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Transformable structures offer significant potential for adaptive and deployable architecture but face challenges
of complex fabrication and actuation. This paper addresses the design and construction of kinetic grid structures
using asymptotic curve networks, enabling the creation of doubly curved gridshells from straight, elastic Glass
Fiber Reinforced Polymer (GFRP) planks. Connected by standardised scissor joints, the planks undergo controlled
transformation through elastic deformation. The design process integrates differential geometry and discrete
mesh optimization to define and simulate the structure’s behaviour. A full-scale prototype—the Kinetic Can-
opy—was fabricated and transformed from a flat configuration into an arched gridshell using an integrated cable
actuation system, without support movements. The transformation was analysed using a non-linear finite
element model and validated against physical experiments. The paper provides a detailed evaluation of initial
stresses, actuation forces, and energy shifts, establishing a comprehensive framework for the design and analysis
of asymptotic kinetic structures.

1. Introduction

Transformable structures are capable of adapting their shape to in-
ternal and external conditions and functional needs [1], and offer op-
portunities for retrofitting building envelopes, creating adaptive roofs
and weather protection in urban environments [2-4].

The elastic deformation of structural components has been utilized
for transformable architectural applications. Schleicher [5] explored the
principles of motion in flexible plant movements and applied them to
innovative kinetic architectural designs. Soriano [6] carried on the
physical and experimental investigation of deployable geodesic grid-
shells (G-Shells), which originate from a flat and compact grid of flat
strips. Pauly [7] harnessed the geometric incoherence of variable-pitch
scissor-hinge mechanisms to design and fabricate X-Shells. Bi [8]
examined elastica-ruled surfaces and suggested designing kinetic
structures by combining a series of non-intersecting, elastically bent thin
strips. Tellier [9,10] developed bundling elastic gridshells with align-
able nets for easier deployment and off-site fabrication. Pellis [11]
introduced alignable lamella gridshells capable of collapsing into planar
strips, enhancing transportation and installation efficiency.

* Corresponding author.

In recent years, the field of architectural geometry [12] has intro-
duced innovative methods for designing doubly curved grids using
straight, elastic planks [13]. Schling proposed the design and con-
struction of asymptotic structures [14], along the asymptotic curves
with zero normal curvature on a smooth surface. To achieve the desired
design geometry, straight planks are strategically positioned vertically
in a grid, relying on twisting and bending around their weak profile axis.
This strategy has since been employed in various architectural appli-
cations and research projects, such as the Inside/Out pavilion in Munich
[15], the Intergroup Hotel Canopy in Ingolstadt [16], the Curtain Wall
System in Hong Kong [17-19], and the Asymptotic Geodesic Hybrid
Timber Gridshell in Munich [20,21]. Based on this research, Wang [22]
proposed propagation algorithms to design asymptotic geodesic hybrid
gridshells. The elastic kinetic behaviour of asymptotic grids has pro-
vided a novel perspective for designing transformable structures. Schi-
kore employed isogeometric analysis (IGA) [23] to simulate the kinetic
properties of asymptotic structures [24]. Furthermore, Schling and
Schikore conducted a study exploring the influence of grid morphology
on the kinetic behaviour of asymptotic networks [25]. In 2021, the first
kinetic asymptotic structure, known as Kinetic Umbrella, was designed
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and constructed in Munich [26]. The rotational symmetric system
transforms from a cylinder into a cantilevering “flower”-shape. The
transformation relies on a combination of scissor hinges and element
deformation. The kinetic motions take advantage of the gravitational
force to open and close, using ring cables to fix and contract.

Despite considerable advancements in the topic of asymptotic kinetic
structures, certain research gaps still exist. Existing research on
asymptotic kinetic grids primarily adopts rotationally symmetrical
forms. This highlights the necessity for more in-depth investigations into
complex open geometry designs that allow greater design freedom and
transformations from planar to doubly curved configurations, thereby
potentially broadening architectural possibilities. Furthermore,
although current grid designs for sculpture structures serve their
intended purposes effectively, room exists for improvement in terms of
rigidity and versatility, enhancing their suitability as sturdy and reliable
roofing structures. Additionally, there is a need for further research into
integrated actuation systems. A more comprehensive understanding of
the impact of friction, initial stress, and gravity on kinetic trans-
formations is imperative.

Contributions: The study presents a discrete optimization method
utilizing theories from differential geometry to design asymptotic grids
and forecast its transformation characteristics. Geometrical analysis is
used to predict strain energies throughout the transformation process.
The computational design workflow is validated through a physical
prototype. The Kinetic Canopy, with 6 m span, is built from elastic,
straight GFRP planks. Through the strategic placement of supports,
scissor joints, and a pulley system functioning as a driving cable within
the grid, the structure can be accurately transformed along a desired
path. The transformation process is analysed using a non-linear FE
simulation, enabling accurate evaluation of structural response under
the actuation action. A comparative assessment of the three core
methods—geometric optimization, physical prototyping, and FE simu-
lation—demonstrates their respective accuracies and roles within the
integrated design-to-construction process. This research contributes to
the advancement of kinetic canopy structures, furnishing a compre-
hensive design and construction methodology for their deployment.

Section 2 provides a comprehensive overview of the geometric fun-
damentals relevant to our study, explains the optimization method and
initial geometry generation of the kinetic asymptotic canopy, and out-
lines various service shapes. Section 3 delves into the construction
process of the kinetic canopy, detailing elements such as plank and joint
development, prefabrication and assembly, support design, actuation
system, and strategies for stabilization/bracing. Section 4 introduces a
non-linear finite element modelling approach including the prototype,
supports, actuation system, and initial stress. Lastly, Section 5 discusses
the research findings, with a focus on transformation process, actuation
forces, energy variation and offers a vision for architectural scenarios.

2. Computational geometry design

The design of the kinetic canopy is rooted in the geometric properties
of asymptotic curves on surfaces. This section outlines the fundamental
principles of curves on surfaces, the discrete optimization method used
to generate the asymptotic network, and the definition of various service
stages for the transformable structure.

