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Abstract

Bio-inspired architectural designs are often superior for their aesthetics and structural performance. Mimicking forms and
loading states of a biological structure is complex as it requires a delicate balance among geometry, material properties, and
interacting forces. The goal of this work is to design a biomimetic, ultra-lightweight, bending-active structure utilizing an
informed integral design approach, and thereby constructing a self-supporting cellular pavilion. A bioinspired pavilion has
been designed and constructed based on the natural cellular organization observed in Radiolaria, a deep-sea microorganism.
The cellularity was mimicked via Voronoi tessellation in the structure of the pavilion, whose structural performance was
evaluated using finite element analysis. Accordingly, funicular structure design strategies were studied with a focus on cel-
lular distributions and concentration responding to areas with high structural stress. The computer aided custom designed
pavilion was constructed with engineered, in-house fabricated fiberglass composite materials. The bending-active lightweight
structure was also validated through material performance inquiry, a partial full-scale cellular assembly, and the full-size
pavilion construction. This work contributes to the design approach comprising a bending-active form-finding schematic
strategy to construct the elastic bending-active structure physically and simulate computationally within the context of nature
inspired innovative lightweight structure design.

Keywords Biomimetic design - Double-curved shell pavilion - Voronoi tessellation - Bending-active structures - Finite
element analysis

1 Introduction

Bio-inspired architectural designs are getting nowadays,
not only for novelty in design but for their structural per-
formance. It is essential to comprehend the design of a
biological structure, whose forms often seem complex but
delicately balanced among geometry, material properties,
and interacting forces. Within this context, the natural cel-
lular structuring of Radiolaria, a unicellular microorganism,
found in the oceans was considered in this work to design
and construct a pavilion—a bending-active structure.
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The bending-active structures, exhibiting complex curved
shapes originated from flat elements [1-4], can demonstrate
the relationship between form and structure. Such structures
are advantageous, because they utilize systematic elastic
deformations [5] as a form-defining and self-stabilizing strat-
egy [6]. The Bend9 Structure [2] is one of the well-balanced
examples that utilizing flat bent element to create a globally
stable double curved form. The bending-active structures
have the potential of integrating heterogeneity in its struc-
ture associated with a wide variety of design approaches
[1, 6] and assembly methods, considering the constituent
components and systems [7, 8]. Therefore, a healthy inter-
dependent analogy between architectural (geometric) form
and engineered structure is often observed in the bending-
active structures. Additionally, the integration between the
form and the structure is frequently achieved and simulated
via Computer-Aided Design (CAD) partnered with struc-
tural analysis [9], form-finding (i.e., equilibrium force of a
form) design [10-12] and more. A geometry created by such
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processes may offer a superior balance between structural
performance and aesthetics.

Bending-active structures can be categorized into sev-
eral structural typologies including actively bending plate
[13], actively bending membrane, hybrids comprising mem-
branes with elastically bent battens [14], and elastic kinetic
members like cable and arches [6, 8]. These bending-active
structural typologies can generate desired geometries that
obtain the balance between form and stress equilibrium
state. Three design approaches such as material behavior-
based [13], geometry-based [15], and integral-based [1] are
broadly considered when designing a bending-active struc-
ture. The advantages and deficiency of the bending-active
structures were distinguished in the prior works by Lienhard
[1], Riccardo [2], Schleichaer [11], and Sonntag [16]. The
material behavior-based design approach relies upon mate-
rial properties [17] to shape the structure and determine its
performance. The geometry-based approach largely relies on
structural geometry including cross-sections of the designed
structure to meet the criteria within the allowable stress [18].
Finally, the integral approach tries to balance the material
and geometry using computational tools.

