being fully parameterized, ruled surfaces' applications on
kinetic designs show great potential but remain underexplored.

Kinetic architectural designs can reconfigure their shapes to achieve
different objectives [17,18]. Apart from being aesthetically pleasing,
such kinetic designs can be used on building envelopes and roofs to
adjust sunlight and shading at different times of the day [19,20].
Combined with sensors, they can also transform into an intelligent and
interactive design capable of actively responding to changing demands
and environments [21]. However, the extra design freedom of kinetic
designs comes together with increased complexity, resulting in me-
chanically complicated systems and heavy construction. For large-scale
applications, kinetic structures are often segmented into small and re-
petitive modules to satisfy the construction constraints [19,22,23]. As-
sembly of such modules can be labor-intensive, time-consuming, and
may require formwork to temporarily support the construction. Mean-
while, a large number of sensors and actuators are required to ensure the
coordination of all kinetic modules, inflating the cost of design, con-
struction, and maintenance [19,22]. As an alternative design strategy,
elastic deformation has been used to create transformable structures
through the bending and/or twisting of elastic lamellas, membranes,
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strips, joints, deployable or developable surfaces [24-31]. The design
strategy of using elastic deformation to achieve kinetic transformation is
called an elastic kinetics approach. The mechanical systems in those
designs are less complicated, and the generated energy can be stored and
converted to electrical power [27]. The nonlinear elastic deformation
and associated structural behavior induced by bending and twisting can
be modeled using finite element analysis (FEA) [24-26,32].

Kinetic designs from ruled surfaces can be approximated by intro-
ducing movable directrices and discretized rulings. By continuously
changing the shape of directrices, the dynamic transformation of rulings
can create an attractive, kinetic visual effect, making it an effective
strategy for creating kinetic architectural designs. The famous architect
Santiago Calatrava has explored the potential of this strategy in
designing sculptures [33,34], a pavilion [35], and a museum [36]. As a
branch of the ruled surface family, elastica-ruled surfaces can be
conveniently approximated without numerical discretization and con-
structed using lightweight elastic materials. In this regard, elastica-ruled
surfaces have a vast potential for extension into kinetic designs with
simple mechanical systems and cost-effective construction.

This paper proposes a new strategy for designing kinetic structures
using moveable directrices and elastica strips. By continuously changing
the shape or position of directrices, the kinetic transformation of com-
plex curved surfaces can be rationalized through the elastic deformation
of elastica strips. Depending on the motion behavior and characteristics
of the directrices, the generated kinetic design can be systematically
classified into four categories. The key features, requirements, and ap-
plications of each category are presented using 3D examples. As shown
in Fig. 1, a full-scale kinetic pavilion is designed and constructed using
the proposed method to demonstrate its capability to realize a light-
weight, high-speed, and cost-effective construction. The pavilion can
transform into a wide variety of geometrical forms through the simple
radial motion of the inner directrix, and each form can be conveniently
approximated using analytical solutions.

The novelty of the proposed design strategy is summarized as
follows:

e The proposed strategy creates new possibilities for designing kinetic
structures.
e Without needing FEA, the shape of the kinetic structure in each in-
termediate can be conveniently and accurately approximated using a
simple analytical method.
Based on an elastic-kinetic approach, structures created from the
proposed method can be realized using simple mechanical systems.
The effectiveness of the design strategy is demonstrated by a full-
scale kinetic pavilion. Without needing formwork, its construction
is lightweight, cost-effective, and high-speed.
With a simple mechanism and lightweight construction, the pro-
posed method shows great flexibility in being integrated with intel-
ligent systems. By extension, it shows the potential to be transformed
into interactive designs using sensors and actuators.

The remainder of the paper is organized as follows: Section 2 de-
scribes the numerical formulation of the proposed method. Section 3
shows the design and construction steps of a kinetic pavilion. Section 4
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presents the construction results of the pavilion and the discussion. The
conclusions are drawn in Section 5 to highlight the important features of
the proposed design strategy.