2.1. Curves on surfaces

There is a neat relationship between the elastic deformations of a
slender plank within a gridshell and the curvature of respective curves
on a surface network in differential geometry. As illustrated in Fig. 1, the
local elastic deformation within an initially straight plank can be char-
acterized at any position as embedded bending around the weak z-axis,
bending around the strong y-axis, and twisting around the x-axis. For
any curve on a surface [27], three specific curvatures can be determined
using the local coordinate system known as the Darboux Frame: The
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Fig. 1. Three curvatures of a curve on a surface: geodesic curvature kg,
geodesic torsion k; and normal curvature x, [17].

geodesic curvature kg is measured around the local normal vector n of
the surface, the geodesic torsion' «; is measured around the tangent
vector t of the curve, and the normal curvature x, is measured around
their cross-product u = t x n [28]. The structural elements L align
with the surface and curve orientation, ensuring that beam local axes x,
y and 2z correspond to t, u and n. Consequently, any geometric curvature
can be assumed equivalent to the initial physical bending of the planks.

By designing a structure along specific paths that eliminate one of
these curvatures, the elements and joints can be significantly simplified.
Asymptotic curves follow the path of zero normal curvature (x, = 0),
meaning that a linear plank can be bent and twisted along this path
while maintaining its strong, bending stiffness around axis y.

2.2. Discrete network and optimization

This section details the discrete optimization process used to
generate an initial asymptotic network. The objective is to create a grid
that conforms to specific geometric relationships under given boundary
conditions (planar supports). While the general method is applicable to
any negatively curved surface [29], we demonstrate its specific appli-
cation here through the design of our arch-shaped kinetic prototype.

The workflow for generating the asymptotic network, illustrated in
Fig. 2, began with the definition of an initial arch-shaped NURB surface
S exhibiting full symmetry along both principal in-plane directions,
defined by 9 control points (a). This surface was then uniformly dis-
cretized into a quadrilateral mesh M with 52 longitudinal and 32
transverse segments (b). To approximate asymptotic directions, di-
agonals were introduced within each quadrilateral cell, forming a dia-
mond mesh pattern. These diagonal segments were subsequently
optimized to follow asymptotic curves using local constraints based on
the method by Tang et al. [30]. Additionally, a unit normal vector was
established at each mesh vertex, with both vertex coordinates (v;) and
their corresponding normal vectors (n;) treated as optimization vari-
ables. The asymptotic network was finally obtained by solving the
optimization problem using the following constraints, resulting in two
families of asymptotic curves and positioning of the optimized vertices
(©).

The asymptotic constraint is formulated as a curvature-based term
that enforces the key geometric property of asymptotic curves: the
normal curvature must be zero. This is achieved by ensuring each
polyline segment is perpendicular to the surface normals at its endpoints
(Fig. 3). The constraint is mathematically defined as:

Nasym

CAnet = Z (Mia ® Via — Vi) )* + (M ® (Vi — Vi) ) m

i=1

! The geodesic torsion is commonly denoted as 174 in the field of Architectural
Geometry; however, in this paper, we use k; instead to avoid confusion with the
symbol for shear stress.
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(c) Result network

Fig. 2. Generation of asymptotic network through discretization and optimization: (a) Initial NURB surface; (b) Quad mesh with asymptotic diagonals; (c) Optimized

asymptotic network.

Fig. 3. Geometric definition of discrete asymptotic polylines (red and blue) and
normals (green). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

where, n;, and ny, are the normal vectors at the end vertices v;; and vy,,
respectively, for the i-th asymptotic segment (Edge i). Here, Nysym rep-
resents the total number of asymptotic segments in the mesh.

Simultaneously, a normalization constraint is applied to all the
normal vectors within the discrete network [28,30]. This is mathemat-
ically represented as:

Nvertex
Cnurm = Z (ni on; — 1)2 (2)

i=1

where, n; denotes the normal vector at the vertex v;, and Nyeex repre-
sents the total number of vertices. This constraint ensures that each
normal vector maintains a unit length, thereby preserving the unifor-
mity and regularity of the network.

These two formulas are the most basic constraints that satisfy the
asymptotic curve characteristics.

To make the generated mesh smoother and prevent distortion, fair-
ness constraints can be applied to all asymptotic polylines:

Crair = Z [I2v;

icpoly

—vi1 - vl 3)

where, v;_1, v;, Vi1 are any three consecutive points on the same
asymptotic polylines. Minimizing this expression encourages asymptotic
polylines to straighten, effectively acting as a discrete approximation of
a bending-minimizing constraint.

In addition, the positions of specific points can be adjusted to

accommodate architectural or construction requirements. In the given
scenario, as depicted in Fig. 2c, the green points are aligned to the
ground level (xy-plane). Subsequently, the boundary constraints can be
implemented as follows:

CIboundary = Z (vi L4 [07 07 1] )2 (4)

icboundary

where, v; is the vertex on the boundary.

The comprehensive objective function, aggregating various con-
straints with penalty weights, is conceptualized as a non-linear least-
squares problem:

F(X) = CA*net (X) + Cnonn (X) + Cboundary (X) + bCfair (X) (5)

where X represents the variable vector encompassing all vertex co-
ordinates v; and their corresponding normal vectors n;.

This formulation aims to compute the optimal X that minimizes F(X).
The Trust Region Reflective algorithm [31] is employed to solve this
optimization, with coefficients of the constraint terms carefully cali-
brated to preserve the geometric quality of the network. The penalty
weights for the geometric constraint terms Ca_net, Cnorm, and Choundary
are fixed at 1.0 throughout optimization. The fairness constraint term,
Chair, is assigned an adaptive penalty weight b, initially set to 1.0 x 107°.
The fairness term can conflict with other geometric constraints, so b is
deliberately set to a small value at the outset to prevent it from domi-
nating the optimization. If b is too large, the resulting mesh becomes
overly smooth (tending toward straightness), while too small a value can
introduce undesirable distortions. As optimization proceeds, b vanishes
to zero once the total objective function F(X) reaches a threshold ¢ of 1.0
x 1075, This ensures that, at convergence, the final solution is governed
solely by the primary geometric constraints, thereby avoiding unnec-
essary over-smoothing. This adaptive strategy for b was established
through extensive testing to achieve an optimal accuracy of the mesh,
while maintaining smoothness. The update schedule for b is pre-
determined and incorporated into the algorithm prior to optimization.
Computational process and performance metrics, including the final cost
Fnin=2.5 x 101° and a total execution time of 15.0 s (Intel i9-10900H
2.80 GHz processor, Python implementation), are summarized in Fig. 4.