A bending-active structure is often fabricated and erected
using multiple single-curved elements to achieve a globally
stable double-curved structure. To design a bending-active
structure, it requires a strategy to utilize bending geometry
and materials to meet the stiffness characteristic. The dou-
ble-curved shell structures are advantageous over the single-
curved geometry due to its ability to carry more compressive
loads, such as a parabolic shell that can carry a uniform
vertical load per unit on a horizontal axis [19]. Additionally,
the bending-active structures are often confined with geo-
metrical discontinuities, which require mechanical fastening
for assembly during the construction where stresses are often
concentrated on the mechanical fastening that reduces its
global structural capacity. Designers and researchers around
the globe have experimented with biomimetic approach in
the design to reduce the stress on the mechanical fastening
of bending-active structures. The biomimetic approach is
to synthesize and learn from targeted species (Radiolaria
herein) of its own survival essence and wisdom.

A group of multidisciplinary members from the Institute
for Computational Design (ICD) and the Institute of Build-
ing Structures and Structural Design (ITKE) of the Univer-
sity of Stuttgart utilized a biomimetic approach to create a
bottom-up pavilion design strategy, which was reflected in
the 2015-16 ICD-ITKE Research Pavilion [16]. The design
of the pavilion’s internal module structure was inspired by
the geometric morphology of a double-layered system of
Echinoidea (Sea Urchin) and Clypeasteroida (Sand Dol-
lar). Based on the two chosen species’ biological principles
and material characteristics, the pavilion material system
was developed as a double-layered structure similar to the
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secondary growth in Sand Dollars. The internal module
structure connections used finger joints and wood sewing
technology to stitch the edges together. The pavilion design
took the advantage of combining CAD and structural analy-
sis to ensure structural integrity, and the multidisciplinary
research group successfully demonstrated a geometry-
based biomimetic design strategy as observed in ICD-ITKE
Research Pavilion.

This research presents a detailed approach of taking the
advantage of the geometry-based design strategy to con-
struct an ultra-lightweight bending-active double-curved
shell structure that utilizes biomimetic design approaches to
create globally stable structures, focusing on the inclusive-
ness of CAD with structural analysis. The initial geometry
studies of the Radiolaria pavilion include purple cone spruce
[20], the cap of Morchella mushroom [21], and the struc-
tural features of Radiolaria [22]. After the initial screening,
Amphisphaera kina Hollis [24]—one of the Radiolaria spe-
cies—was selected for its morphological potential to meet
the design criteria. Radiolaria's siliceous skeletons and the
connected arrays of organic tubular struts often form a great
variety of multi-vertex-based cellular structures [25] (similar
to Voronoi diagram). However, the design of the proposed
structure had a dimensional restriction, which forced us to
obey a maximum boundary dimension of 2.60 X 2.60 x 2.80
(h) meters. The feasibility of the bio-inspired architecture
design was primarily explored and constructed in the “Com-
petition and Exhibition of Innovative Lightweight Struc-
tures” organized in 2019 by the IASS Working Group 21
“Advanced Manufacturing and Materials" [26].

This paper is organized as follows. Section 2 illustrates
the Radiolaria pavilion design concept and morphology.
Section 3 describes the investigation of pavilion material
and its mechanical characterization. Section 4 delineates the
adopted design strategy coupled with CAD and structural
analysis and its validation via a real-scale physical prototype,
and Sect. 5 describes the final digital fabrication and the
assembly of the pavilion. Finally, the major limitations and
challenges are discussed in Sect. 6.

2 Design Concept of Radiolaria Pavilion
via Voronoi Tessellations

The design of the Radiolaria pavilion was conceptualized
based on the structural attributes of Radiolaria, which shrink
its multi-vertex cellular structure (i.e., Voronoi structure)
to withstand the flow forces by controlling the diameters
of the bubbles. A massive cluster formed with many small
bubbles has a large membrane surface, which finally results
in a denser skeleton structure [26]. A similar structural
morphology is often observed in many naturally evolved
cellular structures, where the few-edged cell tends to be in
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contact with many-edged cells and vice versa [28, 28, 30].
The graded cellularity of the skeletal structure relates its
structural integrity to withstand stress either owing to self-
weight or external forces. Radiolarians naturally optimize
the graded multi-vertex cellularity and skeletal structure to
resist applied loads.

