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Abstract. Grid-shell structures are popular in roofing for their aes-
thetic appeal and structural advantages, enabling the construction of
lightweight, large roofs using slender elements. However, their widespread
use is limited by the complexities involved in their construction. This pa-
per presents an innovative solution to address the challenges associated
with grid-shell construction. The proposed approach combines the en-
hanced Multibody Rope Approach (i-MRA) form-finding method with
metaheuristic optimization algorithms to identify optimal design solu-
tions from both structural and constructional perspectives. To facilitate
practical implementation, a parametric code was developed using MAT-
LAB, which was later converted to C# for integration with the paramet-
ric design software ”Grasshopper”. A multi-objective optimization prob-
lem was formulated to minimize the use of different structural elements,
reduce material consumption, account for production waste, and ensure
compliance with structural verification requirements. The optimization
process yielded a Pareto front solution that enables the conceptual design
of grid-shell structures. This approach provides an efficient and innova-
tive solution to the complex construction of grid-shell structures, which
could potentially pave the way for their widespread use in the future.

Keywords: Structural optimization - Form-finding - Pareto front -
Gridshell - Multi-objective optimization.

1 Introduction

Structural optimization plays a crucial role in achieving efficient and cost-effective
designs in various fields of engineering [1-3]. By utilizing optimization techniques
[4,5], engineers can enhance the performance of structures while minimizing
material usage and construction costs [6]. In the realm of gridshell structures,
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which offer unique architectural possibilities, structural optimization becomes
even more vital to strike a balance between form, function, ease of construc-
tion management and resource utilization [7]. In this paper, a comprehensive
approach for the optimization of gridshell structures is presented. The method
is specifically focused on the combination of form-finding techniques with meta-
heuristic multi-objective optimization methods to identify a range of optimal
solutions to guide the designer in the preliminary design phase. The proposed
optimization methodology combines the improved Multi-body Rope Approach
(i-MRA) method for form-finding of gridshell [8] with a multi-objective opti-
mization genetic algorithm. The i-MRA method enables the determination of
structurally optimal gridshell shapes by considering the given loading condi-
tions, while the multi-objective optimization algorithm minimizes material usage
while reducing the construction complexity by minimizing the number of types
of elements to be handled on the construction site. The entire process and anal-
yses are conducted using a self-made code in MATLAB [9], providing a versatile
computational framework for optimization and analysis. To facilitate the prac-
tical application of the i-MRA form-finding method, a software component has
been developed to integrate it within parametric design software Grasshopper,
a tool that runs in Rhinoceros3D environment [10]. This component enhances
accessibility by allowing structural designers and architects to utilize the i-MRA
method in the design of gridshell structures. The primary objectives of this
study are two-fold: first, to simplify the construction management of gridshell
structures by reducing the number of different structural components required
for their construction; and second, to minimize material consumption through
the optimization process. Furthermore, the Cutting Stock Problem is incorpo-
rated to optimize the cutting pattern and minimize material waste during the
production of structural elements. By achieving these objectives, the proposed
approach aims to streamline the construction process, reduce costs, and promote
sustainable practices in gridshell design. To demonstrate the effectiveness of the
methodology, two case studies are presented. The first case study focuses on a
square gridshell subjected to self-weight and various nodal forces. Optimization
results are presented in terms of the number of different structural element types
and the quantity of material used. The second case study involves the optimiza-
tion of a more complex gridshell. Results are compared for different loading
conditions, considering the number of different element typologies and both net
material consumption and waste.

2 The MRA for large Grid Shell: The base assumption
and the improved version

The Multibody Rope Approach (MRA) [11, 12] is a cutting-edge method for de-
signing gridshell structures. MRA is specifically tailored for gridshell construc-
tions that utilize free-forms and standardized building elements. By employing
a dynamic model of falling bodies in space and time, MRA iteratively calculates
the final equilibrium configuration for each node using D’Alembert’s principle.
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In the MRA the structural elements are modelled as ropes that connect the
masses in the nodes. Specifically, the rope element exerts forces on the masses
so that they do not move apart beyond the prescribed distance. The aim is to
generate a geometry that is both structurally efficient and composed a reduced
number of structural element typologies. The final equilibrium configuration of
the structure is an inverted representation of the hanging net, resulting in a
visually striking design.

In order to achieve an efficient construction of a gridshell, it is important
to consider the number of required beam elements and their respective lengths.
Thus, it is essential to determine the number of structural elements in the final
configuration that possess a length equivalent to the target length [,.,c. In prac-
tical applications, the complexity of gridshell assembly increases proportionally
with the number of distinct elements needed for construction. Therefore, it is
crucial to classify structural elements into three categories based on their length.
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Fig. 1: Grasshopper 1-MRXcomponent

The impovred Multibody Rope Approach (i-MRA) method enhances the
MRA approach by incorporating optimization techniques that facilitate the au-
tomation of the construction process. There are three main improvements to
i-MRA:

— Multiple Orders MRA (MO-MRA) involves grouping together structural el-
ements that share the same length, which reduces the number of distinct
structural components required for construction.