2. Methodology
2.1. Ruled surfaces

In geometry, a surface is ruled if it is the union of a one-parameter
family of straight lines, called its rulings [37]. A ruled surface can be
described by the following parametric representation:

x(u,v) = a(u) +vr(u) @

where a(u) is a path curve termed directrix, and r(u) is a vector field. For
a fixed value of up, the expression x(ug,v) represents the ruling or
generator in the form of a straight line, pointing in the direction of r(u)
(Fig. 2a). Geometrically speaking, a ruled surface is generated by
continuously moving a line in space [2]. Each unique starting point on
the directrix a(u) corresponds to another endpoint in the vector field,
whose collection forms another directrix b(u). Therefore, a ruled surface
can also be described by the correspondence between two directrices a
(u) and b(u) [38]:

x(u,v) = (L —v)a(u)+vb(u) (2)

The expression in eq. (2) requires each point on a(u) to map with a
unique point on b(u). The line connecting the two points becomes the
ruling, which can be found as:

r(u) = b(u) —a(u) ©))

Since both directrices are parametric curves, the shape of the
generated ruled surface can be altered in two ways: (1) change the po-
sition and shape of any directrix; (2) change the mapping between di-
rectrices. Both methods affect the result by creating a new set of rulings.
Fig. 2 illustrates how the change in mapping between directrices can
lead to notably different ruled surfaces. While the position and shape of
both directrices remain unaltered, the same start points in Fig. 2a now
correspond to different endpoints in Fig. 2b. The change in the corre-
spondence between directrices significantly affects the shape and

(@) (b)

Ar(u) r(u)
a(u) a(u)

Fig. 2. Creating a ruled surface by sweeping a straight line along the di-
rectrices: (a) rulings are orientated vertically to create a cylindric surface; (b)
the change in mapping between directrices can significantly affect the gener-
ated ruled surface.

Fig. 1. Design and construction of a kinetic pavilion: (a) simulation of rulings and directrices using line frames (b) rendered result of the pavilion (c) picture of the

assembled pavilion.
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orientation of rulings, leading to a new ruled surface. By continuously
varying the parameters of directrices, the transition of the ruled surfaces
can generate a kinetic visual effect. For example, if the circular directrix
b(w) in Fig. 2b is rotated around the central axis, the transformation of
the ruled surface creates a ‘twist’” motion. This unique feature allows
ruled surfaces to be used in designing kinetic structures.

In digital modeling, ruled surfaces gain popularity since complex 3D
surfaces can be conveniently and parametrically controlled using simple
curves. The simplicity of their numerical formulation allows them to be
easily expanded into new design methods. The next subsections present
how ruled surfaces can be combined with elastica curves into elastica-
ruled surfaces.

2.2. Elastica curves

Elastica curves describe the naturally stable forms of a bent elastic
strip [39], whose configuration has minimum bending energy and non-
uniform curvature (Fig. 3a). Under different boundary conditions,
elastica curves can be bent into various shapes. Such elastic de-
formations can be used to create novel bending active structures
[40-42]. A unique feature of elastica curves is their material indepen-
dency, meaning different materials can reach the same bent state using
equivalent structural systems.

The numerical formulation of pinned-pinned elastica curves with a
uniform bending stiffness is well studied in the literature [15]. Their
mathematical expression is derived based on Jacobi elliptic functions
using elliptic integrals, including the complete elliptic integral of the
first kind K(m), and the second kind E(m). The value of m ranges from
zero to one, and each m value corresponds to a unique bent state of an
elastica curve.

Fig. 3b illustrates the shape of an elastica at different bent states.
Each elastica curve can be characterized by four curve design parame-
ters: the arc length L, the support distance b, the height of the curve after
deformation h, and the initial tangent angle ®. The parametric repre-
sentation of an elastica curve can be formulated based on the relation-
ship between the m parameter and four curve design parameters:

b E(m)
L= 2% ! “4
(a) Elastica
= €—
Undeformed
(b)

(_x:y)

Fig. 3. Elastica curves: (a) a slender beam before and after bending; (b) pa-
rameters for determining the shape of an elastica curve.
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Based on the mathematical relationship, specifying any two design
curve parameters gives the solutions for the other two unknowns. Hence,
the designers can control the shape of an elastica curve using only two
design curve parameters as variables. Once the design curve parameters
are determined, they can be converted to (£x,y) coordinates in a car-
tesian system. Readers are referred to a previous paper for a detailed
description of the mathematical formulation [14].