A Radiolaria structure is primarily constructed with
an inner endoplasm and an outer ectoplasm, including an
organic bar in the center of the spine [30]. Furthermore,
depending on locations, Radiolaria may have different
forms of skeletal geometry in terms of the scales of pores
and spines. The variation is natural and biomechanically
regulated since the Radiolaria skeletal structure provides
stability, while it floats in unobstructed seawater. Three
key biomorphic features and principles of Radiolaria were
discovered in the morphological analysis including the rib
formation, pore size variation, and inner and outer surface
development (Fig. 1). These principles play an essential role
in the global stability of Radiolaria and were adopted in
designing the Radiolaria inspired pavilion along with the
features of Voronoi diagram.

To mimic the radiolarians’ natural multi-vertex cellular
structure in digital (CAD) modeling, we exploited Voronoi
diagram function [30, 32], which divides the space into sub-
spaces in an organic way as the core process of tessellation
for the pavilion structure. Such technique has been applied
in numerous fields including biology, metallurgy, crystal-
lography, forestry, ecology, geology, geography, computer
science, engineering [32-35], architectural installations,
and facade morphologies [36—39]. A Voronoi diagram is
mainly built on a set of points called Voronoi seeds where
the multi-vertex cellular partitions are drawn based on a
d-dimensional space into d-dimensional polyhedral cells
based on the Euclidean distance between the seeds.

In this work, the research team opted to include radiolar-
ian multi-vertex structural principle and the three morphol-
ogy features in the bioinspired design. Additionally, three
structural prerequisites emerged during the design investi-
gation. First, the pavilion must be made out of modules to

Amphisphaera kina Hollis
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Fig. 1 Radiolaria biomorphic features
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ease construction difficulty. Second, the pavilion must have
self-supporting structural characteristics. Last, the pavilion
material is capable of withholding stress while bending.
Thus, it necessitates the materials investigation.

3 Materials

3.1 Materials Investigation, Selection,
and Fabrication

A number of bendable materials [40, 40] was considered
during the initial material investigation phase, including
recycled High Density Polyethylene (HDPE) plastic, wil-
low glass, and fiber-reinforced composite sheet. However,
only recycled HDPE plastic and fiber-reinforced composite
sheets have the potential to support the three structural pre-
requisites mentioned earlier in Sect. 2. The fiber-reinforced
composite sheet was chosen due to the material’s elasticity
that can be controlled via material study and in-house fiber-
reinforced composite sheet fabrication.

Two types of raw fiber-reinforced composites, Woven
Roving (WR), and Chopped Strand Mat (CSM), were stud-
ied and coated with different thickness of high-strength
polyester resin Bondo® mixtures. It was found that the
variations of resin thickness affected the material’s elastic
performance. The WR fiber sheet samples exhibited the
highest elastic performance (Fig. 2) compared with CSM
samples (Fig. 3). Four out of five WR fiber sheet samples
coated with different layers that can bend beyond a 50 mm
radius with the thinnest WR fiber sheet made with only
0.9 g of high-strength polyester resin per 645.16 mm?. To
increase the WR fiber sheet thickness, a layering method
was required due to the initial WR fiber sheet absorbabil-
ity of the raw fiber. However, the WR raw fiber exhibits
anisotropic bending behavior along the axial direction
of the woven pattern, and thereby restricting the usage
of WR raw fiber for structural reinforcement. The 3/4 oz
CSM (weight ~ 230 gm per sq. meter) has a random fiber
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Woven Roving
0.45mm, 1 layer coating

0.51mm, 2 layers
coating

coating

0.57mm, 3 layers

0.70mm, 5 layers
coating

0.63mm, 4 layers
coating

Rupture Occurred!

Fig.2 Rupture test of the in-house fabricated Woven Roving fiberglass-reinforced composite (sheet) materials

Chopped Strand Mat
1.20mm, 1 layer coating I-1.45;m, 2Tayers_ a

I coating

1.70mm, 3 layers
coating

Selected Material
b -

Rupture Occurred!