Upon convergence, the optimized vertex coordinates v; are interpo-
lated to reconstruct asymptotic polylines, yielding a refined and smooth
asymptotic network. Fig. 5 depicts the resulting geometry, which is
created using a comprehensive network of asymptotic curves. This
optimized mesh is then converted into a NURBS (Non-Uniform Rational
B-Splines) surface through interpolation. While this method enhances
calculation accuracy—such that increasing the network density typi-
cally leads to more precise results—curvature analysis reveals some
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Inputs:
3328 asymptotic segments 1749 normal vectors
1749 vertices 10194 variables in total
S S ™ S
Starting Optimization Temp Optimization Result
k k k
L network | Seth =10 networ Seth=0 networ
=10 — 1014
F=22x10° ¢ F=asx107 <107 g sxigns
T=123s T=27s

Fig. 4. Two-step optimization process for initial geometry design.

Sk

(a) Asymptotic network

(b) Architectural model

Fig. 5. Creation of Asymptotic Kinetic Canopy: (a) Optimized asymptotic
network and NURBS surface; (b) Final architectural model.

limitations. Specifically, the optimized asymptotic curves achieve a
maximum normal curvature of x, = 0.0049 mfl, which, while small,
does not represent a strictly zero value. The residual non-zero normal
curvature arises from the interpolation to NURBS. The observed value of
0.0049 m ! corresponds to a radius of curvature of approximately 204
m, which is well within production tolerance of the GFRP lamellas,
making it negligible for architectural applications. Notably, the geodesic
curvature remains comparatively high (maximum «; = 0.6724 mY),
underscoring the distinction between these two curvature measures.
For the architectural construction, a grid with less density is chosen,
to lower material use, and cost, while ensuring structural stability. Only
every fifth asymptotic curve is chosen to form an asymptotic plank. The
grid is trimmed at the ground plane level to ensure all support joints are
positioned at the same height. The final configuration comprises two
sets of asymptotic curves (red/blue, 15 curves per set), achieving a
maximum length of 5.87 m. Fig. 5b provides a detailed view of the
architectural model, which spans 6 m. This model is employed for
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production and construction planning.

2.3. Service stages

The design geometry will be actuated to transform into various ser-
vice stages. This transformation combines a rigid body mechanism via
scissor hinges with the elastic deformation of asymptotic planks around
their local weak axis, and thus facilitates a predictable, and controllable
transformation. The structure’s height and width are adjusted purely
through the scissor movement of the grid, without changing the length
of edges or adjusting the support point positions.

To simulate and quantify the kinetic behaviour, the continuous
asymptotic network (Fig. 5a, red/blue) is discretized into polyline seg-
ments, forming a new model dedicated to transformation analysis
(Fig. 6). In this discretized model, green points represent fixed supports,
while a pink point denotes a designated control point used to para-
metrically adjust the transformation height.

In this model, we apply the asymptotic constraint Eq. (1) and
normalization constraint for normal vectors Eq. (2). Additionally, each
segment-length of the asymptotic polylines is fixed using the following
constraint formula:

Nasym

2
Casym_leng = Z (”Via - Vin2 - (li—initial)z) (6)

i=1

where [;_jnitia1 is the initial length for each edge segment Edge i with its
endpoints v;,, vy, in the initial geometry.

We also fix the supports at their respective positions in the initial
geometry using the constraint formula:

Csuppon = Z Hvi - vi—inilia\lH2 (7)

iesupport

where v;_initial is the target position for the support point v;.
To explore the various transformation stages, we control the height
of the model’s middle point. We introduce a new constraint term:

Cmidpt = vaidpt - Vmid—target”2 (8)

where Viid_targer is the target position for the middle point Vpigp.
To sum above up, the transformation optimization is governed by the
following nonlinear objective function:

F (X ) = CA—net (X ) + C.norm (X ) + Casym,leng (X ) + Csupport (X ) + Cmidpt (X ) + bCfair (X )
)]

where X represents the design variables (vertex coordinates and normal

z
Z

X
Fig. 6. Initialization of the kinetic canopy network for transformation
optimization.
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vectors).

This function builds upon the earlier formulation in Eq. (5), but is
adapted for the transformation (simulation) stage rather than initial
form-finding. While Eq. (5) is used to generate the geometry under
prescribed boundary constraint Cpoundary, EQ. (9) modifies the constraint
set to reflect the requirements of transformation analysis. Specifically,
the boundary constraint Cpoundary is replaced by the support constraint
Csupport, Which fixes the support locations to simulate realistic physical
behaviour during transformation. Additionally, Casym_teng is introduced
to preserve the initial segment lengths of the asymptotic curves, and
Chigpe is included to control and change the height of the model’s
midpoint, thus activating various service stages. The asymptotic con-
straints (Ca—net; Cnorm) are retained to maintain the essential grid
properties, while C,;, (with adaptive weight b) balances smoothness and
accuracy.

In this function, all constraint terms are incorporated into the
objective function via weights, following the approach detailed in Sec-
tion 2.2. As illustrated in Fig. 7, the process begins with the initial design
at Stage 4. Each subsequent stage (from 3 to 1 and from 5 to 6) of the
asymptotic grid is generated by parametrically adjusting the mid-point
elevation. At each subsequent generation the geometry from the previ-
ous stage serves as the starting point, and the objective function
(including all constraint terms) is re-evaluated and optimized. This
iterative approach ensures that the geometry evolves smoothly, allowing
the constraints to guide the transformation toward the desired config-
uration. For each stage generation, the weights for Ca_pet, Cnorms
Casym_leng> Csupport and Criap are fixed at 1.0 throughout the optimization
process. As before, the fairness constraint Cg,;, is assigned an adaptive
penalty weight b, initially set to 1.0 x 107% and finally adapted to 0 for
each generation of stages 3 to 1. In the high-curvature geometries of the
final two stages (5 and 6), the factor b was given a constant, higher value
between 0.01 and 0.1 to promote smoothness. The transformation
analysis provides foundational insights into the morphology of kinetic
canopy networks; its exploratory nature necessitates rigorous validation
using the nonlinear FE simulation detailed in Section 4.