2.3. Elastica-ruled surfaces

Elastica-ruled surfaces are generated by transforming line-ruled
surfaces using elastica curves as curved rulings. The resulting surface
can be considered a subset of swept surfaces. The first step of the
transformation process requires a line-ruled surface to be predetermined
using directrices and rulings (Fig. 4a). As presented in Section 2.1, di-
rectrices can be created using parametric curves, and straight rulings are
generated by connecting the corresponding points on the directrices. In
the second step, elastica curves are generated based on the mathematical
formulation in Section 2.2 and replace straight rulings. As shown in
Fig. 4b, the value of the support distance b equals to the length of a
straight ruling. Specifying an additional curve design parameter defines
a unique elastica curve, which can be further rotated around the straight
ruling by an angle g (Fig. 4b). Fig. 4c presents the elastica curves
generated on all straight rulings, forming a complete set of curved rul-
ings. By sweeping the curved rulings, a continuous elastica-ruled surface
is constructed (Fig. 4d). As a straight line is the elastica in a relaxed state,
line-ruled surfaces can be regarded as a special case of elastica-ruled
surfaces.

The introduction of curved rulings creates a wide variety of design
possibilities for elastica-ruled surfaces. Similar to line-ruled surfaces, the
shape and position of the directrices can be parametrically controlled,
allowing elastica-ruled surfaces to be extended into kinetic applications.

(a) Ruling  (b)

24@13‘)

Directrix

(c) (d)
- @

Fig. 4. Generation of an elastica-ruled surface: (a) a line-ruled surface; (b)
generate an elastica curve on a straight ruling (c) curved rulings (red) and
straight rulings (blue); (d) elastica-ruled surfaces. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this
article.) (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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2.4. Kinetic designs from elastica strips

Kinetic designs from elastica-ruled surfaces can be approximated
using moveable directrices and elastica strips. By continuously changing
the shape or position of directrices, the kinetic transformation of com-
plex curved surfaces can be rationalized through the elastic deformation
of elastica strips. Such kinetic designs can be reconfigured to different
shapes to enhance aesthetic qualities and respond to environmental
changes. Without requiring mechanically complex systems, this elastic-
kinetic approach enables rapid geometrical transformation by simply
changing the boundary conditions of the curved rulings. Designs in this
paper use flexible elastica strip elements as rulings to approximate a
continuous surface. In a practical application, the curved rulings can be
constructed using elastic beam/strip elements, and a flexible membrane
can be placed above the rulings to create a continuous surface.

For elastica with a pinned-pinned boundary, the shape of each
curved ruling during kinetic transformation can be predicted using two
curve design parameters (see Section 2.2). In most cases, rulings are
realized through non-retractable elastica strips with a predetermined
length, making the arc length L a fixed parameter. Therefore, one of the
other three parameters—b, h, or ©—must be varied continuously. Ki-
netic designs in this paper are generated based on the variation of the
support distance b, which can be parametrically controlled by modifying
the shape and position of the directrices. According to eq. (3), the
change in the directrices a(u) and b(u) can create new straight rulings r
(w). The length of the straight ruling |r(u)| gives the value of support
distance b. With L and b specified, the other two parameters—h and
©—can be calculated based on Egs. (4) to (7). The parameter f controls
the rotation of each curved ruling and provides an extra degree of design
freedom. For the simplicity of the mechanical system, designs in this
paper keep a consistent f for each curved ruling during kinetic move-
ment. The shape and position of each curved ruling can be found based
on the five parameters above. Finding all curved rulings defines the
curved surface in each intermediate state during kinetic transformation.

Define the parameters for
directrices: A(t), B(t) and T

v

Define the parameters for
rulings: Ly, By and N

v

Initialize the time
parameter:t=1
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2.4.1. Design workflow

The design workflow for the proposed strategy is presented in Fig. 5.
Inputs of the algorithm include: (a) the collection of motions paths of
two directrices A(t), B(t); (b) the time span of the motion, T; (c) the
number of curved rulings, N; (d) the fixed arc length of each curved
ruling, L;; (e) the fixed rotation angle of each curved ruling, S,.

A(t) and B(t) define the movement patterns of the two directrices as a
function of time t. The shape and position of the two directrices at t,—a
(u) and b(u)—can be found as A(t,) and B(t,). Both directrices are
divided into N points, forming pairs of boundary points (P, and Py ) to
create curved rulings. Depending on the design, points can be equally or
non-uniformly spaced along the directrices. For each pair of points, the
support distance b, is the linear distance between them, |PgnPpnl.
Substituting b, and [, into Egs. (4) to (7) gives the values of the other two
curve design parameters, h, and ©,. With the additional rotation angle
Pn specified by the designer, the shape of the curved ruling C, can be
defined. This process is repeated until all curved rulings are created to
form the ruling set R, Combining the ruling sets in time sequence (R;,
Ry, --) generate the kinetic design S(t).