— Repulsive Nodes MRA (RN-MRA) applies a repulsive force field to the dy-
namic model, allowing for minor geometry adjustments to further minimize
the number of structural components needed.

— Variable time interval adjusts the time interval used in the dynamical system
resolution, which reduces the number of computational iterations required
to calculate the final equilibrium configuration, thus decreasing the compu-
tational effort involved.

The i-MRA method has been developed with the aim of optimizing the struc-
tural geometry of gridshells to streamline the construction process. To make the
method easily accessible to designers, an original MATLAB [9] code was devel-
oped for its implementation. However, recognizing the need for a more user-
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friendly platform, the code was translated into a Grasshopper component [10],
as depicted in Figure 1.

3 The Optimization Strategy: The Multy-subset
Approach

In this paper, the i-MRA method is combined with a multi-objective genetic
algorithm (MOGA) using the MATLAB [9] function "gamultiobj”. The MOGA
operates by creating a population of potential solutions and iteratively improving
them over generations [13].

The objective functions defined in this work aim to minimize the number of
different structural element types required for construction and the quantity of
structural material needed to build the gridshell. The use of material is defined
also considering the wastes due to cutting the industrially produced logs of 12 m
in length. This approach allows for the creation of gridshells that are structurally
optimised and efficient in terms of material use and construction management.

Figure 2 illustrates the workflow of the optimization process. In this pro-
cess, the design variables are the parameters governing the form-finding process.
Initially, a basic grid is employed, and the i-MRA is utilized to determine the
structurally efficient shape under a given loading condition.

Subsequently, the Cutting Stock Problem (CSP) [14, 15] is employed to calcu-
late the minimum number of 12m-long billets required to obtain all the elements
necessary for constructing the structure. This approach is adopted to account
for the industrial production process of steel beams, which results in production
waste from cutting the billets. The optimal cutting pattern can be determined
by employing the algorithm to solve the CSP, minimizing waste during the pro-
duction of structural elements.

Then, a finite element model is created based on the obtained structural
shape, employing CHS-type (Circular Hollow Section) profiles made of S355
steel. Finite element analyses are conducted using a proprietary MATLAB code
[16,17] to determine nodal displacements and stress characteristics acting on in-
dividual beams. These results are then used to verify if the generated structure
meets the criteria for limit displacement, yield, and Eulerian buckling, as in the
equation 1.

5mam < 6lim |Jmam| < fy Ng;glwesswn < NBuckling (1)

Where 0,4, is the maximum nodal displacement experienced by the structure
and d;;,, is the limit fixed to be ﬁ of the maximum structural dimension without
external constraints. |04, is the absolute maximum stress in the structure and
should be less than f, which represents the yielding stress of the employed steel.
Finally, Nﬁg;ﬂp"essim is the maximum compressive axial force and Npyckiing is
the critical eulerian buckling axial force.

The cross-section dimensions are increased iteratively until a CHS profile
that enables the structure to pass the verifications is attained. This iterative
process enables the determination of the cross-sectional area of the structural
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elements, which, when multiplied by the number of billets resulting from the
CSP solution, determines the actual amount of material required for construct-
ing the structure. Consequently, the fitness function evaluated by the MOGA
considers two components: the number of different structural element types n4ype
of varying lengths and the amount of material used W. The process is iterated
until a set of solutions is obtained, defining a Pareto front where each point
represents an optimal structural geometry. This allows the designer to utilize
the resulting curve to select the most suitable structure for the specific project,
taking into consideration architectural, structural, economic, and management
requirements.

4 Methods and testing: Regular and Complex shape Grid
shells
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Fig. 3: Base mesh for the case studies

CcsP No CSP
Ntgpe|50 KN 10 kKN 5 kN 1 kN |50 kN 10 kN 5 kN 1 kN
1 | 7131 1432 1019 673 | 6641 1333 949 627
2 | 3905 1019 [/ / |3773 917 )
3 / /956 549 | / 963 857 505
lvar| 4 [ 3330 / 900 / / /823 /
5 | 2683 / /) | 2698 /
7 | 2659 / /o / / /)
9 | 2589 / [/ / / [/
1 | 7131 1432 1019 673 | 6641 1333 949 627
2 var| 2 | 2552 1019 872 515 | 2492 970 820 504
3 / / /) /963 0 504

Table 1: First case study optimization results in terms of use of material [kg].

In this section, two examples of the application of the optimization process
to form-finding are presented. The first case pertains to a square plan gridshell
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with a side length of 15m, as reported in Figure 3(a). Figure 4 displays the op-
timization results for this structure subjected to self-weight and various nodal
loads. Specifically, the results depict structures loaded at nodes with respective
loads of 1kN, 5kN, and 10kN.

x103 x103
e e
= =
S S
g1 g
5 5
2 2
o (<]
205 So05
B B
[5) o}
= =
=0 =9
Struclural element types ] Slructural element lypes 4]
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Structural element types [/] Structural element types [/]
(c) 2 Design variables with CSP (d) 2 Design variables without CSP
B 10kN EE5KN E91kN

Fig. 4: First case study optimization results.