According to the local coordinate system of the Darboux Frame, a
comprehensive curvature analysis is conducted across multiple service
stages of the canopy, as shown in Fig. 8. Throughout the transformation
process, the network exhibits very low normal curvature. This consis-
tency allows for the vertically arranged planks to be unrolled and pro-
duced from a flat, straight form. The structure capitalizes on the elastic
deformation potential of the planks around their weak profile axis, while
maintaining substantial bending stiffness around the local strong axis,
thus ensuring a seamless transformation process. During the trans-
formation, the geodesic curvature and geodesic torsion of each lamella
within the structure undergo significant variations, which result in in-
ternal stress of the components. From Stage 1 to Stage 6, the geodesic
curvature diminishes while the geodesic torsion increases. Naturally,
due to gravitational forces, the grid will find its global equilibrium in a
flat state (see Section 5). Consequently, it becomes imperative to devise
specific actuation and locking strategies to control the desired geometry

Optimization
-+

Optimization
Stage 1 -~

Stage 2 Stage 3

Optimization
-———
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at different stages. These critical aspects will be discussed in detail in the
subsequent sections.

3. Tectonic and construction development

With the computational design established, the following section will
present the process going from geometry to construction, introducing
the development for scissor joints, their fabrication planning,
manufacturing, prefabrication and assembly, and actuation system.

3.1. GFRP plank and joint development

For elastic components, the most critical variables to consider are
Young’s modulus and permissible bending strength [32]. GFRP planks
were selected as the primary building material due to their superior
mechanical properties, particularly their exceptional ratio of strength to
Young’s modulus, which allows for greater achievable bending curva-
ture and permissible twist. Based on the curvature analysis (Fig. 8) and
Egs. (10—12), a cross-section of 75 x 12 mm has been chosen to prevent
any breakage resulting from geodesic curvature and geodesic torsion.
Additionally, this cross-sectional dimension ensures sufficient structural
capacity to support gravity loads and potential external forces.

As depicted in Fig. 5b, the dual sets of asymptotic planks are struc-
tured into two levels, linked by a vertical scissor joint. Fig. 9 is showing a
close-up of this connection. This scissor joint, originally developed by
Schikore [26], comprises two aluminum brackets connected by a central
steel bolt, enabling rotational movement while maintaining structural
integrity. Plastic washers are included to significantly reduce friction
and facilitate smooth rotation. Sufficient space is maintained between
the upper and lower planks to accommodate an actuation and stabilizing
cable system.

The eccentric aluminum scissor joints introduce a fixed vertical offset
of 46.5 mm and a horizontal offset of 18 mm between adjacent lamellas.
This necessitates a specific layout principle for the planks and con-
necting bolts, illustrated in Fig. 10. While the actual asymptotic planks
(red and blue) are positioned with a slight deviation from the theoretical
asymptotic curves (dashed lines), the locations of the connecting bolts
(purple) remain precisely aligned with the intersection nodes of the
theoretical network. This ensures the kinematic integrity of the grid is
maintained despite the physical offsets required for construction.

3.2. Prefabrication and assembly

The elastic deformation capacity of the grid is leveraged to signifi-
cantly streamline the construction process. As illustrated in Fig. 11, two
sets of planks are initially pre-fabricated with precisely positioned
aluminum joints. These two sets of asymptotic planks are then assem-
bled flat on the ground using steel bolts to form a two-tiered grid. In this
flat state, the grid exhibits only geodesic curvature. The planar assembly
is later transformed into a spatial, doubly curved structure by utilizing
scissor hinges and exploiting the elastic bending (around the local z-
axis) and twisting (around the local x-axis) of the GFRP lamellas.

Optimization Optimization
Stage4 — ™ e

Stage 5 Stage 6

Initial geometry

Fig. 7. Geometry generation for the kinetic canopy network at different service stages.
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N

| ij \\ | )

Stage 4 Stage 5 Stage 6

| Left - Geodesic curvature Kg
0.00 021 042 062 0.83 [m'] Right - Geodesic torsion x

Fig. 8. Curvature analysis for the kinetic canopy network at different service stages.

3.3. Support installation

In the conceptual design outlined in Section 2, we assumed that the
14 support nodes would be articulated as ideal ball joints, allowing
unrestricted rotation in all directions. By studying their movement
throughout stages 1-6, we can identify the active rotation axes: As
shown in Fig. 12, a scissor-like rotation between asymptotic red and blue
lines occurs within the grid and rotates freely around the normal di-
rection (npo) at the node (B). Furthermore, during transformation, the
normal direction (ng; & ngy) at the node (B) remains within this normal
plane of the boundary edge (pink). In other words, the normal vector
rotates around the tangent direction of the boundary edge at this node.

This movement informed the design of a specialized support
configuration, shown in Fig. 13. The design incorporates a double-
hinged mechanism: the asymptotic planks can rotate freely around the
normal direction of the grid surface (bolt direction) to facilitate the
Fig. 9. Scissor joint connecting GFRP planks. scissor-like transformation, while a unidirectional hinge allows the
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-------- Theoretical network Real planks @ Connecting bolt

Fig. 10. Layout principle of asymptotic planks and bolts.

Fig. 11. Prefabrication and assembly process of planks.

Asymptotic grid

Grid surface
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entire normal direction to rotate around an offset pin. This enables tilt at
the ground contact points, permitting the vertical transformation of the
entire structure. Compared to a conventional ball joint, this approach is
simpler to construct and more effective in controlling the trans-
formation. It does, however, create the horizontal and vertical hinge in
slightly offset positions, which is carefully taken into account during
kinetic simulation (see also Section 4.2). The supports were fabricated as
two integrated structural units from laser-cut and welded 8 mm stainless
steel plates.

As shown in Fig. 14a, the steel assemblies are mounted onto wooden
elements with a 16 x 16 cm cross-section, providing flexibility for
positioning actuation winches. To stabilize and anchor the system, the
wooden supports rest on C-shaped steel profiles. Additionally, hori-
zontal steel cables are installed as tension ties between opposing steel
supports to enhance structural integrity.

3.4. Actuation system

To facilitate smooth transformation, we created an actuation system
for the grid structure using steel cables, as depicted in Fig. 14. In
alignment with the expected transformation pattern of our elastic grid
structure, we strategically place a single, continuous cable along a
serpentine route in the transverse directions of the structure. This cable

Support point

Boundary edge

Fig. 12. Movement of support joint.
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Fig. 13. Support installation and articulation conditions. Left: Installation process of the support system. Middle: Double-hinged support joints. Right: Vertical

transformation via tilting at contact points.