Fig.3 Rupture test of the in-house fabricated Chopped Strand Mat
fiberglass-reinforced composite (sheet) materials
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orientation, which results in an isotropic bending behav-
ior. Unlike WR raw fiber, CSM absorbs three times more
(2.52 g per 645.16 mm?) high-strength polyester resin.
While the thickness of the fiber-reinforced composite sheet
increased, it reduced the elastic performance concomi-
tantly (Fig. 3). In Fig. 3, two out of three CSM samples
can be bent to a 102 mm diameter circular shape without
yielding to permanent deformation. The two layers of coat-
ing was chosen for its stiffness when it was bent to 102 mm
diameter circular shape.

Several distinct features of fiber-reinforced composite
sheet were also unveiled during the in-house fiber-reinforced
composite sheet fabrication process. First, WR fibers could
only absorb 0.21 g of high-strength polyester resin per
645.16 mm? after the first layer of coating. Second, build-
ing up to a predetermined thickness, the fabrication time for
WR sheet drastically increased as coating process required
15-min time interval between each coating. Lastly, it was
challenging to maintain a consistent thickness for the WR
sheets due to the inconsistent absorption of the coated sur-
face. In contrast, CSM exhibited a higher initial absorption
capacity that helped with the uniform thickness. As a result,
the materials investigation concluded with the fact that the
CSM has better fabrication workability and exhibited iso-
tropic bending behavior along with the elastic deformation
behavior demonstrated by the initial qualitative rupture test.
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3.2 Material Properties of CSM Fiber Sheets

A series of random 13 locations out of 8 CSM sheets were
considered with an average thickness of 1.59+0.03 mm.
Meanwhile, 12 rectangular strips of 25 mm in width and
250 mm in length were randomly selected from different
location and orientations and cut by a waterjet to conduct
the uniaxial tensile tests to determine Young’s modulus.
The uniaxial tensile tests were performed as per the ASTM
D3039 [41] in an MTS universal testing machine with a
100 kN load cell (Fig. 4a). Figure 4b shows the average
stress—strain plot with standard deviations of the test speci-
mens. The modulus was calculated as 6.1 (£0.73) GPa.

4 Design of the Radiolaria Pavilion

4.1 Design of Initial Structure Based on Radiolarian
Global Morphology

Different form-making shell geometries were inves-
tigated prior to the design of the final perimeter curve
form-finding process (Figs. 5Sa—f). The investigation of

geometries was to seek out the ideal aesthetic geometry,
satisfying structural constraints, and spatial occupation
requirements. The initial design study used the number of
structural anchor points/legs to categorize structural sta-
bility as part of the evaluation. In theory, a structure with
more legs offers better stability and stress distribution,
but it often increases the construction difficulty based on
the base's leveling and stability on each anchor point/leg.
Therefore, the three-legged geometry was selected based
on the self-leveling support characteristics, which eventu-
ally increased the structure's global stabilization.

Once a desirable outcome was reached in the initial
form-making investigation, the digital modeling logic
of the desirable geometry was interpreted. To generate
Radiolarian cellular structure, it requires outer and inner
surfaces. The pavilion's outer and inner surfaces (Fig. 5b,
c¢) were created using Kiwi 3D isogeometric analysis soft-
ware in Rhinoceros 3D. The outer perimeter started at a
1.3 m radius circle. It was divided into six equal parts
to establish the anchor points for the legs and the crown
headers. The outer and inner surfaces bending behavior
mimics stiff rope-like behavior to simulate the catenary
deformation (Fig. 5d, e). The final surfaces (Fig. 5f) were
ready for the final cellular transformation.

