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Abstract

Gridshell roofing constructions are favoured in modern engineering and architecture for
their capacity to produce expansive, lightweight roofs using slender main structural ele-
ments, yet their complex and costly fabrication limits broader adoption. The Multi-body
Rope Approach (MRA) is effective in computing structurally efficient geometries in grid-
shells, emphasizing the need to optimize design configurations for minimal internal stresses.
This paper presents two strategies, Multiple Order MRA (MO-MRA) and Repulsive Nodes
MRA (RN-MRA), to improve the MRA and streamline gridshell construction by reduc-
ing the necessary types of structural components. These approaches are combined in an
improved MRA (i-MRA), reducing manufacturing costs and increasing efficiency in con-
struction management. The i-MRA was implemented in Matlab and tested on four case

studies of increasing complexity, demonstrating its effectiveness.

Keywords: Form finding, Gridshell, Structural Optimization, Construction

Process, Structural engineering

1. Introduction

In recent years, there has been a growing demand for architectural struc-

tures that offer greater internal distribution flexibility and allow for free-form
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designs in big-span roofing projects. Double-curved shells and domes have
emerged as a feasible alternative for achieving at the same time column-free
spaces and complex shapes [1]. Free-form shell structures, also known as
curved shell structures, have gained significant attention due to their unique
and aesthetically pleasing qualities [2]. These structures feature complex,
curved shapes that challenge traditional construction methods and require
innovative design and engineering solutions.

Free-form shell structures are widely used in the construction of large-
scale buildings. Shells are self-supporting thin structures with single or dou-
ble curvature that can cover broad-span areas without the need for beams,
columns, or walls. Their curved shape provides an ideal morphology for vari-
ous load patterns and multiple stress paths, making them highly efficient. In
shell constructions, membrane actions are primarily related to plane stress,
while bending deformation can result in secondary forces. The most desirable
behaviour for shells is the membranous one, as it exhibits higher structural
efficiency. However, if compressive membrane states are present, sufficient
bending stiffness must be provided to prevent local (buckling) and non-local
(snap-through) instability problems.

A gridshell is a type of free-form shell structure that comprises a three-
dimensional grid of linear elements interconnected by nodes. This unique
structure exhibits the mechanical behaviour of shells and combines the soft
curves of shell structures with the rigidity and strength of structural grids.
As a result, gridshells offer a range of structural and aesthetic benefits. They
are lightweight, self-supporting structures that can span large areas while

minimizing material usage. Recent studies have demonstrated the potential
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Figure 1: Free-form gridshell structure generated with Multi-body Rope Approach.

of gridshells for structural applications, including in the fields of architecture,
engineering, and design [3, 4].

Gridshell structures have a rich history dating back to the mid-20th cen-
tury, when architects and engineers began to experiment with innovative
materials and structural systems. Among the earliest examples of gridshell
design was the Zeiss Planetarium in Jena, Germany, completed in 1923, fea-
turing a dome made of thin, curved wood panels.

In the 1960s and 70s, architects and engineers like Frei Otto [5] and Ted
Happold [6, 7] pioneered new approaches to gridshell design. They used
lightweight materials and computer modelling to create complex, double-
curved forms. Early gridshells were commonly built with materials such as
timber [8] or fabric and were used to create vast open spaces like exhibition
halls, sports arenas [9], and airport terminals.

In recent decades, advances in digital design and fabrication technologies
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have allowed architects and engineers to push the boundaries of gridshell
design even further. Gridshell structures are now commonly made from ma-
terials such as steel [10, 11], aluminium [12], wood [13, 14, 15, 16], and elastic
composite materials [17, 18, 19].

Despite their many advantages, the construction of gridshell structures
remains limited due to the complexity of their geometry and structural chal-
lenges [20]. In addition, the need for expensive assembly technologies and
precise form-finding to ensure stability has made the design and construction
of gridshells a challenging task.

Moreover, the lack of data on this structural typology has hindered its
wider adoption in the industry [21]. However, recent advancements in com-
puting systems have greatly improved the ability to analyze increasingly com-
plex systems, making gridshell architecture an increasingly viable option [22].
As a result, continued growth in the use of gridshells in the design and con-
struction of large, open structures can be expected in the years to come.

Gridshell structures are defined by the interaction between their shape
and stress distribution. Because of this relationship between shape and
forces, designing such structures directly, as in the case of conventional struc-
tures, is ineffective. In this scenario, the search for a suitable structural shape
is critical, both for design aesthetics and, more importantly, for the struc-
ture’s capability to support loads. To achieve a feasible shape, it is necessary
to balance the internal forces and loads acting on the structure and minimize
the bending moment within the resisting elements [23]. Form-finding is a vi-
tal step in designing free-form gridshell structures, where the optimal shape

and layout of the structural elements are determined under a specific load
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pattern. Various form-finding methods have been developed over the years to
facilitate the design of these complex structures, including both physical and
computational modelling techniques [24]. Among the most popular form-
finding methods are the force density method [25], thrust network analysis
[26], dynamic relaxation method [27], particle-spring system [28], multi-body
rope approach [29], and others [30, 31, 32].

The primary objective of these techniques is to identify a structural shape
that meets the boundary requirements, reduces the cost of construction, and
has an aesthetically pleasing appearance. The cutting-edge trend in struc-
tural design research involves coupling innovative shapes and free-form struc-
tures with structural optimization [33, 34, 35]. A significant challenge lies in
defining a structural model that is optimized not only structurally but also
geometrically and constructively. Additionally, optimizing the production of
the structural elements and managing the construction stages poses a final
challenge in form-finding and optimization.

To overcome these challenges, architects and engineers have developed
several techniques and tools to optimize the design of structural elements,
panelling patterns [36, 37], and nodes [38, 39] in gridshells. These may in-
clude digital simulations and models, advanced material analysis techniques,
and the use of parametric design tools to explore and refine different design
options.

This paper presents an original development for the form-finding method
developed specifically for gridshells: the improved Multi-body Rope Ap-
proach (i-MRA). The i-MRA method builds on the Multi-body Rope Ap-
proach (MRA) [29], a form-finding technique used in structural engineering
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for designing complex shell and gridshell structures.

In MRA, a structure is represented as a network of masses connected by
flexible ropes or cables. This allows for the definition of the geometry of
the structure by minimizing bending moments and stresses [40]. The MRA
approach defines the structural geometry by minimizing the eccentricity of
applied compression forces [41].

