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Abstract. Due to their ability to provide broad, lightweight roofs with
slim main structural elements, grid-shell roofing systems are becoming
more and more common in contemporary engineering and design. How-
ever, their widespread and extensive use outside of high-end projects
or super architecture has been constrained by their complex and ex-
pensive fabrication. In order to solve this, it has been demonstrated
that the Multi-body Rope Approach (MRA) is successful in calculat-
ing structurally efficient geometries that can decrease internal stresses,
which are closely related to the structural shape of gridshells. Different
MRA-improving strategies are put forth in this paper: The number of
various structural components needed to build a gridshell can be sig-
nificantly reduced thanks to Multiple Order MRA (MO-MRA) and Re-
pulsive Nodes MRA (RN-MRA) strategy. Due to mass production, the
suggested methodology offers lower manufacturing costs as well as im-
proved building stage management. Finally, by a Matlab code and the
new approaches were tested in various case-study structures.

Keywords: Multi-body Rope Approach - Multiple Order - Grid-shell
- Form-finding - Light-weight Structures

1 Introduction

There has been an increase in demand in recent years for architectural struc-
tures that provide greater internal distribution flexibility. Double-curved shells
and domes have emerged as a viable option for achieving both column-free ar-
eas and complicated designs[1]. Free-form shell buildings, often referred to as
curved shell structures, have drawn a lot of interest because of their distinc-
tive and attractive features [2]. Without the need of beams, columns, or walls,
shells are thin, self-supporting structures with a single or double curve that
can cover large spaces. The membranous behavior, which demonstrates superior
structural efficiency, is the preferred. To avoid local (buckling) and non-local
(snap-through) instability issues, adequate bending stiffness must be given if

* Supported by organization x.
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compressive membrane states are present. A three-dimensional grid shell is con-
stituted of straight elements connected by nodes makes up a gridshell, a type
of free-form shell construction. Gridshells thus provide a variety of structural
and aesthetically pleasing advantages. They are compact, self-supporting struc-
tures that can span wide areas with the least amount of material. [3,4]. In the
1960s and 70s [5,6] innovative new methods for gridshell design were carried
out. They produced intricate, double-curved structures using computer model-
ing and lightweight materials. Timber and other materials were frequently used
to construct early gridshells [7] to create vast open spaces like exhibition halls,
sports arenas etc. [8]. 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
structures, is ineffective. In this scenario, the search for a suitable structural
shape is critical, both for design aesthetics and for the structural efficiency. 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 resist-
ing elements [9]. Numerous form-finding strategies, including both physical and
computational modeling techniques, have been developed over time to aid in
the design of these complex structures. [10]. Among the most popular form-
finding methods are the force density method [11], thrust network analysis [12],
dynamic relaxation method [13], particle-spring system [14], multi-body rope ap-
proach [15], and others [16-18]. Innovating shapes and free-form structures with
structural optimization is the newest trend in structural design research [19-
23]. The improved Multi-body Rope Approach (i-MRA), a novel advancement
of the form-finding technique created exclusively for gridshells, is presented in
this study. The Multi-body Rope Approach (i-MRA) is built upon by the MRA
technique [15]. A net of masses connected by flexible ropes or cables serves as
the MRA representation of a structure. As a result, the structure’s geometry can
be defined by reducing bending moments and stresses. [24]. The MRA method
minimizes the eccentricity of applied compression forces to design the structural
geometry [25]. By including strategies that optimize the structural geometry for
both structural and automation of the construction process, the i-MRA method
outperforms MRA. The i-MRA has two main advancements: (i) Multiple Orders
MRA (MO-MRA): reduces the variety of structural component types; (ii) Re-
pulsive Nodes MRA (RN-MRA): creates a repulsive force field for the dynamic
model. Different examples of increasing complexity were used to demonstrate the
i-MRA method’s ability to produce the best structural geometry. A structural
analysis of the structures obtained by basic MRA and i-MRA was conducted
in order to confirm that the geometries obtained by the new method proposed
did not have any significant structural disadvantages (in terms of internal so-
licitations) compared to those calculated by pure form-finding methods. Finite
element analyses were carried out for this purpose utilizing the SOFiSTiK [26].
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2 Methods

2.1 The Basic MRA Method

The Multibody Rope Approach (MRA), developed by [15], is an original tech-
nique for figuring out the shape of gridshell structures, even for extremely com-
plicated geometries and under any forming load. The D’Alembert’s principle
is used in MRA to iteratively determine the final equilibrium configuration for
each node using a dynamic model of falling bodies in the space and time do-
mains. An inverted image of the hanging net is the structure’s final equilibrium
configuration (also known as the funicular configuration). MRA makes the same
assumption as particle-spring models on the localization of the nodes’ self-weight
and rope loads. In contrast to these strategies, MRA models the hanging net-
work using ropes. Unlike the spring-particle (SP) and dynamic relaxation (DR)
approaches, MRA’s system of forces acting on individual nodes is separate from
those in those techniques. No force is exerted if the distance between the ends is
less than the rope’s fixed length (I,.ope). The forces F' exerted on the end nodes
can be represented as follows by defining [ as the distance between the two ends
of the rope and k as its axial stiffness:

Frope =0 if 1 <lrope (1)

Frope = k(l - lrope) if | > lrope

The MRA technique generally assumes very high stiffness levels in order to
reduce axial deformations. Consider a generic node i in the nodes and ropes
structural network that has a mass of m;. The node ¢ is roped together with n;
other nodes. The equilibrium equation looks like this if node i is subject to an
external load p;:

éi:@+zﬁrope,ji+éj+ﬁi1120 (2)
=1

In this equation, the vector Ri represents the net force acting on node i,
wwhich is the result of the addition of various forces, such as the applied load p;
and the forces transmitted by the ropes holding the node in place. ﬁrope, ji, the
inertial force F"f I and the damping force F;I . The magnitude of the inertial force
F"f T can be calculated as the product of the node’s mass m; and the magnitude of
the acceleration vector @;, with the direction of the inertial force being opposite
to the direction of node acceleration. Expressing the position of the generic node
ias i; = (;,Yi, 2;), the velocity and the acceleration can be obtained by deriving
the position in time, as in the relations (3).

Uy =t = (Ti, Yir 20) @i = Ui = (L4, §i, Zi) (3)

Finally, the equilibrium equation can be projected in the three space dimen-
sions, obtaining the system of equation (4).
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T;:
The system may be resolved taking into account a time increment At. By
knowing the position, velocity, and acceleration of each node at time ¢, these

quantities can be determined at the next instant, t + At. A coefficient C3 can is
defined as a function of the known node positions at time ¢*.

Cs =p; + i {/f . ﬁrope,ji} (5)

=1

The coefficient C3 depends solely on the position of the nodes at time t*, and
it defines the vector Fiqpe.

ﬁ+£ﬁ:03 (6)
m

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

can be defined:
Ik
Wn = m (7)

‘ (8)

k is the stiffness, m is the mass, and ¢ 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 as quickly as possible without
oscillating.

C_

2w, m

Ui+ 2w il = Cs (9)

By adding the specific solution to the corresponding homogeneous differential
equation, which is denoted by the following expression:

Cs
ii(t) = Cre™ ¢ + C t 10
(1) 1 + C2 + 2 C (10)
The coefficients C; and C5 can be calculated using the system’s initial con-
ditions. In this situation, they can be derived by using the nodes’ locations and
velocities at the previous instant t — At, as shown in the following equations:

3 2w, (s aty — Cs
(2wn()?

C = (11)
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(2wnC)27j(t—At) + QWnCﬁ(t—At) -C3

The coefficients Cy, Cs, and C3 in the solution rely on the nodes’ locations,
speeds, and accelerations at the preceding time instant.

Ll — U Ay
Uy = —————— 13
= (13
Finally, the acceleration u; can be calculated by subtracting the two velocities

and multiplying the result by the time interval At.

A U — Ut—At

The suggested technique is made to determine the final configuration of a
gridshell from its original mesh, which symbolizes the net’s starting state. Un-
til an equilibrium configuration is reached that represents the best structural
geometry in relation to the applied force field p, this process is repeated. The
structural shape is a function of 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 the following equation.

lrope
P T - 50) 15)
Structural elements are divided into three groups according to their length:
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 l,pe
are referred to as target elements.

2.2 Shape and Constructability the Improved-MRA

To cut down on the variety of structural components obtained by MRA, the
Multiple Order based on the MRA method is used, the new target in to reduce
the number of loose elements in the final configuration. This is accomplished
without materially changing the structural geometry by introducing additional
families of shorter-length ropes that are positioned in the areas where the loose
parts are found. The gridshell geometry is first calculated using traditional MRA
with a goal length of l,,pe,1. A new rope family with a shorter length will be
created after the final equilibrium arrangement is achieved (Lrope,2 < lrope,1) and
the geometric configuration is iteratively calculated.

Frope =0 it 1< lrope,2
Frope = k(l - lrope,2) if lrope,2 <l S (l'rope,l - lrope,Q) + lrope,2 (16)
Frope =0 if ’Y(lrope,l - lrope,2) + lrope,2 << lrope,l

Frope = k(l - lrope,l) if 1 > lrope,l
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The v coefficient can be modulated to obtain different geometric configura-
tions by preferring ropes of length l,ope,1 O lyope,2, and it was found that setting
v = % yields sufficient results. It is possible to introduce new families of elements
and set a target length of l,ope.3 < lrope,2 for any remaining loose elements. At
the same time, 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 con-
figuration obtained through the use of MRA. This force field ¢ is introduced
after the final equilibrium configuration is established using the MRA, which
requires a new iterative computation process to determine the new equilibrium
condition.

n;
Rz‘Zﬁi-l-q_%-l-Z{k'Frope,ji}—Ci'ﬁi—mi'aizo (17)
j=1

Equation (17) introduces the repulsive force field ¢ to each node i connected
to slack ropes. This force field ¢'is linearly proportional to the difference between
the target length [, and the distance between nodes connected by a slack rope
l;;. To calculate the repulsive force field ¢, Equation (18) can be used, where k),
is the proportionality constant that connects the modulus of the repulsive force

to the distance between nodes 7 and j.

q; = *krep(lrope - lzg) (18)

The RN-MRA method has been observed to converge faster to an equilibrium
configuration when a smaller value of k., is chosen relative to k. However,
the designer has the flexibility to choose the value of k., based on the design
situation. 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 [ ope.