The reported results correspond to optimizations that were conducted con-
sidering waste using the CSP (Figures 4(a) and (c)) or without considering
waste, as in the cases of Figures 4(b) and (d). Finally, the optimization was per-
formed considering either one (Figures 4(a) and (b)) or two (Figures 4(c) and
(d)) design variables represented by the slack coefficients assigned to the ropes
for form-finding using the i-MRA method.

x10° x10°
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<

o
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o

w
w
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(a) CSP (b) No CSP

o

Fig. 5: 1% case study Pareto front solutions considering a nodal overload of 50kN.

The results are also presented in Table 1, which includes the case with a
nodal load of 50kN. It can be observed that the number of different structural
element types is inversely proportional to the amount of material required for
constructing the structure. Consequently, a range of optimal structural shapes
that form a Pareto front is obtained, as depicted in Figure 5.
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(a) niype =1 m = T7.13ton (b) neype =2 m = 2.55ton

Fig. 6: Optimized structural shapes for case study 1 considering self-weight and
a nodal overload of 50kN.

Notably, the lower-profile structural configurations tend to feature thicker
structural elements due to the higher involved compression forces. However, they
can be constructed using a smaller number of different structural element types.
Conversely, the less low-profile configurations consist of structural elements of
various types but allow for the utilization of slender elements.

Figure 6 presents the two optimal configurations for the first case study, con-
sidering both self-weight and a nodal overload of 50kN.

CSP No CSP
Neype |50 kKN 10 kN 5 kN 1 kIN|50 kN 10 kN 5 kN 1 kN
3 | 56388 16797 10183 5399 | 52029 15498 9396 4903
4 | 50390 15747 8662 5399 | 46865 / / /
5 | 44670 13009 8149 4633 | 41934 / 7650 4416
1var| 7 / 12224 6851 4361 / / 6631 4189
o | / s / /| /]
| /) /] s3]

Table 2: Second case study optimization results in terms of use of material [kg].

In the second case study, the presented procedure was applied to optimize
the gridshell derived from the base plan depicted in Figure 3(b). The optimiza-
tions were conducted using a design variable with the aim of minimizing both
the number of structural elements of varying lengths and the material consump-
tion, considering both waste and net quantities. The analyses were repeated for
the same load cases as presented in the first case study, and the results are
summarized in Table 2. Additionally, Figure 7 provides visual representations of
the material quantities used, both in net terms (Figure 7(b)) and including the
waste resulting from cutting industrial billets (Figure 7(a)). It can be observed
that the increased complexity of the studied structure leads to a higher number
of different types of structural elements compared to the simpler case. Further-
more, in Figure 8, the optimal structural forms for the case loaded with a nodal
force of 50kN are depicted. Similarly to the previous case study, it is noticeable
that as the structure becomes more low-profile, thicker structural elements and
a greater amount of material are required. Conversely, as the structure becomes
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taller, the amount of used material decreases, but with a bigger number of dif-
ferent types of structural elements.

A SR 3
AT RN FEEISTLEELISIXRKN
R RS
QEORSRRRD RSRRE
SRS ST
v

(a) niype =3 m = 52.0ton (b) neype =5 m = 41.9ton
Fig. 7: Optimized structural shapes for case study 2 considering self-weight and
a nodal overload of 50kN.
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Fig. 8: Second case study optimization results.

5 Conclusion

In this study, an optimization procedure combined with the form-finding process
of gridshell structures is presented. Through the utilization of the i-MRA form-
finding method, it was possible to optimize the structural form by minimizing the
number of different types of structural elements and reducing material consump-
tion. The utilization of the CSP allowed for the determination of the optimal
cutting pattern, further minimizing waste during the production of the structural
elements. The Pareto front obtained through the MOGA highlighted the trade-
offs between different design criteria, such as structural performance, material
usage, and aesthetic considerations. This provided designers with a range of
optimal structural forms, enabling them to select the most appropriate solution
based on specific project requirements. The presented case studies demonstrated
how the optimization process could be applied to gridshell structures. The re-
sults indicated that the complexity of the structure influenced the number of
different types of structural elements and the overall material consumption. Ad-
ditionally, the relationship between structural height and material utilization
was observed, with lower-profile configurations requiring thicker structural ele-
ments but a reduced number of element types, while taller configurations allowed
for slimmer elements but involved a greater variety of element types. Finally, in
order to make the i-MRA form-finding method used in this study accessible to
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professional designers, a component for the Grasshopper [10] parametric design
environment was developed to facilitate the practical application of the proposed
approach.
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