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Abstract:

This paper presents a robust form-finding method by implementing algebraic polyhedral graphic stat-
ics to generate compression-tension combined beam structure. Compared to iterative graphic statics
modeling, the advanced algebraic method can define the inputs and constraints of complex geometries
rapidly and precisely. The previous development of the undulating beam system relies on manipulating
the Geometric Degree of Freedom (GDoF). The transforming process of GDoF is only operated in form
diagram, same force diagram is utilized for finalizing the design with the combination of both form mod-
ules. Indeed, investigating these steps from the procedural implementation is not an evident process. In
contrast, applying the algebraic method will provide a clearer direction for the user to modify the initial
design parameter without extra manual adjustment easily. Moreover, different from the existing alge-
braic method that needs non-intersected planar surfaces as the potential input to construct the cells, the
proposed method is to convert intersected geometries to convex polyhedrons that share the same planar
surface as the input. The cells will be flipped by changing the force diagram’s normal direction. The pre-
sented approach allows for a comprehensive understanding of equilibrium and constraint requirements
in form and force diagrams.
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1. Introduction

The pursuit of efficient and innovative structural designs has driven the development and exploration of
a wide range of form-finding methods. Graphic statics, a well-established technique, has consistently
proven invaluable for designers and engineers over a hundred years [1-3], offering a clear understanding
of the relationship between form and forces. The visual and intuitive nature of graphic statics has made
it particularly effective for analyzing planar systems.

As an extension of the conventional graphic statics method, 3D Graphic Statics (3DGS) explored the
possibilities of designing complex spatial structures. The method allows for the simultaneous analysis
of multiple forces acting on the structure, making it easier to consider different loading scenarios and
optimize the design accordingly [4, 5]. By understanding the force distribution and equilibrium within
the structure, designers can optimize the structural members for material efficiency, minimize weight,
and maximize structural performance.

The majority of 3DGS implementations depend on procedural techniques [6] or iterative algorithms that
use local node operations [7, 8]. Procedural methods can be time-consuming and difficult to general-
ize across various inputs, while iterative algorithms based on node operations provide a unified solver,
controlling edge lengths, vertex locations, and face areas under a single framework. However, these
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algorithms require an input angle tolerance for terminating iterations, leading to some deviation in the
output and longer runtimes for more complex geometries. Furthermore, they cannot construct reciprocal
diagrams for non-convex polyhedrons representing combined tension-compression systems, limiting the
solution space exploration.

On the other hand, algebraic formulations of reciprocal diagrams offer an alternative perspective for
implementing polyhedron-based 3DGS. These formulations provide more robust and faster numerical
processes than existing methods, enabling greater flexibility, reduced computation time, and higher ac-
curacy when manipulating reciprocal diagrams.

1.1. Related work
1.1.1. Computational implementations of 3DGS

Integrating computational methods and digital tools has expanded the scope and potential of polyhe-
dral graphic statics, enabling more efficient analysis and optimization of three-dimensional structures.
The properties of polyhedral forms can be combined with various fabrication techniques, such as 3D
printing and origami, to create spatial frame systems with diverse design features [9—11]. Moreover,
polyhedron-based 3D Graphic Statics can produce cellular solids featuring unique micro-architectures.
Current studies demonstrate that subdividing force diagrams by subdivision can change these structures
into highly efficient, low-density shellular funicular configurations [12]. These studies illustrate the
versatility and effectiveness of polyhedral graphic statics in addressing the challenges of contemporary
structural design.

1.1.2. Algebraic graphic statics

Alongside the traditional graphical approach in 2D graphic statics, researchers have explored incorporat-
ing algebraic methods, which streamline the analysis and design process for two-dimensional structures
by formulating and solving equilibrium equations. Micheletti [13] introduced the concept of algebraic
duality in reciprocal diagrams of self-stressed frameworks, which was then termed algebraic graphic
statics by Van Mele and Block [14]. This tool calculates internal force distribution using connected lines
as input and derives edge lengths by ensuring the 2D closeness of polygons. This method allows for
obtaining internal and external force magnitudes. Alic and Akesson [15] later extended this to a bi-
directional approach, enabling manipulation of both force and form diagrams and updating reciprocal
diagrams instantly, making it an effective interactive form-finding tool in 2D.