3 Application and results

This section presents two main applications of the suggested technique to struc-
tural geometries with increasing levels of complexity. The comparison demon-
strates that the i-MRA can lower gridshell structure realization costs while main-
taining the structurally ideal solution obtained by a pure form-finding method
(basic MRA). Overall, it is demonstrated that the suggested approach is success-
ful in delivering structural solutions that are both practical and simple to build.
The first application regards the structural geometry of a square gridshell 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. The
limitations are depicted as triangular points, and the construction is intended
to be confined exclusively in the corners of the square plan. The second kind of
application example seeks to assess the performance of the suggested strategy
in a very broad scenario. When using the method, a base plan with a free-form
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curve as its definition is taken into account, and a parametric design tool is used
to generate the mesh automatically. The quadrangular mesh and the mesh made
up of hexagonal and pentagonal elements are the two types of meshes that are
the subject of the analysis. As a result, this is the most complex application of
MRA because the suggested goal is to produce equal structural pieces from a
geometry made up of various elements. The edges in both of the meshes shown
in this section have an average length of roughly 1.50 meters.

10
5 ym

(¢) p=1.20 (d) p=1.28

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

Fig. 1: MRA application on corner constrained square-plan structure for different
slack coefficients p.

Nevertheless, the components of the quadrangular mesh in Figure 2a range in
length from approximately 0.80 m to 2.30 m, resulting in a significant amount
of variety in the starting pieces. When structural elements’ final lengths de-
part from the desired length, red is used to show them L., = 1.78m (loose
ropes). Due to the anomalies in the basic geometry, these components make
up more than 13% of the 750 structural elements that make up the gridshell.
To build the real construction, more than 100 distinct types of structural com-
ponents are needed. Construction phase management may be more problem-
atic than in the preceding examples, despite the fact that this may be doable
on the construction site for simple and complicated structural shapes. How-
ever, Figures illustrate the structural configuration attained by utilizing the
i-MRA described in this paper 2b and 2d. This example shows a substantial
improvement. The method allowed for the calculation of a structural geometry
that only required the use of 7 different lengths for structural component types
Lyope = [1.78;1.58;1.45;1.35;1.25; 1.15]m. This amazing result shows how the
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(a) MRA planimetric(b) i-MRA planimet-
view ric view

(c) MRA 3D view (d) i-MRA 3D view
A Constrained nodes —— Loose ropes ——Tensioned ropes Py Tensioned ropes Py ——Tensioned ropes Pg
® Free nodes —— Tensioned ropes P4 Tensioned ropes Ps ——Tensioned ropes Ps Tensioned ropes Py

Fig.2: Comparison between MRA and i-MRA on a free-form structure with
quadrangular mesh.

methods described in Section 2 can significantly lessen building complexity. The
results of the structural evaluations shown in the Figures show that the modifi-
cations to the structural geometry made possible by i-MRA did not significantly
raise stresses. With the introduction of i-MRA, the number of structural ele-
ments used dropped from over 100 to just 6. The imposed Von Mises stresses
increased by less than 0.7 percent, which is a minimal rise, despite the geo-
metric alterations made. Additionally, the work’s construction complexity—as
measured by the various structural elements used—was reduced by nearly 20
times.

4 Conclusions

In this paper, a form-finding technique for gridshell structures is presented. The
approach expands on the Multi-body Rope Approach (MRA) created by [15].
Different improvement strategies are suggested for the fundamental MRA in
order to further limit the complexity of structural construction management
and lessen computing effort. The first method reduces the variety of structural
elements needed to build the estimated structures by designating groups of struc-
tural parts with identical lengths. In the second method, a repulsive force field
is applied to the dynamic model, allowing for minute geometry tweaks to reduce
the amount of structural components that do not fall into the predefined groups.
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a C o maz = 21.53kPa i- : o maz = 21.67kPa
(a) MRA: |o¥M] kPa (b) i-MRA: |0V kP

Fig. 3: Structural analysis performed on the structures obtained by applying ba-
sic MRA (left) and i-MRA (right) on the application example with quadrangular
mesh. Comparison in terms of Von Mises stress [kPal.

Application examples with varying degrees of complexity were used to test the
efficiency of the suggested strategy. The findings demonstrated that, particu-
larly as the geometric complexity of the structure rises, the i-MRA technique
significantly lowers the number of structural components needed.
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