Fig.4 Determination of 50
materials properties of in-house
fabricated fiberglass a uniaxial
tensile test of a fiberglass strip 40 +
as per ASTM D3039 and b =
average stress—strain plot with & 30 -
standard deviations of 12 test E
strips | A
| £ 20 4
| n
10 4
0
0
(a)
(a) (b)

Fig.5 Radiolaria pavilion form finding process

0.002 0.004 0.006 0.008 0.01 0.012 0.014
Strain

(b)

=
)
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4.2 Structural Analysis of Initial Geometry via FEA

The advantage of the form-found perimeter curve allows
force-driven-found geometries to act under compressive
load. Thus, the geometry evaluation workflow was per-
formed via FEA to ensure that the ultimate form is suscep-
tible to compressive load. In the FEA, the structural analy-
sis considered Dirichlet boundary conditions, i.e., imposing
constraints. Since the pavilion under any circumstance
should resist any ground-level displacement, we imposed
constraint on the 6 degrees of freedom such that the three
legs of the pavilion were completely fixed from displace-
ments and rotations in the 3D space, i.e., u, =u, =u, =0

y
and w, = w, = w, = 0, where u and w denote displacement

and rotationy, respectively (Fig. 6). The material performance
data, obtained experimentally in Sect. 3.2, was implemented
in the initial form-finding design process and FEA investi-
gation herein, considering only gravity load based on the
assumption that the pavilion would be installed in an indoor
environment. An approximate weight of 45 kg was primarily
responsible for the gravity load. The outcomes of this design
process can be marked as one of the baselines procedures for
biomimetic design projects.

The objective of structural analysis of the initial geom-
etry was to find the location of maximum stress, which is
shown in von Mises stress distribution obtained via FEA
(Fig. 6). Based on the findings, graded Voronoi tessellation
was implemented by governing the Voronoi seeds distribu-
tions and cell sizes relating to the stress distributions.

4.3 Design of Voronoi Cell Mimicking Radiolarian
Cell Morphology

In this study, the implementation of the grasshopper script
created a flexible workflow (Fig. 8) that instantly correlated
the structure geometry with Voronoi seeds, and the digital
construction of the Radiolaria cellular structure. Cellular

S, Mises (Pa)

structuring was created with the Voronoi cells on both outer
and inner shell surfaces (Fig. 7a, b) to mimic the radiolarian
construction. The nodes on each cell were connected through
interpolated curves (Fig. 7¢) and thereafter extruded into the
opposite direction of the cell normal plane (Fig. 7d). The
same procedure repeated for the opposite cell which created
intersect cone geometries that will create column-like struc-
ture as it aggregates. Subsequently, a Boolean subtraction
was implemented to truncate the overlapping areas (Fig. 7e)
and resulted in the radiolarian-like structure.

The load analysis of the initial pavilion structure via FEA
(Sect. 4.2), and the materials properties of fiber composite
material (Sect. 3.2) played a determinant role that influenced
the distances and distribution pattern of the Voronoi seeds
on the Radiolaria pavilion surfaces. First, the Voronoi seeds
were equally distributed along the intersection of isocurves.
The Voronoi seeds were generated by taking advantage of
NURBS surface calculation and the directions of U and V
(Fig. 8b, c), which allowed a surface isocurve to be extracted
in the U or V direction. Each Voronoi seed is created from
the intersection of U and V isocurves. One of the advan-
tages of utilizing the extracting isocurve method in this
study is the Voronoi seeds following the principal treeline
(i.e., arib-like or spine-like) that may facilitate load transfer
mechanism from top to bottom of the structure. However,
this method not necessarily guarantees a principal stress line
outcome, but it highly depends on the creation process of the
NURBS surface. In addition to the isocurve method, some
manual points were also added to the lower section of the
legs as surplus reinforcement to withstand the higher struc-
tural loads (Fig. 8d). The outcome of the primary design
process (Sect. 4.2) basically establishes a dialogue between
the design and structure that creates a foundation for gener-
ating the Voronoi cell distributions (Fig. 8e).