The i-MRA method improves on MRA by integrating techniques that
optimize the structural geometry for both structural reasons and automation

of the construction process. There are two main improvements to i-MRA:

o Multiple Orders MRA (MO-MRA): groups structural elements with
identical lengths, reducing the number of types of structural compo-

nents required for construction.

« Repulsive Nodes MRA (RN-MRA): applies a repulsive force field to the
dynamic model, which allows for minor adjustments to the geometry

to reduce the number of structural components required.

Implemented in MATLAB, i-MRA provides a powerful tool for generating
optimal structural geometries with minimal bending moments and stress. It
also reduces the types of structural components required for construction,
leading to lower production costs, encouraging mass production, and reducing
expenses related to construction management.

The i-MRA method has been tested on four examples of increasing com-
plexity, demonstrating its effectiveness in generating optimal structural ge-

ometries.



135

136

137

138

140

141

142

143

144

145

146

147

148

149

151

152

153

154

155

156

157

158

To verify that the geometries obtained by the proposed new method
did not have significant structural disadvantages (in terms of internal so-
licitations) compared with those calculated by pure form-finding methods,
a structural analysis of the structures obtained by basic MRA and i-MRA
was carried out. For this purpose, finite element analyses were conducted
using SOFiSTiK software [42]. Axial force, bending moment, and Von Mises
stresses acting on the two structural geometries were compared by imposing
a unit load of -1 kN in the vertical direction on each unrestrained structural
node. The study assumed that CHS 200 5 profiles and S275 structural steel
were used.

The comparison was made in terms of axial force since the structural type
studied is mainly subject to this type of internal action. The comparison in
terms of bending moment was chosen because form-finding methods typi-
cally aim to minimize the bending moment acting on structures. Therefore,
it was important to demonstrate that small deviations from the geometry
obtained by pure form-finding did not produce significant increases in the
acting bending moment.

The paper is organized as follows. In section 2 the basic equation of the
MRA method and the i-MRA are introduced. In particular, in sections 2.1
and 2.2 the techniques for the improvement of the MRA method are pre-
sented. Then, in section 3 the results of the application of the new method
on different case-studies in terms of obtained geometries and structural anal-
yses are reported. Finally, section 4 is focused on the conclusions and some

possible future developments of the presented research topic.
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2. Methodology

The Multibody Rope Approach (MRA), developed by [29], is an origi-
nal method for determining the form of gridshell structures, even for highly
complex geometries and for any type of forming load. It is specifically de-
signed for gridshell constructions that use free-forms and standardized build-
ing elements. MRA utilizes a dynamic model of falling bodies in space and
time domains, in which the final equilibrium configuration is calculated iter-
atively for each node using the D’Alembert’s principle. The special feature
of the method is to consider structural elements as ropes connecting masses
to nodes. The aim of this approach is to generate a geometry that is both
structurally optimal and composed of the greatest possible number of parts
of identical length. The final equilibrium configuration of the structure is
an inverted representation of the hanging net (funicular configuration). Like
particle-spring models, MRA assumes that the self-weight of the nodes and
the load of the ropes are localized at the nodes. However, MRA differs from
these approaches in its use of ropes to model the hanging network. The
ropes have a specific slack coefficient that allows for regular forms. In MRA,
the system of forces acting on individual nodes is distinct from those in the
spring-particle (SP) and dynamic relaxation (DR) methods. Specifically, the
rope element exerts forces on the masses so that they do not move apart be-
yond the prescribed distance, which is precisely the length of the rope. When
the distance between the ends is smaller than the predetermined length of
the rope (lyope), no force is applied. By defining [ as the distance between
the two ends of the rope and k as the axial stiffness of the rope, the forces

F applied to the end nodes can be expressed as follows:
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Frope = 0 i 1< lope
(1)
Frope - k(l - lrope) it 1 > lrope

Where the length of the rope [;; between the two nodes 7 and j can be

calculated as:

i = (@5 = 202 + (g5 — 9 + (25 — 5)? e

In general, the MRA approach aims to minimize axial deformations by
assuming extremely high stiffness values. The goal of MRA is to find a
geometric configuration that ensures the equilibrium of nodes subjected to
external forces and those emerging from the ropes connected to them. Let’s
consider a generic node ¢ with a mass of m; in the structural network of
nodes and ropes. The node i is connected to a number n; of other nodes
through ropes. If there is an external load p; acting on node 7, the equilibrium

equation can be written as:

n
—

Ri=Fi+ Y Fropeji+ B+ F' =0 (3)
j=1

In this equation, the vector Ri represents the net force acting on node ¢,
which is the sum of several forces including the applied load p;, the forces
transmitted by the ropes connected to the node F rope, ji, the inertial force
P_’;H , and the damping force P_’;I . The magnitude of the inertial force F’iH
can be determined using equation (4), which is calculated as the product of
the node’s mass m; and the magnitude of the acceleration vector a;, with

the direction of the inertial force being opposite to the direction of node



201 acceleration.

Fl' = —m; -G (4)

202 The damping force ﬁf is represented by the product of a constant damp-
203 ing coefficient ¢; and the velocity vector v; with direction opposite to the

200 direction of the velocity. This relationship is expressed in equation (5).

Fl=—c 0, (5)

205 Expressing the position of the generic node i as u; = (;,v;,2;), the
26 velocity and the acceleration can be obtained by deriving the position in

207 time, as in the relations (6).

¥ = il = (44, Ui, i) @ = u; = (i, ijs, %) (6)
208 Thus, the equation (3) can be rewritten as in (7).
§Z2E+Z{kﬁrape,jz}_cz@_mzazzo (7>
j=1
200 Finally, the equilibrium equation (7) can be projected in the three space

20 dimensions, obtaining the system of equation (8).

(
Piz + D55 {(Ijl;xi) : F’rope} —Ci i —my T =0
pzy“_zy;l{%Frope}_czyz_mzyzzo (8>
pie + X {2 B} — i 2= mi- 5= 0
\ 2

211 The system of equations can be solved by considering a time increment

a2 of At. The positions of the nodes at time ¢t = 0 are assumed to be known,

10
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and initial velocities and accelerations are assumed to be zero for each node ¢
(v;(0) = 0 and a;(0) = 0). By knowing the position, velocity, and acceleration
of each node at time ¢, these quantities can be determined at the next instant,
t + At. To do so, a coefficient C3 can be defined as a function of the known

node positions at time ¢*, as shown in equation (9).

Cs =i+ Y {h Fropesi | (9)
j=1
The coefficient C3 depends solely on the position of the nodes at time t*,
and it defines the vector Fj.,.. Consequently, Equation (7) can be reformu-
lated as shown in (10).