Fig. 14. Asymptotic Kinetic Canopy with actuation cable installed. (a) overall prototype; (b) Ball-bearing pulley joint; (c) sliding joint; (d) actuation winch and

transition pulley; (e) tension sensor.

is a 6.0 mm diameter stainless steel rope with a 7 x 19 construction,
providing high flexibility. It has a breaking load of approximately 1880
kg, ensuring both durability and effective actuation.

Fig. 14 shows the design layout for the actuation cable, which con-
sists of two types of cable segments: the diagonal segments and the
segments along the asymptotic planks. The diagonal cable creates a
contraction of the quads, thereby altering the overall shape of the
structure. To prevent excessive localized forces at the cable’s turning
points, we designed the cable route such that the change in direction at
any node does not exceed 90 degrees, which we define as a “sharp angle”
in this context. This criterion helps distribute forces more evenly and
reduces localized stress concentrations along the cable.

To ensure smooth transformation, we designed two joints that con-
nect the actuation cable to the assembled grid. As shown in Fig. 15, ball-
bearing pulleys (b) were employed at corner nodes, while greased
sliding joints (c) were designed for other nodes. At the supports, two
additional transition pulleys (d) were arranged, allowing the actuation
cable to adapt the direction from the grid to the winches during trans-
formation. Two winches (d) were installed at the supports, enabling the
extension or retraction of the actuation cable. A tension sensor (e) was
strategically placed midway along the actuation cable to monitor ten-
sion levels accurately.

Lubricants were liberally applied to all nodal points and along the
cable to reduce friction during actuation as much as possible. While
these measures substantially lower friction, some residual effects
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Fig. 15. Layout for actuation system.
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remain, as analysed in detail in Section 5.2.

To ensure stability against wind and lateral forces in outdoor envi-
ronments, stabilization cables were installed along the longitudinal di-
rection of the structure after transformation. These cables are pre-
tensioned and anchored at the support points, providing additional ri-
gidity and allowing the structure to safely withstand environmental
loads. Further details on this stabilization strategy are beyond the scope
of this paper, which focuses on the transformation behaviour, and are
thus not further discussed in the paper.

4. Finite element modelling

A Finite Element model was developed using Abaqus/Standard [33]
to simulate the kinetic behaviour of the kinetic asymptotic prototype,
incorporating large transformations via nonlinear simulation.

4.1. Asymptotic grid

The initial geometry (Fig. 5a) generated from the optimization pro-
cess serves as the initial shape for constructing the FE model. Fig. 16
illustrates the support and hinge conditions, the coupling of nodes to
simulate scissor connections, the Slip Ring connector for the actuation
cable, and the corresponding pulling point. The planks are discretized
using four-node shell elements with reduced integration (S4R). The
model is simplified not accounting for the in-plane and out-of-plane
eccentric effects of the planks. To simulate scissor connections, the
three translational degrees of freedom at the nodes (orange), where the
single-layer planks intersect, are directly coupled. This modelling
approach avoids the need for additional strut connector elements
significantly reducing modelling complexity and computational cost.
Mesh convergence was established with an average element size of
around 0.02 m (resulting in 24,128 S4R elements) by systematically
evaluating element size (the most refined mesh considered had an
element size of 0.01 m). This resolution accurately represents the cur-
vature of each member and assures precision in the analysis.

The planks are composed of glass fibers embedded in an isophthalic
polyester resin, with a glass fiber content ranging from 50 % to 65 %.
The mechanical behaviour of the glass fiber-reinforced polymer (GFRP)
material exhibits significant differences between axial and transversal
directions, characterized by a relatively low shear modulus. This study
utilizes a lamina material model within Abaqus to capture the
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orthotropic behaviour. Table 1 lists the material properties used in the
FE model, which were provided by the supplier, FIBROLUX, and verified
through initial material testing conducted as part of this study.

4.2. Boundary conditions

As discussed in Section 3.3, each structure support is designed as a
unidirectional hinge support. During construction, the actual pivot point
of the support and the intersection of the two sets of lamellas are offset
by 105 mm, as illustrated in Fig. 16. To accurately simulate the rota-
tional behaviour of the 14 support points, the study utilized the rigid
body constraint in Abaqus. The actual pivot points of the structure were
used as reference points (purple), which were then coupled with the
ends of the corresponding lamellas (white) to form a rigid body. Each
support point was defined to rotate solely around the y-axis of the cor-
responding local coordinate system. The translational degrees of
freedom in the local x, y, and z directions and the rotational degrees of
freedom around the local x and z axes were constrained. Additionally,
the nodes (white) at the corresponding lamella end positions were
restricted within the xz plane of the corresponding local coordinate
system. Through these settings, the boundary conditions of the actual
model can be realistically simulated.

4.3. Pulley system

Fig. 16 shows the utilization of a Slip Ring connector to simulate the
actuation pulley system. The connector is a long, continuous polygon
edge that links the actuation joints. During the transformation process,
the overall length of the cable remains constant, while the cable is able
to slide freely at the intermediate joints, allowing individual segment
lengths to adjust as needed. Actuation of the structure is accomplished
by pulling the designated pulling point (indicated in red). In this model,
friction between the cable and the joints is not considered; as a result,
the tension (traction) in the cable is uniform along its entire length at all
stages of the transformation. The simulation enables the documentation
of cable forces throughout the transformation process, allowing for
direct comparison with experimental data. To accurately represent the
real structure, a direction-conversion pulley is included and modelled in
its correct position (indicated in yellow).

Plank

Coupling nodes
Slip Ring connector

Joint setting

X Hinge support —— e

S4R element

<
G
End nodes of planks >
%
Rigid body constraint
""" ° ‘ =
Pulling point Hinge support ®

Local coordinate system Support setting

Fig. 16. Finite element model of the asymptotic kinetic canopy.
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Table 1
Material properties of steel and GFRP used in the FEM model.
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Material Elastic modulus E (N/mm?) Shear modulus Poisson’s ratio Density p (kg/m%) Yield/breaking strength f; (N/mm?) Shear strength
G (N/mm?) v 7y (N/mm?)
_ 4 (axi
GFRP Ey =28 x 10 (axial) 3.0 x 10° 0.3 2075 250 30

E, = 9.5 x 10° (transversal)

4.4. Initial stress

The construction process of the kinetic canopy introduces initial
stresses into the GFRP planks through elastic bending and twisting, as
the planks are transformed from their original straight state into the
designed curved configuration. These internal stresses are present in the
structure immediately after assembly—prior to any external actuation
or loading—and result directly from the manufacturing and assembly
procedures.