Kinetic designs created using the design workflow in Fig. 5 can be
further classified into four groups. The classification is based on the
deformability of the directrix and the motion behavior of curved rulings,
and both criteria can directly influence the level of design freedom and
complexity. Fig. 6 summarises the key characteristics of each category of
the kinetic designs. Details about their movement patterns are provided
in the following subsections using examples.

The first criterion is related to the motions paths of the two di-
rectrices A(t), B(t). A ‘rigid’ directrix remains unaltered in shape but
changes its position during the transformation process (i.e., A(tp) and A
(t1) have the same shape but at different positions). In this system, the
kinetic transformation of the structure is triggered by the motion of the
entire rigid directrix (see Category 1 and 2 in Fig. 6). For a lightweight
setup, only a single motion system is needed for each directrix, thus
considerably lowering the overall complexity. In contrast, a directrix is
‘deformable’ if its shape changes during kinetic motion (i.e., A(tp) and A
(t1) have different shapes). For such a directrix, mechanical components

n=n+1 —

T

Find the curved ruling C,and
add it to the ruling set R¢

T

Find the other two curve
design parameters: h,, 0,

T

No
end

Find the support distance:

t=t+1
bn = |Pa,npb,n|

Yes

T Yes

Empty the ruling set
attimet:R,=0@

Add the ruling set R to
the motion set S(t)

>

v

Find the directrices:
a(u) =A(t), b(u) =B(D)

Y

Divide the directrices
into N points: P, p, Pon

Initialize the point index
parameter:n =1

Fig. 5. The design workflow of the proposed method.
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Fig. 6. Four design categories and their key features.

should be provided at the boundaries of each curved ruling to control
their shape separately (see Category 3 and 4 in Fig. 6). While providing
better design freedom, structures with a deformable directrix generally
come at an increased cost and complexity.

The motion behavior of the curved rulings during kinetic movement
is another criterion for classifying the designs. Egs. (4) to (7) find the
shape of a pinned-pinned elastica based on elastic deformation in a 2D
plane without twisting. However, the motion path of curved rulings in a
kinetic design may not remain in a fixed 2D plane. Consequently, elas-
tica strips tend to twist during motion, making their shape hard to be
predicted using simple analytical solutions. To prevent twisting, a
rotatable component should be added to the boundaries of curved rul-
ings to adjust the orientation of elastica strips. With a rotatable
boundary condition, twisting will be automatically released as the
elastica strips return to the minimum energy state. In summary, if the
motion path of each curved ruling stays in the same 2D plane, there is no
twisting effect in elastica strips, and only pinned-pinned boundary
conditions are required (see Category 1 and 3 in Fig. 6). On the contrary,
if the kinetic movement of curved rulings is generated in a moveable
plane that creates curved movement patterns, rotatable frames should
be provided for the boundaries to prevent twisting (see Category 2 and 4
in Fig. 6).

2.4.2. Category 1: Rigid directrix with curved rulings deforming in a fixed
plane

Designs in Category 1 have the lowest level of design freedom and
complexity. With a rigid directrix and curved rulings deforming in a
fixed plane, kinetic designs in this category do not require individual
control of each curved ruling or rotatable frame on the boundaries. The
kinetic design in Fig. 7a is created using two circular directrices and can

be scaled up to design the exterior surface of a stadium. The reconfi-
guration of the structure is triggered by moving the upper directrix in
the vertical direction. Extensible columns can be created based on a
telescopic mechanism to adjust the position of the upper directrix. By
matching the center of both directrices, each curved ruling deforms in a
consistent vertical plane during kinetic transformation. A lightweight,
flexible membrane can be installed on top of the curved rulings to close
the gaps between them. As the upper directrix changes its position, more
sunlight can be allowed in the internal space.

2.4.3. Category 2: Rigid directrix with curved rulings deforming in a
moveable plane

With rotatable frames on the boundary, kinetic designs in Category 2
no longer require the elastic deformation of rulings to take place in a
fixed 2D plane. As a result, curved motion patterns can be achieved
through the movement of the rigid directrix. Fig. 7b illustrates a kinetic
pavilion created by rotating a rigid directrix on a rail. In this design, the
outer directrix is fixed in position while the inner directrix can be
rotated around its center. The radial motion of the inner directrix can be
achieved by combing a single motion system with a circular rail. The
continuous variation of the support distance between directrices creates
an aesthetically pleasing wave effect on the outer surface. With a rigid
directrix controlled by a single mechanical system, the degree of design
freedom and complexity is kept at a low level.