1.1.3. Algebraic 3D graphic statics

Building upon the principles of graphic statics, the methodology has been developed to incorporate three-
dimensional systems, leading to the establishment of algebraic 3D graphic statics. Hablicsek et al. [16]
developed an algebraic framework for 3D Graphic Statics, where reciprocal polyhedral diagrams are
represented by a linear system of equations ensuring planar closeness of polyhedron faces. This method
computes dual diagrams with high accuracy and allows for user input to control edge lengths, offering
flexibility in exploring the solution space [17]. However, it lacks precise control over vertex location and
edge lengths. Akbarzadeh and Hablicsek [18] proposed a quadratic formulation that can handle assigned
area and edge lengths, enabling manipulation of force diagrams with desired face areas and exploration
of various equilibrium states.

1.2. Problem statement and objectives

As previously discussed, 3DGS has demonstrated significant potential for diverse applications across
various materialization strategies. However, current implementations have yet to take full advantage
of the capabilities that 3DGS has to offer. For instance, the iterative method is limited to compressive
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Figure 1. Undulating beam structure with potential porous materialization for all the modules.

form finding, which is usually utilized for the compression-dominant structure and is computationally
demanding for intricate geometries.

While the algebraic formulation of 3DGS allows for a comprehensive exploration of the solution space,
it needs to have the same precision in controlling edge lengths in reciprocal diagrams that the iterative
method provides. This is a crucial aspect that needs to be addressed to maximize the potential of 3DGS
for practical applications.

The other challenging part of the method is to develop an efficient and robust way for form-finding to
further determine an updated force diagram and generate a corresponding form diagram that satisfies
these constraints. This process should apply to a wide range of complex three-dimensional structures,
facilitating the analysis and optimization of form and forces in spatial systems. To address the problem
stated above, the following objectives have been identified:

* Check the property of the geometric relationships that define the force groups, including global,
compression, and tension.

* Develop an algorithm that uses algebraic edge constraints to update the force diagram and generate
a corresponding form diagram that adheres to these constraints.

* Demonstrate the effectiveness and versatility of the proposed method through the case study of an
undulating beam structure that represents the compression and tension combined loading scenarios.

To tackle these issues, this paper aims to present an enhanced algebraic formulation of 3DGS that in-
corporates edge constraints. This advanced formulation offers precise control over edge lengths without
compromising the inherent advantages of flexibility and accuracy. A more detailed explanation of vertex
constraint can be found in the research of Lu et al. [19].

2. Methodology

In this section, we present the methodology of algebraic 3DGS, specifically focusing on the utilization
of edge constraints to design structures that incorporate both compression and tension nodal groups. As
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the continuation study of the previous research [20], we will demonstrate the design process through the
example of the same repeatable undulating beam structure shown in Figure 1.

In 3DGS, polyhedral reciprocal diagrams play a crucial role in representing both form and force dia-
grams. These diagrams feature a well-defined topological and geometrical hierarchy, including vertices
(v), edges (e), faces (f), and cells (¢). The unique arrangement within these diagrams ensures that each
edge shares a common vertex with its adjacent edges. The edges and faces in reciprocal diagrams exhibit
specific directions, which are essential for maintaining the structural integrity of the diagrams. The right-
hand rule is applied to achieve consistency, guiding the alignment of face normals and edge directions
[16]. This rule ensures that face orientations remain consistent within each cell and maintain cell orien-
tations throughout the diagram. As a result of this structure, neighboring faces in the reciprocal diagrams
share two versions of the same edge but with opposing directions. Similarly, adjacent cells exhibit two
versions of an identical face, each with contrasting normal directions. This detailed arrangement show-
cases the intricacies of the polyhedral reciprocal diagrams in 3DGS and their significance in both form

and force representation.
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Figure 2. Left: force diagram; Right: form diagram.