Within nonlinear FEM, the initial stress of the as-built geometry
(Fig. 5a) incurred during the construction process is determined through
a “flatten and reduction” method [17]. This approach contrasts with the
traditional simulation method that transitions from a flat shape to its
deformed configuration [34]. This technique allows for the inclusion of
various forms of initial stress in the shell-element model, including the
bending stress resulting from bending curvature, the shear stress from
torsion, and the axial stress due to the Helix-Torsion effect [24,35]. The
distribution of these initial stresses directly reflects the curvature values
obtained in the curvature analysis presented in Fig. 8 (Stage 4). Based on
the local coordinate system (Fig. 1), the Euler-Bernoulli bending stress
Omax, Saint-Venant shear stress 7,.x and additional normal stress oy due
to Helix-Torsion effect can be computed as follows:

E; tx,
Omax = L (10)
2
GITKt
max — 11
Tma Wr an
on = o1 (r — )2 a2

where E; is Young’s modulus in the axial direction, G is the shear
modulus, t is the lamella thickness, It is the torsional moment of inertia,
Wr is the section modulus, r is the distance between the monitoring
point and the centre in the cross-section of the lamella, and i, the polar
radius of gyration.

4.5. Simulation scheme

The FE simulations were conducted in two main phases, the initial
balanced equilibrium state (1), and the actuation induced trans-
formation (2), to accurately replicate the transformation process and
structural behaviour of the prototype.

4.5.1. Phase 1: initial balanced equilibrium state

In the first step, both the initial stresses (as described above) and
gravity loads were applied to the FE model, which was configured ac-
cording to the initial design geometry (Fig. 5a). The gravity load
accounted for the self-weight of the GFRP planks (totalling 225.28 kg),
as well as the additional weights of 0.81 kg and 0.56 kg assigned to the
pulley joints and rest joints, respectively.

All loads were applied simultaneously, and the structure was allowed
to reach a new equilibrium state via a nonlinear solution step. During
this process, both ends of the actuation cable were fixed, with the total
cable length held constant, modelling the cable as inextensible. How-
ever, the cable was allowed to slide freely at all intermediate joints,
enabling individual segment lengths to adjust in response to structural
deformation. Importantly, no explicit cable pre-loads were prescribed;
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the resulting cable force emerged naturally as part of the equilibrium
solution. This simulation approach captures the redistribution of inter-
nal stresses and accounts for the deformability of the structure, as the
nonlinear FE solver iteratively satisfies both the imposed initial stresses
and the equilibrium conditions.

As an outcome of this phase, the total horizontal thrust at one side of
the arch-like canopy was calculated to be approximately 1.401 kN in the
global x-direction. The resulting axial stress distribution along the
planks is presented in Fig. 17, with tension observed on the exterior side
of the bent planks and compression on the interior side—indicating that
bending stress predominates. The maximum deformation from the
intended design shape (Fig. 5a) was found to be only 12 mm at the side
edges, demonstrating that the equilibrium configuration remains very
close to the target geometry. This balanced equilibrium state (corre-
sponding to Stage 4 in Fig. 7) is used as the starting point for subsequent
transformation analyses.

4.5.2. Phase 2: actuation-induced transformation

Building on this equilibrium state, and keeping all other model set-
tings unchanged, the second phase involves applying a controlled
displacement to one end of the actuation cable (red point in Fig. 16). By
tightening or loosening the cable at this point, geometric transformation
of the entire structure is induced, simulating the actual actuation process
observed in the experiments.

5. Results and discussion

Upon completion of the prototype, transformation experiments were
conducted to observe and validate the structure’s transformation ca-
pacity, to understand the control of the driving cable.

5.1. Transformation process

The transformation process was implemented using the installed
actuation system, deploying the structure from Stage 1 (flat) to Stage 6
(with a rise of 2.625 m), as depicted in Fig. 18. Stage 4 represents the
initial design geometry. Both winches at the supports were rotated
synchronously at equal speeds, allowing precise control over the height

Axial stress [MPa]
140.0
116.7

93.3
70.0
46.7
23.3
0.0
-23.3
-46.7
-70.0
-93.3
-116.7
-140.0

Fig. 17. Result axial stress of the asymptotic kinetic canopy based on the initial
geometry (Stage 4).
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Stage 4, height=1.945 m

Stage 5, height=2.313 m
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Axial stress [MPa]
168.0
140.0
112.0

84.0
56.0
28.0
0.0
-28.0
-56.0
-84.0

-112.0

-140.0

-168.0

Stage 6, height=2.625 m

Fig. 18. Transformation process actuated by the winch cable. Top: physical model; bottom: FE model.

of the central point. In this way, the tension sensor (see Fig. 14e) was
kept within the original grid to prevent interference with adjacent joints.
The winch-actuation facilitated a smooth transformation of the grid in
the intended direction, which was captured at various operational
stages.

For the FE simulation, the analysis began from the balanced equi-
librium configuration (Stage 4 in Fig. 7), which accounts for the initial
pre-stress and self-weight, see Section 4.5. In the transformation simu-
lation, one end of the actuation cable was fixed, while the other end (red
point in Fig. 16) was manipulated to control the transformation. By
precisely specifying the amount of cable displacement—either by pull-
ing for upward transformation (Stages 5 & 6) or loosening for downward
transformation (Stages 1-3)—the structure’s response was captured
through a series of nonlinear analyses.

This modelling approach provided quantitative agreement in central
height and qualitative agreement in overall configuration between the
experimental results and the FE predictions across all stages (1-6). From
the FE simulation results, the axial stress distributions at each stage were
extracted and analysed, as shown in Fig. 18. The bending stress within
the structural components gradually decreased from Stage 1 to Stage 6,
while the torsional stress increased as the structure transformed.
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Throughout the entire transformation process, the maximum bending
stress (168 MPa) and shear stress (18 MPa) remained within the elastic
limits of the material, confirming the structural safety and reliability of
the transformation mechanism.