ﬁ"—i— 1.1':03 (10)

c
m
In addition, the natural frequency of the system w,, and critical damping

¢ can be defined as in the equations (11) and (12).

Wy = \/g (11)

C

¢ (12)

B 2w, m

where k is the stiffness, m is the mass, and c is the damping coefficient
of the system. The natural frequency w, represents the frequency at which
the system vibrates when it is not subjected to any external forces. The
critical damping ( is the damping coefficient value that results in the system

being critically damped, which means that it returns to its equilibrium state

11
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as quickly as possible without oscillating. Thus, a non-homogeneous second-

order differential equation is obtained:

U+ 2w, (U = Cl (13)
The solution to the equation (13) can be obtained by adding the partic-

ular solution to the associated homogeneous differential equation, which is

expressed as (14).

Cs
2wnC
The coefficients C; and C5 can be calculated based on the initial condi-

i(t) = Cre™ ¢ 4 Oy +

t (14)

tions of the system. In this case, they can be obtained by using the positions
and velocities of the nodes at the immediately preceding instant ¢ — At, as

shown in the following equations:

_ angﬁ(t—m) — (3
(2wn()?

Cy = (15)

(20%0271@7&) + anfﬁ(tfm) - Cs
= 2on0)? (16)

The coefficients C, Cs, and C3 in the solution depend on the positions,

velocities, and accelerations of the system’s nodes at the previous time in-
stant. Starting from the initial state where the location of the nodes in the
three-dimensional space is known and velocity and acceleration are zero, the
positions of the nodes at succeeding instants can be calculated progressively.
The velocity vector iI; can be obtained by taking the difference between the
positions of the nodes at instants t — At and ¢, and dividing by the time

increment At:

12
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Up — Ug— At

A7 (17)

ﬂk ==
Finally, the acceleration i, can be determined by computing the ratio of
the incremental change in velocity between two time instants ¢ — At and ¢.

Specifically, this can be achieved by calculating the difference between the

two velocities and dividing it by the time interval At.

i, = “t‘T’“tt*At (18)

The proposed method is designed to calculate the final configuration of
a gridshell from its initial mesh, which represents the initial state of the
net. Since the initial position of nodes is known, and their initial velocities
and accelerations are assumed to be zero, the new locations, velocities, and
accelerations of nodes can be determined sequentially using equations (14),
(17), and (18). This process is repeated until an equilibrium configuration
is reached that represents the optimal structural geometry with respect to
the applied force field p. The estimated structural geometry is a function
of various parameters, including the nodal masses m, the system stiffness
k, damping parameters ¢, the rope slack coefficient p, and the applied force

field p. The slack coefficient p is defined as the ratio of the initial distance

between nodes to the target length of the ropes, as shown in equation (19).

lrope lrope
D= — _ (19)
Tw(0) = @(0) (s —a)2+ (v — )+ (2 - 25)?

The objective of applying MRA is to generate a structural geometry that

is optimal in terms of both structural effectiveness and ease of construction.

13
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To evaluate the ease of construction, the number of beam elements of equal
length is used as a measure. In practice, the complexity of gridshell assembly
increases exponentially as the number of different elements to be assembled
grows. Therefore, it is crucial to determine the number of elements in the
final configuration that have a length equal to the target length [,,,., while
considering a certain tolerance toll. Based on their length, structural ele-
ments are classified into three categories: those with a length less than .
are called loose elements, those with a length greater than [, are called
over elements, and those with a length equal to [, are referred to as target
elements. The presence of over elements can be reduced or eliminated by ap-
propriately choosing the model parameters, including the stiffness coefficient
k, the slack coefficient p, and the time interval At. In contrast, the presence
of loose elements is determined by the physics of the problem and arises from
ropes that do not experience tension as a result of the applied force field.
This paper introduces two methods, Multiple Orders MRA (MO-MRA)
and Repulsive Nodes MRA (RN-MRA), that can be used to reduce the num-
ber of loose elements obtained through MRA. These methods can be applied
after MRA to update the final configuration, resulting in a structure with
fewer components of different lengths, making it easier to assemble. When
combined, these methods are referred to as Improved MRA (i-MRA), which,
with a wise selection of model parameters and target lengths, can produce
geometries that are both structurally effective and optimal in terms of ease

of fabrication.

14
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2.1. Multiple Orders MRA

The Multiple Order MRA is a method that aims to reduce the number of
different structural elements obtained by using classical MRA. The structural
geometry obtained by applying MRA will be defined by a number of struc-
tural elements of length [,y 1 and the remaining loose elements. The use
of MO-MRA involves introducing new families of ropes each characterized
by a length shorter than /,., ;. The assignment of each rope to each family
will be determined for each iteration and will be defined as a function of the
distance between the two nodes connected by the rope. After the geometric
configuration using the MRA is obtained, consider adding a new family of
ropes with a final length of l,ope 2 < lyope1. In this scenario, the force ﬁmpe
exerted by each rope will depend on the family to which it belongs, and as a
result, it will be a function of the distance between the two nodes connected

by the rope. In particular, ﬁrope can be calculated as in the equation 20.

Frope =0 it 1< lrope,Q

Fro e — k(l - l'ro 6,2) lf l'ro e,2 < l S ’Y(ln) e, 1l — lro e,2) + l'ro e,2
P P P P P P (2())

Frope =0 if ’Y<lrope,1 - lrope,?) + lrope,? <l< lrope,l

Frope = k(l - lrope,l) it 1 > lrope,l

The resulting equilibrium configuration is iteratively calculated using
equations (14), (17), and (18) and will correspond to a new structural ge-
ometry. In the new configuration, the structural element will belong to
three different element groups, the two characterized by the target lengths

lropen and lyope 2, and, eventually, the third group composed by the loose el-

15
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ements. The procedure can be repeated adding new families of ropes until
all structural elements correspond to an assigned category. The proposed
method reduces the cost and complexity associated with the construction of
gridshells by grouping structural components with the same length, which
enables the possibility of producing the elements in series and facilitates the
ease and speed of the structure’s construction. On-site management of the
groups of elements is simple and straightforward.