The Voronoi seeds pattern was eventually evolved and
redistributed to reflect the outcome of the initial structural
analysis. Hence, the densely populated Voronoi seeds were

U, U3 (m)

SNAG, (fraction =-1.0) +2.715¢-07

(Avg: 75%)
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+1.727¢+06
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+6.916¢+05
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+3.465¢+05
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+1.460¢+03

(a) (b)

-1.009¢-04
-2.021e-04
-3.033e-04
-4.045¢-04
-5.056e-04
-6.068¢-04
-7.080e-04
-8.092¢-04
-9.104¢-04
-1.012¢-03
-1.113e-03
-1.214¢-03

(©) (d)

Fig.6 FEA of primary CAD model showing BC (a), meshed model (b), and von Mises stress (Pa) (¢) and deformation along the vertical direc-

tion (m) (d) due to gravity load
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W

(d)

Fig.8 Computational cellular tessellation process: form generation (a), surface curve extractions (b), surface curve population (¢), control points
generation (d), Voronoi cell tessellation (e), and finally the cellular pavilion (f)

0.2 m apart in the lower part of the pavilion, where the
higher stress was observed, and the Voronoi seeds gradu-
ally spread out with greater distances, reflecting the lesser
stress areas [38, 39]. Therefore, the ultimate Voronoi seeds
pattern reflected the FE outcomes, respecting the fiber mate-
rial bending limitations ranging from 0.2 to 0.76 m of bend-
ing diameter.

This digital design process was validated through a
real-scale physical prototype (Fig. 6), while examining
the rolling assembly process. Each Voronoi cell surface

was designed with a pocket and a key (Fig. 9a) to assist
the assembly joint (Fig. 9b), which was ultimately
secured with high-performance cable ties. The process
was repeatedly applied to connect with the neighboring
cells (Fig. 7g) and result in a rolling assembly cellular
structure. Evidently, the physical prototype demonstrated
several key advantages by mimicking the morphology of
the Radiolaria structure. This also offers a minimum stor-
age requirement when it is unrolled, providing a fast and
simple assembly process.

@ Springer
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Fig.9 Radiolarian cell pocket (red) and key (blue) joint (a), and joint connected (b)

4.4 FE Simulation and Post Design Analysis

For the detailed deformation and stress verification of the
Radiolaria pavilion (with Voronoi cell structuring), the
Radiolaria pavilion in.STEP format, preserving all the
details of the CAD models, was exported to Abaqus for the
FE analysis. A linear elastic isotropic material model was
considered based on the in-house fabricated fiberglass com-
posites and its materials properties determined as described
in Sect. 3.2. The verification was conducted for the over-
all behavior such as the stress distributions of the pavilion
under gravity load since the pavilion was designed as well
as installed in an environment without any wind load. The
model was meshed with three-dimensional shell element S4,
a 4-node, quadrilateral doubly curved general-purpose shell
element with finite membrane strain (Fig. 10). The mesh was

S, Mises (Pa)
Fraction = -0.77:
(Avg: 75%)
+2.072e+06
+1.899¢+06
+1.727e+06
+1.554¢+06
+1.382e+06
+1.209¢+06
+1.037e+06
+8.641e+05
+6.916e+05
+5.191e+05
+3.465e+05
+1.740e+05
+1.460e+03

(b)

refined unless we achieved a 5% variation of the maximum
von Mises stress between the two consecutive simulations.
A similar boundary condition that is completely fixed from
displacements and rotations was applied. During the FEA,
pre-stress in the individual cell's shell structure due to bend-
ing has been considered. An equi-biaxial initial stress condi-
tion equal to 5% of the initial yield stress is prescribed for
the shell elements in step-1 (initial conditions). The initial
step allows us to implement prestress (predefined field) that
is applicable at the very beginning of the analysis. However,
the prestress was not held constant in the analysis steps and
allowed to change to accommodate additional deformation
in the cells. If the prestress is not held constant in analysis
steps following the step in which it is held constant, the
stress in the composite sheet will change due to additional
deformation in the cell. If there is no additional deformation,

U, U3 (m)