A four-applied loads example is illustrated to show the topological relationship between polyhedral dia-
grams (Figure 2). The starting diagram or the first input is called primal, I', which can either be a form
diagram or a force diagram and the reciprocal diagram is called dual, I'*. The ones of the dual are identi-
fied as a dagger symbol (7). In general, both two diagrams share a reciprocal relationship, with the primal
diagram’s elements—vertices v, edges e, faces f, and cells c—mapping to the corresponding elements
in the dual diagram—cells (c™), faces ( f%), edges (e"), and vertices (v'). This reciprocity leads to an
equal number of dual elements in both diagrams, such as the primal’s edges (e) matching the dual’s faces
(f") and the primal’s vertices (v) matching the dual’s cells (c"). Additionally, adjacency is preserved
between the corresponding elements in both diagrams and each edge (e;) in the primal is perpendicular
to its corresponding face ( fl-T) in the dual.

The force diagram’s external faces correspond to the external edges in the form diagram that represent
applied loads and reaction forces, typically depicted in green. While all elements in the force diagram
are closed, the form diagram contains open elements. External edges in the form diagram have vertices at
only one end, making them open-ended, and any faces or cells with open edges are also considered open.
In contrast, closed faces in the form diagram are deemed internal and correspond to the force diagram’s
internal edges.
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2.1. Analysis of form and force diagrams

The previous IASS paper presented an initial form generated using 2D graphic statics, which was then
manipulated geometrically to increase design freedom for constructing updated modules. Detailed force
distribution was also utilized to locate the column when merging the two units together. Figure 3 shows
the extruded version of single force diagram connecting two modules that are generated from GDoF. The
applied loads are evenly distributed at the top, and the supports are illustrated to identify the merging
locations.

merging location

module 2

force Jorm

Figure 3. Left: single force diagram of two modules combined; Right: its corresponding form diagram shows the
undulation of the geometry and the merging location.

Considering the current limitations of the algebraic graphic statics method, which does not allow inter-
sected faces as input parameters, it is essential to analyze the geometric relationship of the initial force
diagram. This analysis enables designers to gain a deeper understanding of structural behavior, paving
the way for the development of improved methods and approaches that address these limitations. The key
idea focuses on transforming intersected cells into non-intersected convex cells. Investigating this trans-
formation process can help uncover potential strategies to overcome the existing constraints. Importantly,
the geometric data is contained within the individual elements. The original relationship is preserved as
long as the geometry remains unaltered by adding or subtracting faces, allowing for the free manipula-
tion of moving locations. This approach offers a promising avenue for enhancing the applicability and
effectiveness in solving complex geometric problems.

Global

Compression nodal group (+)

Tension nodal group (-)

Figure 4. Analysis of different nodal groups in the tension and compression combined force diagram.
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Figure 4 presents a detailed representation of the various nodal groups within the force diagram, effec-
tively dividing it into global, compression, and tension forces. To classify these groups based on the
connection to the global forces, a positive (+) value represents the compression that shared the edges
with applied loads, and the negative (-) is for tension cells that have the same edges with reaction forces.
The force diagram effectively demonstrates the intricate relationships in 2D, describing the connections
between the edges. In the case of the 3D version, it is essentially a simple extrusion from the 2D repre-
sentation, maintaining the same relationships between the elements. The global forces, denoted by the
color green, remain unchanged throughout the process.

<0

Figure 5. Edge length switched from a positive number to negative to finalize the form diagram.