The MO-MRA method offers users the flexibility to set parameters such
as the coefficient and rope lengths (I;ope 2, lrope,3, €tc.) to tailor the structural
geometry to their design needs. These parameters are user-defined and allow
for the optimization of the structural design to meet specific construction
or manufacturing constraints. For instance, l,ope,1, defining the first family
of structural elements, can determine the structure’s height (see Figure 3).
However, in cases where cutting steel billets of a constant length is involved,
setting [ ope,1 may lead to material wastage. Therefore, the lengths of other
structural element families can be adjusted to minimize waste. Similarly,
the coefficient v plays a crucial role in assigning the ropes that remain slack,
after the application of the MRA, to different structural element families. It
determines the proportion of ropes with intermediate lengths between the
target lengths of two families that are assigned to each family. The process
of defining the final structural geometry involves configuring both v and the
target lengths for each family, which can vary widely depending on each
project’s unique requirements. An alternative approach is to create an ob-
jective function based on specific design requirements. This allows for the

formulation of an optimization problem, where the mentioned parameters

16
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become design variables. By applying optimization algorithms to solve this
problem, it is possible to automatically obtain parameter values that best

align with the design requirements [43].

2.2. Repulsive Nodes MRA

The Repulsive Nodes MRA is a method designed to reduce the number
of loose elements generated by applying the basic MRA. The basic idea is to
introduce a repulsive force field ¢'between the nodes of the geometric configu-
ration obtained through the use of MRA. This force field ¢'is introduced after
the final equilibrium configuration is established using the MRA, which re-
quires a new iterative computation process to determine the new equilibrium
condition. The repulsive forces act on the ends of each slack rope, allowing
the end nodes to move apart as if they possess electrical charges of the same
sign that repel each other until the rope tensioning. Therefore, for each node
connected by a slack rope, Equation (7) must be modified by introducing the
repulsive force field ¢. As a result, a new system of equations will be obtained
in which equation (7) will continue to apply for nodes connected to tensioned
ropes, and equation (21) will be introduced to each node i connected to slack

ropes.

Ri:@+(ﬁ+2{k-ﬁr0pe,ji}—Ci'@_mi‘aizo (21>
j=1

Equation (21) introduces the repulsive force field ¢ to each node i con-
nected to slack ropes. This force field ¢ is linearly proportional to the dif-
ference between the target length [,,,. and the distance between nodes con-

nected by a slack rope l;;. To calculate the repulsive force field ¢, Equation

17
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(22) can be used, where k¢, is the proportionality constant that connects

the modulus of the repulsive force to the distance between nodes i and j.

qi = _krep(lrope - lzy) (22)

The value of the elastic coefficients k and k,., depends on many factors.
For example, the coefficient & must be selected depending on the length of
the ropes, the applied loads, the value of the nodal masses, the time interval
At defining each iteration, etc. The elastic coefficient k£ must be big enough
to avoid the presence of over elements and, at the same time, not so big
as to ensure convergence of the system. For the application cases reported
in this paper, a k value of 1.2M N/m with a At = 0.005s was used. These
values can be considered as a starting point for different applications. The
procedure involves to increase the value of k until no more over elements are
present in the final configuration and consequently to reduce At in case the
system does not reach the convergence status. Similarly, the value of k.,
must be selected so that repulsive forces between nodes do not produce over
elements in the final geometric configuration. In the case studies presented
in this work, a k., of 2kN/m was used, which can also be used as a first
attempt value for applications other than those presented.

It should be noted that the force field introduced in RN-MRA is not a
representation of the actual loads on the structure. Therefore, the resulting
structural shape may differ from the optimal solution obtained through the
pure form-finding process. While the RN-MRA method improves the con-
structability of the structure, it may also result in suboptimal and unattrac-

tive shapes, particularly when applied to models with a significant number of
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loose elements, as shown in Figure 11. Therefore, it is important to apply the
RN-MRA method only to apply minor changes to the geometry obtained by
applying the MO-MRA in order to strike a balance between enhancing con-
structability and achieving the best structural geometry. Ideally, RN-MRA
should be applied to models with few loose elements relative to the number
of tensioned ones, and where their length is close to the target length I, .

In this section, two MRA advances are discussed to produce structural
solutions that are more advantageous in terms of construction convenience.
The i-MRA technique combines these approaches to achieve a geometry with
the optimal balance of structural functionality and ease of construction. The
first approach involves increasing the families of elements in the MO-MRA
until a configuration is obtained in which most of the ropes are under tension.
The second approach, RN-MRA, is then used to improve the geometry by
tensioning the remaining loose elements. As a result, the final shape may
differ slightly from the geometry obtained using MO-MRA alone, but it is
characterized by the smallest possible number of loose elements.

An example of how the structural geometry evolves gradually from the
shape generated using only MO-MRA initially and then the combination of
MO-MRA and RN-MRA is shown in Figure 20. Here, you can observe how
the two newly introduced methods take effect collaboratively to reduce the

number of structural components with varying lengths.

3. Application and results

In this section, four applications of the proposed method on structural

geometries of increasing complexity are presented. A custom Matlab code
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[44] was developed for applying the proposed methods. The geometries are
represented as quadrilateral meshes where the nodes have a concentrated
mass and the edges are ropes that connect the nodes. The MRA is applied
to each mesh to produce the equilibrium configuration, which represents the
final structural form. By varying the method parameters, different structural
shapes are generated, and the variation of the geometries and the number of
equal elements as a function of the slack coefficient is studied. It is observed
that appropriate parameter selection, especially in the setting of the cor-
rect time interval, allows for the reduction and elimination of over elements.
Finally, the structures generated by the various form-finding algorithms dis-
cussed in section 2 are compared in terms of structural analysis as well as the
number of structural components of equal length that constitute the struc-
ture. The comparison shows that the i-MRA allows for reducing the costs
related to the realization of gridshell structures while respecting the struc-
tural optimal solution produced by a pure form-finding method. Overall, the
proposed method is shown to be effective in producing structural solutions

that are both functional and easy to construct.

3.1. Application 1: Corner constrained square-plan structure

The structural geometry of a square gridshell is defined using the MRA
method applied to a square mesh with a side of 15 meters and lines placed
in an orthogonal grid linking nodes at a distance of [;; = 1.25m, as shown in
Figure 2. The structure is designed to be constrained only in the corners of
the square plan, and the constraints are represented as triangular points in
Figure 2.

Although this is a basic case study from a theoretical perspective, the
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Figure 2: Base mesh for corner constrained square-plan structure

Parameters MRA
K[MN/m] mlkg] ([s7'] At[s] itermal/]
1.2 20 0.95 0.005 100000

Table 1: MRA parameters.

structure is demonstration of the ability of this structural typology to gener-
ate constructively complex shapes from the simplest of forms. The resulting
structure is composed of 312 structural elements and 169 nodes. By using an
appropriate parameter setting, as detailed in Table 1, it is possible to obtain
a structural geometry where all beam elements have the same length, with a
tolerance of one centimeter.