+2.715¢-07
-1.009¢-04
-2.021e-04
-3.033¢-04
-4.045¢-04
-5.056¢-04
-6.068¢-04
-7.080e-04
-8.092¢-04
-9.104¢-04
-1.012¢-03
-1.113e-03
-1.214e-03

(c)

Fig. 10 FEA of the final CAD model of Radiolaria pavilion with cellular structuring showing BC (a), von Mises stress (Pa) (b), and deformation

along the vertical direction (m) (c) due to gravity load
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the stress will remain at the level set by the initial conditions.
In this FEA, we considered two limiting assumptions. First,
the simulation was conducted with a CAD model, where
the cell edges were continuously and perfectly connected to
each other, but in the actual pavilion, cable ties were used for
the edge-to-edge connection. Since high strength cable ties
were used and very tightly attached, the displacement as well
as shear stress between the edges were minimized and rea-
sonably satisfied the assumption. Next, a uniform prestress
has been considered throughout, ignoring the differences
in shapes between the Voronoi cells, a limiting assumption
in the FEA. However, the FE simulation verified that the
graded cellularity strengthened the structure at the lower
region of the pavilion (Sect. 4.3 model), and thereby pre-
venting the local deformation observed in the FEA of the
model (Fig. 6d).

5 Fabrication and Assembly of the Pavilion

Prior to the fabrication, each cell was digitally unrolled from
the cellular-cone-like geometry into a flat surface. Each cell
was given a custom-designed labeling system (Fig. 11a) to
indicate its location, the top indicator (number of sections),
the mid indicator (outer or inner cell), the bottom indica-
tor (number location within a section). The cells in each
section were organized in a linear order to avoid potential
onsite assembly difficulties. The main reason for utilizing
a circular shape in the indication system was to minimize
the structural damage on the fiber composite surface from
the fabrication cut-out and to avert the surface anisotropic
bending due to the cut-out modification. Since the pavilion
design was composed of three identical sections, it was not
required to differentiate leg numbers in the labeling system.

It was advantageous to have identical sections because
the symmetry drastically reduced the waterjet fabrication
time. Each cell had been cut on three sheets of fiberglass
composite material that were temporarily sandwiched
together, a cut-on-cut fabrication technique. Several
weights were used to secure the position of the sheets
(Fig. 11b). This process is adopted due to the structural
resistance of the fiberglass sheet that prevents itself from
shattering because of initial waterjet contact with the
material. Adversely, one disadvantage is a slower cutting
speed because of the weights on the sheet material. The
waterjet head would often closely run into the weights
that required the supervising members to pay close atten-
tion and paused the waterjet cutting process to relocate
the weights ahead of the cut path. Still, this fabrication
methodology significantly reduced the fabrication time to
one-third (i.e., from the estimated 60 to 20 h).

The final construction (Fig. 12a—d) was similar to the
prototype assembly process (Fig. 7g), which utilized high-
performance cable ties to join the side of the neighboring
cells by forming a unity structure. Following the pavilion
design, the assembly sequence started from the bottom
and capped it off with the top section. The total hours of
the construction process took nearly 10 h, with an average
of a group of three people to complete. As a result, the
Radiolaria pavilion (i.e., real scale prototype) proves its
ability to support itself without noticeable visual deviation
such as misalignment in the overall structure. However, a
few areas with higher stress did break off at the connec-
tion points (Fig. 13a) and had minor buckling (Fig. 13b).
It is beyond the scope of current work, whether the issue
relates to high-stress concentration or the waterjet cut-
ting process weakening the area or mis-shape in the mate-
rial making process. At the end, the Radiolaria pavilion
construction validated the three Radiolaria morphology
features in design and the structural prerequisites, which

Fig. 11 Labeling system of assembly (a), and fabrication process (b) in waterjet cutting process
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Fig. 12 Assembly process of the Radiolaria pavilion

Fig. 13 Local failure (break off)
(a), and local buckling of the
fiberglass material (b)

encompass modular construction and self-supporting
structure, and the material’s ability to support stress.