2.2. Algebraic form-finding

In this section, the equilibrium equation of algebraic implementation will be explained. Firstly, each
edge of the force diagram is perpendicular to its corresponding face in the form diagram, resulting in
the unit direction vector of edge ej in the form diagram being equal to the unit normal vector of face
fi in the force diagram. Then define Nx, Ny, and Nz as [fis X fins] diagonal matrices with diagonal
entries representing the x-, y-, and z- coordinates of the unit normal vectors of the internal faces in the
force diagram, respectively. Based on prior research in the algebraic method, the [e;,; X fir] connectivity
matrix C,,, « s, displays the relationship between faces and edges in the form diagram. Consequently,
the closeness can be expressed accordingly:

Ceim‘xfintqu = 0
Ceit1t><ﬁntNyq = 0 (1)
Ceintxfinl qu = 0

Combing the above equations to an equilibrium matrix multiple by the potential edge length as shown
here:
Aq=0 2)

so Ais a [3e;y X finr] equilibrium matrix can be represented as
Ceint Xfim‘ Nx

A = Ceint ><fim Ny (3)
Ceim‘ Xﬁm NZ

Every solution for q represents a potential combination of edge lengths in the form diagram that ensures
the closeness of all internal faces within the form diagram.
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Figure 6. The transition from compression/tension only to intersected force diagram and corresponding form
diagram. (a) the reciprocal polyhedral diagrams of the first module (b) mirrored force diagram as the input to
generate the second module.

2.3. Additional edge constraints operation

Edge constraints set target lengths for the internal edges in the form diagram, and each constrained edge
requires one additional constraint equation. For example, if the i-th internal edge ej is constrained to a
target length /, its constraint equation may be written as

blq=1 4)

where b; is the [ fi,; X 1] column vector with all entries zero (0) except at the index of eiT where it’s one
(1). For a total number of b constrained edges, all b edge constraint equations may be assembled in the
matrix form as

Bq=1 )

where the rows of the [b X f;,;] edge constraint matrix B are the row vectors bl-T, andlis a[b x 1] column
vector with the entries being the target lengths.
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2.4. Constrained solutions

All equilibrium equations, edge constraint equations, and vertex constraint equations are assembled as a
system of non-homogeneous constrained linear equilibrium equations written as follows:

Mq =t. (6)

Here the [(2€jy +b+3(p — 1) + 2l +n) X fi] matrix M is named the constrained equilibrium matrix,
obtained by vertically stacking the equilibrium matrix A and the edge constraint matrix B

A
M:(B). ™)

The [(2eys +b+3(p—1)+21+n) x 1] column vector t is obtained by vertically stacking the [2e;,,; X 1]
zero vector, the vector 1, and the vector d. Each solution of q represents a set of edge lengths of the form
diagram that satisfy all equilibrium requirements and constraints.

The form diagram may face issues of over-constraining when constraints conflict with planarity or com-
pete with each other, leading to overdetermined equilibrium equations with no solution. In these cases,
the least-square solution offers the closest possible solution by minimizing the Euclidean norm while still
attempting to satisfy all equilibrium and constraint requirements.

Figure 5 describes a process by which the final force diagram for the structure can be generated. This
is achieved by assigning negative values to specific edges, allowing the structure’s bottom part to merge
with the top part. The decision to assign negative values is based on the changeable edge length, which
affects the force distribution in the structure. It is important to note that the IDs of the fixed edges
must be determined to ensure that the structure shifts within the predefined boundary conditions. This is
necessary to prevent the structure from moving beyond acceptable limits.

3. Conclusion and future work

In conclusion, this research presents an analysis of the topological relationship between reciprocal poly-
hedral diagrams. The connectivity matrix and equilibrium matrix are used to express the closeness be-
tween the force diagram and its corresponding form diagram. Additional linear equations are introduced
to account for edge constraints, resulting in a system of non-homogeneous constrained linear equilibrium
equations. The least-square solution is utilized to find the closest solution in cases of over-constraining
or incompatibilities among constraints (Figure 6). This approach enables a comprehensive understanding
of the equilibrium and constraint requirements in form and force diagrams, paving the way for further
exploration and optimization in structural design.
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