The ratio of the maximum horizontal structural dimension to the height
of the structure is referred to as the degree of sag, denoted as n. By varying
the slack coefficient p, it is possible to generate different structural shapes
with varying degrees of sag. The relationship between the degree of sag n

and the slack coefficient p for the specific geometric configuration examined
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Figure 3: Degree of sag n as function of the slack coefficient p

in this section is illustrated in Figure 3. The graph clearly indicates that for
values of p > 1.1, the height of the structure increases in proportion to the
slack coefficient. The graph can be utilized by designers to determine the
target length [, as a function of the design structural height.

Figure 4 displays four different geometric configurations that can be gen-
erated from the same basic mesh, each having a distinct slack coefficient p
and consequently a different height. It is noteworthy that having the ability
to produce several geometries from a single basic plan is crucial. The choice of
a specific geometric form over another may be influenced by various factors,
such as architectural or structural considerations. The parameters utilized to
create the different structural geometries are listed in Table 1. It is evident
that each geometric configuration necessitates a specific number of iterations
iter, and the more the final configuration varies from the initial one, the more
iterations are needed. Therefore, higher structures require more iterations

and, as a result, longer computation times.
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(a) p=1.06 (b) p=1.12

(¢c) p=1.20 (d) p=1.28

| A Constrained nodes ® Free nodes —— Tensioned ropes‘

Figure 4: MRA application on corner constrained square-plan structure for different slack

coefficients p.
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3.2. Application 2: Boundary constrained square-plan structure

In the second scenario, a square mesh with a side length of 15 meters
was used, which is similar to the one shown in Section 3.1. However, in
this case study, all points on the mesh’s edge were constrained, unlike the
previous scenario. This means that there are fewer options to adapt the final
design due to the increased restrictions placed on the structure. Despite this,
the MRA method alone still enabled designs with a significant proportion of
structural components having the same length. The method’s robustness
was demonstrated by creating two different starting configurations from the
same edge constraints. The first configuration used a square grid mesh with
perpendicular elements connecting nodes at a distance of 1.25m, as shown
in Figure 5a. In the second case, the mesh was constructed by connecting
the constrained nodes on the edges with diagonal elements, resulting in a
final mesh with more nodes and structural components, as shown in Figure
5b. The two meshes differ significantly in terms of node and component
quantity and layout. The first case has 165 nodes and 264 elements arranged
parallel to the base square’s sides, while the second case has 313 nodes and
576 elements aligned at a 45° angle.

The figures presented in Figure 7 illustrate four examples of structural
geometries that were derived from the same basic mesh in Figure 5a. By
varying the slack coefficient p, it is apparent that even minor increases in
structural complexity, which are solely determined by the arrangement of
constraints, make it impossible to achieve 100 percent equal-length structural
elements using the basic MRA. The structural components with lengths that
differ from the target length L,,,. are highlighted in red in Figure 7.
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Figure 5: Base mesh for boundary-constrained square-plan structure
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Figure 6: Percentage of loose ropes as a function of the slack coefficient p
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Parameters RN-MRA
K[EN/m] At[s] itermaz|/]
2.0 0.005 3000

Table 2: RN-MRA parameters

The graph in Figure 6 illustrates how the number of different elements
increases proportionally to the slack coefficient p. When p = 1.5, 30% of
elements have lengths different from the target one. However, due to the
simple and symmetrical nature of the initial geometry, managing the presence
of these elements during construction should be straightforward. Despite the
simple geometry, the provided example demonstrates that loose ropes can be
generated using the basic MRA. For instance, in Figure 7¢, which has p =
1.20, the structure comprises 6 different structural elements, even considering
the structural symmetry. Nearly 20% of elements have a length [ # 1.50m.
In such cases, the usage of i-MRA can help reduce the number of different
structural components. Figure 9 shows the application of i-MRA to calculate
the structure in Figure 7c¢. The use of i-MRA with the slack coefficients
p = (p1; p2; p3) results in a structure comprising only three different structural
element types. Table 2 reports the parameters used to apply the repulsive
nodes MRA (RN-MRA).

In the geometry depicted in Figure 9a, where the slack coefficients are
set to p = (1.20;1.12;1.06), every element has a length of either 1.5, 1.4,
or 1.3 meters, demonstrating the clear advantages of using i-MRA. Even
in this relatively simple scenario, the method allows for a reduction in the

number of element types from 6 to just 3, resulting in 50% reduction in the
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number of element types that need to be managed during construction, even
when considering a precision of just one centimeter. Figure 96 presents the
results of applying i-MRA to the same structural scenario but with different
slack coefficients set at p = (1.20;1.08;1.00). This configuration generated
a structure composed exclusively of elements measuring 1.50, 1.35, or 1.25
meters in length, and once again, only three different structural element types
were required. This further highlights the versatility of i-MRA in allowing
designers to customize the parameters to achieve various configurations that
meet project requirements without increasing the complexity of construction.

Histograms were employed to illustrate the distribution of element lengths,
aiming to enhance understanding of the variation in the quantity of different
types of structural elements. Specifically, Figure 8 presents the distributions
of element lengths for the case studies depicted in Figure 7. The histograms
clearly demonstrate how both the types of structural elements and their
lengths increase with the rise in the slack coefficient. Additionally, Figure
10 illustrates the distribution of element lengths corresponding to the cases
depicted in Figure 9. In this case, it is evident that the use of the i-MRA
results in a significant reduction element typologies.

An example of misapplication of the method is shown in Figure 11. In this
case, the RN-MRA method was applied directly after MRA, without utilising
MO-MRA as an intermediate step. The geometry obtained through MRA
had excessive loose elements, making it unsuitable for direct application of
RN-MRA. The result is a geometry that does not find a good balance of
convenience in construction and structural efficiency.

Figure 12 displays four examples of basic MRA applied to the base mesh
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(a) p=1.06 (b) p=1.12

(c) p=1.20 (d) p=1.28

Figure 7: MRA application on boundary constrained square-plan structure with orthogo-

nal mesh, for different slack coefficients p.
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(a) p=1.06 (b) p=1.12

(¢c) p=1.20 (d) p=1.28

Figure 8: Application 2 with orthogonal base mesh: Structural element lengths distribu-

tion applying the MRA.