2.4.4. Category 3: Deformable directrix with curved rulings deforming in a
fixed plane

With a deformable directrix, designs in Category 3 are more flexible
in geometry. The support distance of each curved ruling can be indi-
vidually adjusted, giving designers more control over the structure's



M. Bi et al.

Automation in Construction 146 (2023) 104659

— 3D view
L =i iy
=E ko L — Ty
g . = — C — —= — -
0t :--' ! y |- I | " P . '\- A TN
| i i i i L] i H F‘r A '}
. " I o s
v L A d 24 & .
Rigid ~ ™ .y Pinned " Rulings deform Extensible
¥ directrix ) boundary in a fixed plane columns |
—— o " Front view
=Tr i T 5 -
| | ' EE ; + T T
(b) 3D view
e | P i, 1, S = B ....1'3 L}
- ] - ™
. 1T - - % 5 t '-M_ : 'I-...I i
o ik ~ 'y I Y "
Rigid Pinned boundary Rulings deform in Circular -
directrix with rotatable frame a moveable plane rail Top view
e T IS T A T
F / 1 P ] / .
! | A= r e =
= = (7w )| 3
; IIR“I*“‘:: |l,' !"._\_ % |I.' r i
1 . e
N 1 Y
(c)
: = LI . i % == 2l = ~
ks S i i iy,
v .t = LS —_— s
Deformable Pinned Rulings deform Rollers on
directrix boundary in a fixed plane linear rails
P e B I 3 oot e =T e = o
==l || ] = | WUl =) |l | L el 1L
(d)
'} ’ I.
b L i = =t L) ] |_1..
v “ R ¥
Deformable Pinned boundary Rulings deform in Rollers on
directrix with rotatable frame a moveable plane nonlinear rails Top view
- S e Py e ! VidfLs.
R A 'K‘_."'d_ N w _,-"'F ""\.I." F 1 = E
F [ S Y I'r i ! -
i l'|| ! il l'| !
i . | . | | | | ¥
| '},' | i \ | i o A
f}\\"-\._ - e plﬂ'\- -"Iq ._- i = 1 III ::-:.-"d'L_ -_'ai.-:-:_.::

Fig. 7. Kinetic transformation of the designs in each category: (a) Category 1 (b) Category 2 (c) Category 3 (d) Category 4.

shape. However, the expanded design freedom is achieved at the price of
increased mechanical complexity, as the boundary condition of each
curved ruling needs to be controlled separately. Fig. 7c presents a kinetic
tunnel design created using two deformable directrices. Curved rulings
are placed in parallel, and rollers are placed at their ends to enable
movement. In this example, the movement of the directrices is coordi-
nated using a sine function, creating a parametrically controllable wave
pattern on the surface. A wide variety of kinetic effects can be created by

programming the movement patterns of the directrices.

2.4.5. Category 4: Deformable directrix with curved rulings deforming in a
moveable plane

With a deformable directrix and rotatable boundary frames, designs
in Category 4 achieves the highest level of design freedom. Curved
rulings no longer require a parallel setup, allowing more complex shapes
and movement patterns to be realized. However, increased design
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freedom is also associated with greater complexity due to nonlinear
motion paths and the need for more boundary controls. Rotatable frames
should be provided on the boundaries of the rulings to prevent twisting.
Fig. 7d shows a kinetic dome design created from non-parallel curved
rulings. As the directrices change in positions, the dome reconfigures
from a closed state to an open state, allowing the internal space to be
illuminated by sunlight. The lengths of the curved rulings are arranged
in descending order to prevent them from interacting during the kinetic
transformation. This interesting design can be placed on the ground as a
pavilion or above a high-rise building as a transformable dome.

3. Case study: Nautilus pavilion

To demonstrate the potential applications of the proposed strategy, a
full-scale kinetic pavilion is designed and constructed based on the nu-
merical model presented in Fig. 7b. This section presents the design
details and construction steps of the kinetic pavilion.

The kinetic pavilion design in Fig. 7b is created using three main
components: a fixed outer directrix with a spiral shape, a moveable inner
directrix with a circular shape, and 20 curved rulings between them.
With a relatively simple mechanical system, the kinetic transformation
of the structure can be triggered by the radial motion of the rigid inner
directrix. In this design, curved rulings deform in a moveable plane,
thereby requiring rotatable frames on the boundaries to prevent elastica
strips from twisting. Connection details and the mechanical system
should be carefully designed to achieve the desired outcome.