5.2. Actuation force

The prototype enables structural transformation through manually
controlled actuation. Fig. 19 illustrates the relationship between the
midpoint cable force (measured via the tension sensor in Fig. 14e) and
the central elevation. During transformation, the actuation cable force
decreases as the height increases to 1.945 m (Stage 5), driven by the
growing curvature of the grid that redistributes stresses. Beyond this
threshold, the force reverses trend and rises due to accumulating elastic
bending and torsional stresses in the planks. Notably, the fully flat
configuration represents a theoretical singularity: infinite actuation
force is required to initiate motion from this symmetric state, as direc-
tional transformation bias vanishes. To circumvent this, practical
transformation requires either (1) a mechanical system to lift the central
grid slightly from the flat state before engaging cable actuation, or (2)
exclusion of the flat configuration entirely in the kinetic workflow,
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18004 —=a— Deform up
—e— Up after shaking
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Fig. 19. Cable force monitored with (black and blue), and without (red and
green) friction-effects during transformation. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

ensuring the centre of the structure remains in a predefined elevation
range post-construction.

In our experiment, the cable forces are measured at the highest point
in the centre of the actuation cable. Under ideal conditions without
friction, the internal forces within a continuous cable (with negligible
self-weight) should be uniformly distributed. However, it should be
noted that the cable forces recorded are larger during downward
transformations and lower during upward transformations (Fig. 19). The
observed inconsistency in cable tension arises from friction’s directional
dependence during actuation. During upward transformation, pulling
the cable results in an uneven tightening: the friction between the cable
and scissor joints acts as a resistance to motion, thereby causing a con-
centration of tension near the winches. This is similar to the tightening
of a shoelace where the initial force is localized at the pulled ends. As a
result, the gravity of the structure is primarily carried by the cables near
the supports, while the internal force measured in the central pull cable
(at the tension sensor) is significantly reduced and appears relatively
small. On the other hand, during downward transformation, friction
hinders the cable segments to slide from the supports to the centre re-
gion, resulting in a slower release of the cable segments in the centre
region. The abrupt loosening of the cable significantly decreases tension
near the winches; hence, the weight of the structure is mainly borne by
the central part of the actuation cable, showing high tension on the
Sensor.

To assess the effect of friction in more detail, we conducted two tests
involving upward and downward transformation. In each test, we
deformed the structure up or down to achieve a specific shape or height
and recorded the readings of the tension sensor. We then shook the
structure to help the cable shift and eliminate any friction effect, then
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recorded the readings of the tension sensor again. After the shaking, the
effect of friction was completely released, and the internal force across
the length of the actuation cable approximated uniformity. In the up-
ward transformation experiment, the actuation effect was homoge-
nously distributed to the central region, thus increasing the cable tension
at the centre compared to before the shake. In the downward trans-
formation test, the loosening effect was distributed to the central region,
and the cable tension at the centre decreased compared to before the
shake. These observations have been confirmed in the test results shown
in Fig. 19. Moreover, under identical shape or height conditions, the
readings of the tension sensor for the two scenarios (upward post-
shaking, and downward post-shaking) were strikingly similar. These
findings align closely with frictionless FE simulations, showing within 2
% deviation for Stages 2-5 and within 5 % at Stage 6. In the absence of
any friction within the prototype, only approximately 915 N and 280 N
are required to actuate and secure the structure for Stage 2 and Stage 5,
respectively.

However, due to the conditions of the experiment, the actual actu-
ation forces at the winches were not recorded. In practice, these forces
are higher than the results documented post-shaking during the upward
transformation process, and conversely lower during the downward
transformation process.

5.3. Energy variation

Based on the FE simulation that disregards friction effects, Fig. 20
delineates the relationship between the actuation cable’s loose/traction
length and the force required during the transformation process. As the
actuation cable’s length diminishes, the diagonal length of each grid
unit in the central area progressively reduces in the transverse direction
while increasing in the longitudinal direction. Consequently, the entire
structure’s height gradually increases, while the width of the span di-
minishes. During upward transformation, the cable’s tensioning speed
variably impacts the structure’s height. Initially, the alteration in cable
length significantly influences the rise reconfiguration, and this influ-
ence gradually lessens with continued actuation, as indicated by the
varying widths of Processes A, B, C, and D. These processes represent the
four consecutive transformation courses from Stage 2 to Stage 6.

The energy input required by the actuation cable during structural
transformation can be evaluated using the work-energy principle. For
example, when the structure transitions from State 3 to State 4, the work
performed by the actuation cable is given by:

b
W= / Force(x)dx 13)

4 -
Area:
A-858.3J
B-782.7J
34 C-789.1J
~ D-1089.2J
P
=
©
o
g2
2
e}
©
(&)
14 Stage 2
Stage 3
9 Stage 4 Stage 5 Stage 6
0 T T T T T 1
0 2 4 6 8 10 12

Loose/traction length (m)

Fig. 20. Evolution of cable force as a function of the actuation cable’s loos-
ening and traction length during the transformation process.
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Fig. 21. Energy development during transformation based on the curvature
analysis and FE simulation.

where Force(x) is the driving force in the cable corresponding to the
traction length x, and a and b are the traction lengths corresponding to
States 3 and 4, respectively. This equation does not account for friction
effects.

According to Eq. (13), Fig. 20, the filled area between the curve and
the baseline represents the energy required to transition the structure
between specific stages. For instance, Area B, equivalent to 782.7 J,
denotes the minimal energy necessary to actuate the structure from
Stage 3 to Stage 4.

During the process of upward transformation, the fluctuations in
energy primarily originate from two key components: elastic strain en-
ergy I1, and gravitational potential energy /7,.

The elastic strain energy, which is stored within the system’s GFRP
planks, is subdivided into three major components: bending (I/pending);
torsion (I7iorsion), and helix-torsion (Iyejix—Torsion) [24,35]. These can be
calculated based on the geodesic curvature kg, and the geodesic torsion
k. At every stage of the transformation process, the elastic strain energy
can be expressed as follow:

He = Hbending + Htorsion + HHelix—Torsion
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1 1 1
= 5EIIy/xgderEGIT/des+ﬁlzll,/;<;‘ds 14
where I is the helix area moment of the cross-section:
L= [ra as)

where A is the cross-section area, r is the distance between the moni-
toring point and the centre in the cross-section of the lamella.