(a) p = (1.20;1.12;1.06) (b) p = (1.20;1.08; 1.00)

Figure 9: i-MRA application on boundary constrained square-plan structure with orthog-

onal mesh for different slack coefficients p.
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(a) p=(1.20;1.12) (b) p = (1.20;1.08)

(¢) p=(1.20;1.12;1.06) (d) p = (1.20;1.08;1.00)

Figure 10: Application 2 with orthogonal base mesh: Structural element lengths distribu-
tion applying the i-MRA.

Figure 11: Incorrect application of RN-MRA application on boundary constrained square-

plan structure with orthogonal mesh and p = 1.20.
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from Figure 5b, generated by varying the slack coefficient. It is clear from this
scenario that the resulting structures differ greatly from those in the previous
case, both in terms of shape regularity and degree of sag 7. The degree of sag
7 is plotted as a function of the slack coefficient p in the graph in Figure 3.
The function trend is identical to that obtained with other basic geometries,
but the obtained values here are quantitatively different. Diagonal gridshells
are typically higher than those produced by the orthogonal mesh with the
same slack coefficient. Additionally, Figure 6 reports the percentages of el-
ements that differ from the target ones after applying basic MRA. In this
scenario, the number of different elements out of the total is evidently smaller
than in the previous case, with a maximum of 5% compared to the previous
maximum of 30%. Moreover, for specific slack coefficient values, privileged
configurations are revealed. The function representing the percentage of dif-
ferent elements as a function of the slack coefficient presents local minima
for certain values of p, which may be advantageous from a design perspective
as they enable the reduction of the number of different structural element
classes. Comparing the cases presented in this section, it is evident that the
choice of mesh and initial parameters is critical to the final design output.
A good initial choice of parameters can have a great influence on the final
structural geometry, regardless of the form-finding method used to calculate
it. In Figure 13, the distribution of element lengths is illustrated for the
case studies with different slack coefficients depicted in Figure 12. This fig-
ure highlights once again that increasing the slack coefficient p results in an
increase in the number of element typologies.

The application of i-MRA to the geometry with p = 1.20 provided in Fig-
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(a) p=1.06 (b) p=1.12

(¢c) p=1.20 (d) p=1.28

Figure 12: MRA application on boundary constrained square-plan structure with diagonal

mesh, for different slack coefficients p.
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(a) p=1.06

(b) p=1.12
(c) p=1.20
(d) p=1.28

Figure 13: Application 2 with diagonal base mesh: Structural element lengths distribution

applying the MRA.
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ure 12¢ is presented in Figure 14. The geometry produced by the basic MRA
results in 5 different types of structural elements assuming structural symme-
try is taken into account. However, the i-MRA approach allows for reducing
the variety of structural elements even in this straightforward situation. The
gridshell calculated with the i-MRA and slack coefficient p = (1.2;1.09) can
be realized using only 2 types of structural elements, demonstrating the effec-
tiveness of the newly presented method in reducing the variety of elements to
be handled during the construction process. Additionally, in Figure 14a, it is
highlighted that using only MO-MRA allows for obtaining a geometry com-
posed of 3 types of elements. The power of i-MRA can be further appreciated
by obtaining a structure composed of only two types of elements through the
wise use of RN-MRA properly combined with MO-MRA, as shown in Fig-
ure 14b. The reduction in the number of element typologies resulting from
the application of i-MRA is evident in Figure 23, where the distribution of
element lengths is represented by the mean of histogram graphs.

Figures 16 and 17 present a comparison of the structural analysis results
obtained with basic MRA and i-MRA methods for S275 structural steel grid-
shells composed of CHS 200 5 profiles and loaded on each node with a unity
load in the gravitational direction. These figures show, on the left, the anal-
yses conducted on structures obtained with basic MRA and, on the right,
those obtained with i-MRA. Specifically, Figure 16 shows the analyses for the
configuration shown in Figure 7c¢ on the left, and those for the configuration
in Figure 9a on the right. Figure 17 shows the analyses of the structure in
Figure 12¢ on the left, and the analyses of the structure in Figure 14b on

the right. The comparisons in both figures are presented in terms of axial

34



(a) MO-MRA (b) MO-MRA + RN-MRA

Figure 14: i-MRA application on boundary constrained square-plan structure with diag-

onal mesh.

(a) MO-MRA (b) MO-MRA+RN-MRA

Figure 15: Application 2 with diagonal base mesh: Structural element lengths distribution

applying the i-MRA.
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force at the top, bending moment in the middle, and Von Mises stress at the
bottom.

The i-MRA produces geometries that deviate from the funicular struc-
tural form. However, the differences in terms of stresses between the i-MRA
and basic MRA geometries appear to be minimal. Although the geometries
are different, they have similar structural behavior. In the cases presented
in this section, the i-MRA produces a significant improvement in terms of
minimizing the types of elements that make up the structure. The cost of
the geometric variation produced from the viewpoint of structural optimum

seems to be small, as demonstrated by the reported comparisons.

36



(¢) MRA: |M|pmqp = 0.04kNm (d) i-MRA: [M|pmaq = 0.04kNm

(e) MRA: |6V M|, .. = 2.15kPa (f) i-MRA: |0V M|,,0 = 2.22kPa

Figure 16: Structural analysis performed on the structures obtained by applying basic
MRA (left) and i-MRA (right) on the application example with orthogonal mesh in Section
3.2. Comparison in terms of axial force [kN] (top), bending moment [kNm] (middle) and

Von Mises stress [kPa] (bottom). 37
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(e) MRA: |0V M|, = 3.09kPa (f) i-MRA: |0V M|,,4. = 3.06kPa

Figure 17: Structural analysis performed on the structures obtained by applying basic
MRA (left) and i-MRA (right) on the application example with diagonal mesh in Section
3.2. Comparison in terms of axial force [kN] (top), bending moment [kNm| (middle) and

Von Mises stress [kPa] (bottom). 38
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3.8. Application 3: Symmetrical structure with a mon-canonical geometric

plan and opening in the center.

The third example structure features a ground plan that is divided into
five primary zones. The main zone is a large rectangular space with a square
opening in the center, while four smaller rectangular areas overlap the main
one at the corners of the central zone. Figure 18 displays the structure’s mesh,
which consists of 1419 elements measuring 1.20 meters in length connecting
the 760 nodes. The structure is constrained on each outer corner as well as
around the entire perimeter of the central hole. This scenario was chosen to
introduce some complexity and demonstrate how the approach can handle
complex situations. Nevertheless, this structural design has a regular plan
characterized by two axes of symmetry. Similar to the previous cases, the
relationship between the slack coefficient and the height of the structure,
as determined by the form-finding process, was investigated. As depicted
in Figure 3, the height trend as a function of the slack coefficient exhibits
qualitatively the same behavior as that observed in the simpler examples,
even for a complex structural geometry like the one under consideration.