The name of the design—nautilus pavilion—is inspired by its shape
in the top view, which resembles the cross-section of a nautilus seashell.
As shown in Fig. 8, the overall dimension of the pavilion is 6 mx 6.2 m.
The inner directrix is designed using a ring-shaped turntable, whose
inner and outer diameters are 0.9 m and 2.6 m, respectively. With a
spiral outer boundary, the pavilion has a minimum internal width of 1.2
m at one end and a maximum of 2.2 m at the other. With 5 m long
elastica strips as curved rulings, the internal space of the pavilion is
designed to allow human passage.

Fig. 9 illustrates the details of the kinetic pavilion design. For easy
transportation and assembly, the inner and outer directrices are parti-
tioned into segments and designed with an interlocking mechanism. All
segments are produced from medium-density fibreboard (MDF) using a
CNC machine.

The radial motion of the inner directrix is achieved by a turntable
made of three layers: a circular MDF base (bottom), a metal moving
track (middle), and an MDF loading platform (top). The base layer and
the loading platform are cut in quarters and can be assembled manually

6200 .
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*
[«
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Fig. 8. Dimensions of the kinetic pavilion design in the top view.
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Fig. 9. Components of the proposed pavilion design, including polycarbonate
elastica strips, metal support frames, metal moving track, and MDF bases
and turntable.

by matching the interlocking shapes. To reduce the weight and improve
the aesthetic quality, the loading platform is topology optimized using
the bi-directional evolutionary structural optimization method [43].
When combined with additive or subtractive manufacturing techniques,
this topology optimization method can increase structural efficiency and
lower the weight [44-46]. The resulting shape has an organic geometry
and achieves a 40% weight reduction compared to a solid plate. In
contrast, the base has a solid cross-section to provide weight and sta-
bility to the entire body. In the middle layer, the moving track consists of
a series of metal balls sandwiched by two metal tracks, enabling their
relative rotation with little friction. The bottom surface of the outer
track is connected to the base, while the upper surface of the inner track
is joined to the loading platform. In addition, eight roller wheels are
placed near the edge of the base to further support the loading platform.
With the help of the metal tracks and roller wheels, the loading platform
can be easily and smoothly rotated without changing its position.
Together, the assembled turntable has a 2.6 m diameter and 60 mm
thickness. With a lightweight setup, the rotation of the turntable can be
controlled manually. A motor system can be introduced to control the
rotation in the future to realize automatic kinetic transformation.

The outer boundary (representing the outer directrix) is designed as
a spiral MDF strip and is divided into ten modules. With a dimension of
approximately 1.2 m x 0.2 m, all modules are nestedina 3 m x 1.3 m
rectangular region and are produced using a single plate to minimize
material waste. To ensure endpoints of curved rulings are on the same
level, small cylindrical bases made of MDF are installed on the outer
boundary to match the height of the turntable. With a solid cross-
section, the outer boundary has sufficient weight to remain in its posi-
tion while other components are moving.

Twenty curved rulings in this design are realized using poly-
carbonate elastica strips with a dimension of 5000 mm x 140 mm x 10
mm. With a hollow section strengthened by structural ribs, the elastica
strips have an increased second moment of inertia and reduced weight.
Light strips can also be placed within the hollow section to create a light
effect for the pavilion at night. With a flexible behavior, each strip can be
rolled into a circle with a 1.5 m diameter for easy transportation and
storage.

Fig. 10 compares the simulated elastica curve profile with the elas-
tica strip bent to different intermediate states. The comparison aims to
examine the bending behavior of the manufactured elastica, which is
sensitive to the actual boundary condition and material properties. The
support distance b is continuously varied from 3550 mm to 1050 mm,
covering the deformation range of the curved rulings in this design. The
ratio between the support distance b and arc length L is used to describe
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(b) Intermediate state 2

(@) Intermediate state 1

b/L = 3,550/5,000 ~0.710  b/L = 2,530/5,000 ~ 0.506

(c) Intermediate state 3 (d) Intermediate state 4

b/L=1,610/5,000~0.322 b/L=1,050/5000~0.210
————— Simulated elastica

Fig. 10. Comparison of the simulated elastica curve profile (black dotted
curves) against the bent polycarbonate strip (photos in the background) in
different intermediate states. The support distance b is measured to generate
analytical solutions for the 5-m-long elastica strip. (For interpretation of the
references to color in this figure, the reader is referred to the web version of
this article.)