6 Limitation and Challenges on Design
and Fabrication

Despite many advantages, there were challenges associ-
ated with the design and construction method. Design
challenge is related to the separate entities of computa-
tional CAD modeling software (i.e., Rhinoceros 3D) and
the FEA software (i.e., Abaqus) that restricted the direct
data streaming in the design process. As a result, the
design reflected the FEA outcome was achieved linearly
after the pavilion geometry was form-found although the
form-found geometries should have compression char-
acteristics. During the form-finding process, the geom-
etries are using rope character as the simulation material;
therefore, the final 3D geometries might not be the most
optimized version. Due to this limitation, the form-found
geometry to the FEA iteration process is processed only
once. Furthermore, FEA was conducted with a few limit-
ing or simplifying assumptions (mentioned in Sect. 4.4),

@ Springer

(b)

which ignored more complex stress distribution within the
pavilion structure. Therefore, it is fair to say that there
might be other possible optimum outcomes than this final
pavilion form-found geometry.

Another major challenge in this work, besides the time
limitation, was to simulate the dynamic bending scheme
computationally with the essential constituents through
dynamic relaxation programming or achieved via FE solver/
software. In some cases, researchers deploy custom pro-
gramming solutions that integrate with the design process,
particularly with the projects that utilize custom-engineered
materials. In this work, material bending limitation data was
translated via the form of Voronoi seeds distances and pat-
terns that were embedded within the computational param-
eters to tessellate the structure and to avoid the material of
the structure being overloaded with stress. Due to the mate-
rial’s structural performance and cell connection, the global
form reacted to a limited lateral force. Yet, the relationship
between the material bending limitation data and the Voro-
noi seeds distances do not have direct parametric relation-
ship for optimization. As a result, the final Voronoi seeds
distances were manually adjusted.
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The global stability of the structure heavily relied on
the edge-to-edge fasteners. The stress distribution on these
fasteners is an essential part of the design; otherwise, it
will risk localized failure. The edge-to-edge joint of the
Radiolaria pavilion offers greater flexibility in the assem-
bly process. However, the current fastener joint system
cannot withhold other than the pavilion’s self-weight.
Therefore, an alternative edge-to-edge connection system
must be considered for future research. Additionally, a
global structural leveling evacuation was considered in the
form-making shell geometries study, no structural analysis
was performed on these geometries. The design of a three-
legged structure is not apparently the most structurally
sound decision, but the computational structural (FEA)
analysis of the current geometry has substantiated it as
a viable selection. Finally, a larger bending radius with
a deeper cone shape has a higher chance of buckling and
deforming at local and global states. Subsequently, the cell
size has a minimum of 0.2 m with 0.35 m deep cone-shape
and a maximum of 0.76 m bending radius with 0.2 m shal-
low cone-shape.

7 Conclusions

There are very few precedents in the field of bending
active plate with rolling assembly through form-finding,
e.g., Bend9 Structure by Riccardo [2]. Although the pavil-
ion design apparently takes a few similar characteristics
from Bend9, the Radiolaria pavilion is unique as it does
not have either a substrate structural system to support the
external surfaces or utilize plate on plate connection. The
design approach, in this work, illustrated a bending-active
form-finding schematic strategy to simulate the elastic
bending-active structure physically and computationally,
and the challenges of integrating the computational pro-
cess. The current work investigated the engineered fiber-
glass composite plate elastic behavior that influenced the
final pavilion structure build-up and its load deformation
response. To strengthen the structure, the pavilion's design
utilized the radiolarian biomorphic features combined with
the Voronoi algorithm to form the bending shell structure.
The developed construction system took advantage of the
fiberglass composite strength and used the edge-to-edge
connection with high-performance cable ties. This work
contributes to the design approach comprising a bending-
active form-finding schematic strategy to simulate the
elastic bending-active structure physically and computa-
tionally within the context of nature inspired innovative
lightweight structure design.
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