Figures 19 and 20a show four examples of structural geometries obtained
with different slack coefficients. It can be observed that the number of loose
ropes, which corresponds to the number of structural elements of varying
lengths, increases as the slack coefficient increases. Figure 6 depicts this
trend, revealing that the progression is not monotonically increasing and
that there are preferred configurations with a smaller percentage of different
elements.

This section effectively demonstrates the potential of i-MRA through
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‘ A Constrained nodes ® Free nodes —Ropes‘

Figure 18: Base mesh symmetrical structure with non-canonical geometric plan and open-

ing in the center.

the analysis of the geometry obtained with a slack coefficient of p = 1.20, as
shown in Figure 20a. The analysis reveals that over 3.5% of the structural el-
ements are shorter than the target length. However, since the entire structure
can be completed using only 11 different types of components, the basic MRA
is deemed highly efficient. By incorporating structural symmetries and regu-
lar initial meshes, the number of required element types can be significantly
reduced. Figure 20 illustrates the structural configurations obtained in the
successive steps of the i-MRA application. In particular, Figure 20a depicts
the application of MO-MRA with two orders of structural elements. This
configuration is obtained by setting target lengths L,y = (1.44m;1.35m),
corresponding to slack coefficients p = (1.20;1.13). This initial step re-
duces the required types of elements from 11 to 10. Figure 20b shows
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(a) p=1.06

(b) p=1.12

(c) p=1.28

Figure 19: MRA application on symmetrical structure with a non-canonical geometric
plan and opening in the center, for different slack coefficients: (a) p = 1.06, (b) p = 1.12,

(c) p=1.28. 11



617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

the next step, which utilizes MO-MRA with three distinct target lengths,
Lyope = (1.44m;1.35m; 1.30m), corresponding to p = (1.20;1.13;1.08). As a
result, a geometry is produced that can be constructed using only 5 different
types of pieces, further reducing the required element typologies from 10 to
5. Finally, the RN-MRA is applied to the system in Figure 20b, taking into
consideration that the loose ropes are only slightly shorter than the target
lengths. This results in the geometry depicted in Figure 20c¢, which can be
constructed using only 3 types of structural elements.

The changes in the distribution of element lengths for the distinct case
studies in Figures 19 and 20 are depicted in Figures 21, 22, and 23. In
particular, in Figure 21, the histograms illustrate the distribution of lengths
after the application of the basic MRA. In addition, the reduction in element
typologies resulting from the application of MO-MRA is evident in the distri-
butions depicted in Figure 22. Finally, in Figure 21, the lengths distribution
for the final configuration obtained through the complete i-MRA application
is presented.

The third example highlights the significant benefits of using i-MRA on
complex-shaped structures by simplifying the construction process manage-
ment. By adopting this approach, the number of structural element classes
that need to be managed on the construction site can be reduced from a
maximum of 11 different types of components to just 3. Minor adjustments
are made to the structural shape obtained with the basic MRA to achieve
this reduction. The final geometry of the structure exhibits regularity and
consistency with shapes determined using only form-finding techniques. This

is crucial as it allows the structure to avoid significant deviations from the
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(a) MRA p=1.20 (b) MO-MRA p = (1.20;1.13)

(¢) MO-MRA p = (1.20;1.13;1.08) (d) Complete i-MRA p = (1.20;1.13;1.08)

Figure 20: i-MRA application on symmetrical structure with a non-canonical geometric

plan and opening in the center.
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(a) p=1.06

(b) p=1.12
(c) p=1.20
(d) p=1.28

Figure 21: Application 3: Structural element lengths distribution applying the MRA.
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(a) MO-MRA p = (1.20;1.13)

(b) MO-MRA p = (1.20;1.13; 1.08)

Figure 22: Application 3: Structural element lengths distribution applying the MO-MRA.

.P1 .PQ P3

Figure 23: Application 3: Structural element lengths distribution applying the complete
i-MRA.
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funicular shape, which represents the optimal shape from a structural point
of view.

The structural analyses presented in Figure 24 demonstrate that the ge-
ometries produced by basic MRA (on the left) and i-MRA (on the right) are
very similar in terms of axial force (top), bending moment (middle), and Von
Mises stress (bottom). This indicates that the deviations from the funicular
shape obtained with i-MRA are minimal. In this case, the use of i-MRA
results in a reduction of the structural components by five times, while the

static behavior of the structure remains virtually unchanged.
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Figure 24: Structural analysis performed on the structures obtained by applying basic

MRA (left) and i-MRA (right) on the application example in Section 3.3. Comparison

in terms of axial force [kN] (top), bending moment [kNm]| (middle) and Von Mises stress

[kPa] (bottom).
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3.4. Application 4: Free-form geometry

The final application example aims to evaluate the effectiveness of the
proposed approach in a highly general scenario. The method is applied by
considering a base plan that is defined by a free-form curve, and the mesh
is generated automatically using parametric design software. The analysis
focuses on two types of meshes: the quadrangular mesh and the mesh formed
by hexagonal and pentagonal elements. The meshes are generated with the
goal of covering the reference surface as smoothly as possible. In this partic-
ular example, the basic mesh’s constituent parts result in various sizes and
shapes due to the surface’s irregular layout. Consequently, this is the most
complex application of MRA, as the proposed objective is to obtain equal
structural elements from a geometry composed of different elements.

Both meshes presented in this section are made up of edges with an
average length of about 1.50m. However, the elements that make up the
quadrangular mesh in Figure 25a range in length from a minimum of about
0.80m to a maximum of about 2.30m, resulting in a considerable degree of
variability in the starting elements.

In this example, each rope has its unique slack coefficient since the defi-
nition of the slack coefficient p is based on the initial distance between nodes
(Equation 23) and takes into account that this distance varies for each pair
of connected nodes. This implies that the coefficient is depicted as a vector
with a length equal to the total number of ropes. To offer a comprehensive
measure, pq.g is defined as the average of all the slack coefficients within
the vector. Therefore, the definition of p,.g is reported in the following

expression:
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‘ A Constrained nodes ® Free nodes —Ropes‘

Figure 25: Different base mesh for free-form structure

Z?:Nipes (p'A) (23>

Pavg =
Nropes

The structural configuration obtained using the basic MRA with a pg., =
1.20 for the quadrangular mesh case (Figure 25a) is shown in Figures 26a
and 26¢. In this case, red is used to indicate structural elements whose final
length deviates from the target length of L., = 1.78m (loose ropes). These
elements constitute more than 13% of the 750 structural components that
form the gridshell due to the basic geometry irregularities. As a result, more
than 100 different structural elements are different from the target one in
the actual structure. Although this may be manageable on the construction
site, it can be challenging for generic and complex structural forms, mak-
ing construction phase management more difficult than observed in previous
examples.