the bent state, which ranges from 0.710 to 0.210. For the analytical
solution, the measured values of b and L are used to calculate the other
two curve design parameters, as summarized in Table 1. Compared to
the simulated result, the physical structure has a slightly lower height
after deformation h and a higher initial tangent angle ®, but the largest
difference is below 4%. The match between the simulated and con-
structed results suggests that the theoretical elastica assumptions have
been preserved in the current setup. After releasing the boundaries, the
strip can restore to the flat state without being permanently deformed,
indicating that the tested deformation is within the elastic range.

Pinned supports with rotatable frames are used to connect the elas-
tica strips with the boundaries, as shown in Fig. 9. A small metal turn-
table enables the rotation of the support to prevent the elastica strips
from twisting. On top of it, two pairs of brackets and hinges are com-
bined to create a pinned connection. Different components are con-
nected via bolts and nuts. The simplicity of the connection design allows
all components to be easily assembled and disassembled.

Fig. 11 illustrates the main steps for assembling the nautilus pavilion.
Firstly, the MDF base and turntable were manufactured using CNC
cutting, and metal support components were installed at the ends of the
elastica strips. Subsequently, MDF components were joined by matching
the interlocking shapes, and the moving track was placed between the
base and turntable to enable rotation. Finally, 20 elastica strips were
sequentially assembled by joining their support frames to the inner
turntable and outer boundary. With lightweight materials and simple
mechanical setups, the entire onsite assembly was finished within half a

Table 1
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day by three people. The structure can also be easily disassembled,
transported, and reused for future applications. A video file is provided
to show the construction process and results of the kinetic pavilion.

4. Results and discussion
4.1. Comparison between simulated and constructed results

Fig. 12 compares the simulated and constructed results when the
inner directrix of the pavilion is rotated at different angles. With a
decreasing support distance from Fig. 12a to Fig. 12d, the height of the
kinetic pavilion gradually increases. Further rotation of the MDF turn-
table relocates the pavilion's entrance to the right side and lowers its
height. With rotatable support frames, the polycarbonate strips deform
elastically in a vertical plane without twisting or interacting with each
other. Overall, the elastic deformations of the strips match well with the
simulations, confirming that complex kinetic designs can be conve-
niently and inexpensively achieved using the proposed strategy. From a
visual comparison, the slight mismatch between the simulated and
constructed results can be attributed to a few reasons. (1) Uneven
ground and manual assembly can create construction errors; (2) The
metal supports may not fully preserve the theoretical assumptions of
pinned-pinned boundary; (3) Strong winds can create unpredictable
external forces on the structures and affect the shape of the elastica
strips; (4) There is a slight discrepancy in the camera angle and position
between the two results.

When viewed from outside the structure, the kinetic movement of
the pavilion generates visually stunning effects. Users can rotate the
turntable inside the structure to change the “shape” of their surround-
ings. As the polycarbonate strips are transparent, walking inside the
pavilion feels like being protected by a barrel wave. With LED lights on
at night, the pavilion turns into an array of evolving light strips and
becomes more aesthetically pleasing (Fig. 13).

4.2. Potential extension

The current pavilion design can be further improved by installing
motors and sensors to transform it into an interactive structure. Instead
of manually rotating the turntable, it can be digitally controlled based on
current environmental conditions and immediate user-specified com-
mands. The gap between curved rulings can be covered using a flexible
membrane to protect users from sunlight and wind. The properties of the
selected membrane, including size, shape, material, and connection
methods, need to be carefully designed and tested to prevent over-
stretching and achieve the desired outcome during kinetic trans-
formation. By extension, the pavilion can adjust its orientation based on
environmental data collected by sensors to increase the level of comfort.
For this pavilion design, the rotation of the structure can also be pro-
grammed to follow human movements. As a person walks through the
inner space, the directrix can be automatically adjusted to center the
viewer inside the pavilion. From the viewer's viewpoint, the arches
ahead open up, whereas the ones behind close up.

This paper predicts elastic deformation using analytical solutions for

Comparison of the curve design parameters between the physical bent strip and the simulated elastica curve. For the analytical solution, the measured values of support
distance b and arc length L are used to calculate the other two curve design parameters.