The gravitational potential energy consists of two components: GFRP
planks I7gcrrp, and joint weights ITgjoin. The gravitational potential
energy can be expressed:

Hg = l—Ig.,GFRP + Hg‘joint = /)gA /Hds + Z mighi (16)

icjoint

where p is the density of GFRP, g is the gravitational acceleration, H is
the height of measuring point ds to the ground, m; is the sum mass of the
aluminum and steel for joint i, and h; is the height of the joint i to the
ground.

Figure 21 depicts the energy progression of the entire structure
during the transformation process, as analysed through curvature
analysis (Fig. 8) and Egs. (14 and 16). From Stage 1 to Stage 6, there was
a noticeable decrease in bending energy accompanied by an increase in
torsion energy, with the energy associated with helix-torsion remaining
insignificant. The strain energy results obtained from FE simulations are
compared with analytical calculations for verification. Theoretically, the
strain energy derived from FE simulation should align with the cumu-
lative elastic energy from bending (/Tyending) torsion (/iorsion), and helix-
torsion (ITyelix_Torsion) @S per the curvature analysis. The comparative
outcomes indicate a maximum variance of +8.9 % between the two
calculation methods for Stages 4 and 6, suggesting a general consistency
in the energy trends observed in both approaches. At Stage 5, the
structure exhibited minimal elastic energy, indicative of a self-
equilibrium state in the absence of external forces such as gravity.

Table 2
Energy required to change the stages, comparing curvature analysis and FE-simulation based on Fig. 20 and Fig. 21.
Process Process A Process B Process C Process D
(Stages 2 - 3) (Stages 3-4) (Stages 4 - 5) (Stages 5 - 6)
Length variation (m) 1.35 2.10 2.70 3.45
Height variation (m) 0.461 0.435 0.368 0.312
Curvature analysis (J) 868.4 791.0 708.0 800.2
FE Model (J) 858.3 782.7 789.1 1089.2
Difference (%) 1.2 1.1 -10.3 —26.5

(a)
L\
. / 'j/;’/ \ ( \\\\\:\
. W = A
W N
(b)
‘ : ‘//‘&“\r

Fig. 22. Architectural application scenarios. (a) Temporary Event Canopy; (b) Kinetic Bridge; (c) Kinetic Roof.
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Nonetheless, the predominant energy stored in the structure was grav-
itational potential energy, necessitating the input of additional energy to
facilitate an upward transformation of the structure.

Table 2 illustrates the necessary adjustments in the length of the
actuation cable, either by extension or contraction, and evaluates the
energy demands associated with these changes across sequential stages.
The energy variations calculated from curvature analysis (as shown in
Fig. 21) are in close agreement with the frictionless FE simulation data
(Fig. 20) for Processes A and B, with minor discrepancies of —1.2 % and
— 1.1 %, respectively. However, the deviation increases significantly to
+26.5 % between Stage 5 and Stage 6. This increase is attributed to the
complex doubly curved surface encountered in higher stages, where the
stress distribution among the elastic components becomes more com-
plex and deviates from the expected curvatures, as detailed in the stress
distribution analysis for Stages 5 and 6 presented in Fig. 18. Conse-
quently, additional energy is required to attain equilibrium at these
stages.

The analysis of cable force, in relation to traction length, structural
height and energy development offers to evaluate and separate precisely
the internal constraints at play in this kinetic transformation.

5.4. Application scenarios

The innovative use of kinetic asymptotic structures promises benefits
across architectural and engineering applications. Fig. 22 outlines three
exemplary use cases for this technology: a temporary event canopy (a), a
kinetic bridge (b), and an adaptive roof (c). The canopy, when not in use,
can be flattened and hidden beneath the floor and elevated to provide
shelter when needed. The bridge can remain low in its standard stage but
can be raised to allow boat passage when necessary. The kinetic roof,
typically maintained in a flattened stage, can be adjusted to a higher
position to enhance natural light or air circulation when required.

6. Conclusion and outlook

This paper presented a computational framework, with an emphasis
on experimental construction and actuation strategies, for developing
kinetic transformable structures based on elastic asymptotic networks.
By integrating elastic asymptotic planks with standard scissor joints, we
facilitate predictable, smooth transformations. The approach was
demonstrated through the design, simulation, and physical realization
of the Kinetic Canopy—a 6 m-span prototype constructed from flat GFRP
planks. Key innovations include a manually operated cable-pulley
actuation system enabling precise dual-winch control and a modular
assembly process.

A frictionless, single-layer simplified non-linear FE model was used
to evaluate the system’s kinetic performance, providing reasonable es-
timates of stress distributions, actuation forces, and transformation
paths. Experimental validation revealed strong agreement between
simulated and measured cable forces, affirming the fidelity of the
simulation approach. However, experimental validation revealed that,
despite significant efforts to minimize friction—such as the use of plastic
washers at joints, flexible cables, lubricants, and a carefully designed
pulley system—residual friction was still present in the prototype. This
residual friction, although minor, contributed to discrepancies between
simulated and measured actuation forces. Importantly, these friction-
reducing strategies were sufficient to ensure smooth, reliable trans-
formations, and allowed for manual operation of the winch system with
relatively low force. Thus, while friction does not dominate the system’s
behaviour, it remains a non-negligible factor in practical applications.

Energy component analysis highlighted gravitational forces as the
primary resistance during upward motion, with elastic strain energy
playing a negligible role. The curvature-based energy model exhibited
exceptional alignment with FE results in early transformation phases,
validating the geometric design framework. Practical advantages such
as low operational forces for manual control and modular scalability
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position this system as adaptable to diverse applications, including event
canopies, bridges, or deployable roofs.

Future research will pursue two directions: 1) design and construc-
tion of a kinetic facade prototype for high-rise buildings, exploring
different actuation methods to enhance the applicability of such struc-
tures across diverse architectural scenarios; and 2) advances in actuation
and stabilization, particularly the development of motorized actuation
mechanisms and intelligent stabilization strategies to increase load-
bearing capacity and enable real-time adaptive responses to environ-
mental factors such as wind and sunlight. Key practical challenges
include addressing singularities—such as complete structural flattening
in the Kinetic Canopy prototype—and integrating real-time structural
health monitoring systems to detect and prevent misactuation or po-
tential damage.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.autcon.2025.106508.
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