The distribution of lengths for the structural elements in this case study is
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depicted in Figure 27. The structure is characterized by 44 different element
typologies, highlighting the variability of element types in this specific case
study.

However, the structural configuration obtained by applying the i-MRA
presented in this paper is shown in Figures 260 and 26d. The improvement
achieved in this scenario is significant. The technique allowed for the calcula-
tion of a structural geometry that can be realized by employing only 6 struc-
tural component types of length L,,, = [1.78;1.58;1.45;1.35;1.25;1.15]m.
Figure 28 represents the distribution of structural elements among the 6 tar-
get lengths. This result is impressive and demonstrates how the techniques
presented in Section 2 can substantially reduce construction complexity.

The results of the structural analyses presented in Figure 4 indicate that
the changes in structural geometry achieved through i-MRA do not cause a
significant increase in stresses. The structure calculated with i-MRA (right)
experiences similar values of axial force and bending moment compared to
the basic form-finding geometry (left). The application of i-MRA resulted in
a decrease in the 6. Despite the geometric changes introduced, the imposed
Von Mises stresses increased by less than 0.7 percent, which is a negligible
increase. Moreover, the construction complexity of the work, as defined by
the different types of structural elements used, was reduced by almost 10
times.

Finally, Figure 25b shows an interesting case of mesh composed of alter-
nating hexagonal and pentagonal elements. This type of mesh is commonly
used in geodesic dome design [45, 46, 47]. The advantage of this pattern

lies in its ability to cover curved regular surfaces with geometrically regu-
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(a) MRA planimetric view (b) i-MRA planimetric view

(¢c) MRA 3D view (d) i-MRA 3D view

Figure 26: Comparison between MRA and i-MRA on a free-form structure with quadran-

gular mesh.
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Figure 27: Application 4: Structural element lengths distribution applying the MRA.

Figure 28: Application 4: Structural element lengths distribution applying the i-MRA.
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(¢) MRA: |M|nqp = 2.76kNm (d) i-MRA: | M|neq = 2.79kNm

(e) MRA: |0V M|, .. = 21.53kPa (f) i-MRA: |0V M|, 00 = 21.67kPa

Figure 29: Structural analysis performed on the structures obtained by applying basic
MRA (left) and i-MRA (right) on the application example with quadrangular mesh in
Section 3.4. Comparison in terms of axial force [kN] (top), bending moment [kNm] (mid-

dle) and Von Mises stress [kPa] (bottom). 53
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Figure 30: MRA application on a free-form structure with hexagonal mesh and p = 1.10.

lar planar elements. In fact, spherical domes are often designed using this
pattern.

In the presented example, the benefit of adopting this particular mesh
is related to the fact that each node is connected to a maximum of three
adjacent nodes. As a result, each node is constrained by a maximum of
three ropes, and the three degrees of freedom related to spatial translations
are tied by three ropes. This less restrictive system can evolve towards an
equilibrium configuration in which all the ropes composing the entire network
are tense. The direct outcome is that the geometry obtained by applying the
basic MRA is very shallow and consists of a single type of structural element,

as shown in Figure 30.
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4. Conclusions

This paper presents a form-finding method that is specifically designed for
gridshell structures. The method builds upon the Multi-body Rope Approach
(MRA) developed by [29]. Once a load condition is defined, the basic MRA
allows for the definition of the structural geometry that is characterized by
the smaller eccentricity of applied compression forces. This helps to reduce
bending moments and applied stress. The structure is modeled as a network
of masses that are connected by loose ropes, and the solution of the dynamics
of the system, subject to a specific load condition, allows the definition of a
final equilibrium configuration that represents the structural geometry with
the lowest bending moment.

To further minimize the complexity of structural construction manage-
ment and reduce computational effort, two improvement techniques are pro-
posed for the basic MRA. The first technique involves defining groups of
structural elements with identical lengths, which helps to minimize the types
of structural elements required for constructing the calculated structures.
The second technique involves applying a repulsive force field to the dynamic
model, which allows for tiny adjustments of the geometry to limit the num-
ber of structural components that do not fit into the previously established
groups. The combination of these two techniques is referred to as i-MRA.

The effectiveness of the proposed method was tested in four applica-
tion examples of increasing complexity. The results showed that the i-MRA
method leads to a significant reduction in the number of structural com-
ponents required, especially as the geometric complexity of the structure

increases.
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The results of the structural analyses indicate that i-MRA induced changes
on funicular structures calculated with basic MRA do not have significant
impacts on their static behaviour. The increases observed in terms of inter-
nal actions and stress were less than 1 % for almost all of the cases studied.
Consequently, reducing the number of components analyzed has no adverse
consequences from a structural perspective. However, it has important im-
plications such as reducing production costs, encouraging mass production,
and lowering expenses related to construction management.

The studied examples also demonstrated that the base mesh has no dis-
cernible influence on the law connecting the slack coefficient to the structural
height, which remains consistent in its qualitative trend.

However, the research also revealed that the initial mesh has a signif-
icant impact on the final structural geometry. Thus, the selection of the
basic mesh type is crucial. The research presented in this paper provides
a foundation for further investigations on the subject, with potential future
developments including an analysis of how the introduced methods may af-
fect structural performance. Specifically, future research could investigate
how the introduced geometric variations may impact the instability of the
analyzed structures. Such an analysis could prove beneficial to both science
and design practice.

Moreover, the proposed approach could be introduced into a structural
optimization procedure, which could identify the optimal parameters for gen-
erating the most effective structural shape while minimizing the costs asso-
ciated with the projected structure. Finally, exploring and optimizing the

optimal shapes for the panels and nodes that constitute the structure of the
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gridshell could also represent an interesting research topic.

Indeed, while the methods presented in this paper can be helpful in
achieving more efficient and cost-effective structures, the role of the designer
remains critical. The designer’s knowledge and experience are essential in
making informed decisions and balancing the trade-offs between structural
performance, aesthetic appeal, and cost-effectiveness. The proposed methods
should be seen as tools that can support the designer in the decision-making
process, rather than a substitute for their expertise. It is through the col-
laboration between the designer and the computational tools that the most

optimal and effective design solutions can be achieved.
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