Curve design parameters Comparison category

Intermediate state 1

Intermediate state 2 Intermediate state 3 Intermediate state 4

Support distance b (mm) P.hyswal_ test 5000
Simulation same

Arc length L (mm) Physical test 3550
Simulation same

i : Physical test 1540
Height after deformation h (mm) Simulation 1550
Physical test 65.9

Initial tangent angle © (°) Simulation 63.7

5000 5000 5000
same same same
2530 1610 1050
same same same
1840 1940 1970
1860 1990 2020
88.5 103.7 114.2
85.2 102.4 112.5
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installing the maving tack Connecting the loading platform Assembling sisatic strips
Fig. 11. The construction steps of the nautilus pavilion: (1) MDF components were produced using CNC machining; (2) support frames were assembled and con-

nected to elastica strips; (3) MDF bases were placed onsite in the correct position; (4) the moving track was installed on the inner base; (5) the turntable was
connected to the moving track; (6) elastica strips were joined to the inner turntable and outer boundary.

(s b - (dy

e i
au -u.-_'.l -
Sl -

Fig. 12. The comparison between the simulated 3D model (top) and constructed kinetic pavilion (bottom) in eight different states. With state (a) as the starting
point, the MDF turntable has been rotated in the clockwise direction by various angles: (b) 60°; (c) 90°; (d) 130°; (e) 175°; (f) 220°; (g) 250°; (h) 280°.
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Fig. 13. A comparison of the kinetic pavilion in the daytime and at night.

a pinned-pinned elastica. Under different boundary conditions, a wide
range of other solutions exist, which can be predicted using physical
models or numerical methods. By extension, the support frames of the
curved rulings can be extended from pinned to fixed or partially fixed
conditions, thereby adding more variety to design solutions. The arc
length L and rotation parameter $ can also be changed from fixed to
variable design parameters to explore more design possibilities. Because
of the simplicity of the proposed design strategy, those further exten-
sions can be easily implemented by modifying the boundary conditions
of the structure.

The proposed design strategy can be used to create kinetic archi-
tectural designs for different objectives. Other potential architectural
applications include: (1) kinetic components on a building facade to
adjust ventilation and interior light; (2) creating dynamic patterns on a
media facade; (3) reconfigurable dome with open and close states; (4)
transformable structural skeleton to support flexible membrane; (5)
Kinetic landmark sculptures.

5. Conclusion

This paper proposes a novel design strategy to create kinetic struc-
tures using an elastic-kinetic approach. By continuously changing the
shape or position of directrices, kinetic designs with curved surfaces can
be rationalized using a series of non-intersecting elastica strips bent to
the minimum energy state. Complex 3D kinetic designs can be conve-
niently and parametrically modeled based on simple parameters that
control the bent states of 2D curves. In each intermediate state during
kinetic transformation, the shape of curved rulings can be determined
based on the support distance between directrices and the fixed length of
elastica strips. Continuously varying the support distance using move-
able directrices can generate a kinetic motion pattern on the strips'
surface to achieve striking visual effects.

Designs created using the proposed strategy are classified into four
categories based on the characteristics of the directrices and curved
rulings. A rigid directrix remains unaltered in shape, and its movement
patterns can be triggered by translation or rotation using a simple me-
chanical system. In contrast, designs with a deformable directrix allow
the shape of curved rulings to be individually controlled, leading to an
increased level of flexibility and complexity. If curved rulings deform in
a fixed 2D plane, the elastica profile can be achieved using simple
pinned-pinned supports. Contrarily, designs with curved rulings

10

Automation in Construction 146 (2023) 104659

deforming in a moveable plane require rotatable frames at the bound-
aries to prevent elastica strips from twisting. Examples in each category
demonstrate their key features, requirements, and potential applications
in kinetic architecture.

As a proof of concept, a full-scale kinetic pavilion was designed and
built to demonstrate the effectiveness of the proposed method in real-
izing lightweight, high-speed, and cost-efficient construction. The con-
structed pavilion is compared against the simulated result when the
inner directrix is rotated at eight different angles. As shown in the
provided video file, the kinetic movement of the pavilion can generate
visually stunning effects. With LED lights switched on at night, the
pavilion turns into an array of evolving light strips and becomes more
aesthetically pleasing. The concept and findings presented in this paper
create new possibilities in kinetic architectural design.

In future works, structures created using the proposed strategy can
be further extended into interactive designs using sensors and actuators.
Depending on the applications, a wide variety of elastic materials and
geometrical configurations can be used to explore different design
possibilities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.autcon.2022.104659.
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