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Space structures

e A space frame or space structure is a truss-like, lightweight rigid structure
constructed from interlocking struts in a geometric pattern. (from wikipedia)

nodes struts (or bars)
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Engineering goals in space structure design

e statically sound
e aesthetically pleasing
e approximating reference surfaces

e with minimized construction cost
* minimizing the total volume of material used for beams
* limited types of cross section areas
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Static-aware 3D printing
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Related work: optimal trusses
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Related work: the ground structure method
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Framework overview

Input reference surface Initial structure

L U A 4

1

2

Joint optimization of node
positions and connectivity

3

Discrete optimization of
beam cross sections

) 4

21



2D illustration: initial structure

An initial over-complete 2D bridge configuration with uniform loads



2D illustration: joint optimization of connectivity
and node positions

bridge design after joint optimization of node positions and connectivity



2D illustration: discrete optimization

Discrete optimization assigns customized beam cross section types to
minimize material usage while ensuring static equilibrium.
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Connectivity initialization

e Coarse-mesh generation

26



Connectivity initialization

 Double-layer structures



Connectivity initialization

* Adding additional beams



Connectivity initialization

* Adding additional beams: possible solutions after beams are removed



Joint optimization: overview



Joint optimization: overview

* A nonlinear continuous optimization

e Variables:

* node positions
* internal forces

 Assumptions
 axial forces only
e force limits in proportion to cross-section areas



Joint optimization: force initialization

* Internal force initialization




Joint optimization: energy terms

e Static equilibrium
* Closeness
e Total volume

 Combinatorial validity



Joint optimization: energy terms

E sum : static close E volume comb reg
O higher weight O lower weight
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Discrete optimization: problem formulation

 Mixed integer programming formulation

Total volume

Force equilibrium

[; lengths of the beams

(_ .

aj, ] = 1,...,k

k types of customized cross-section area
—

si, i=1,...,|E]

Laxial forces of beams

rx;J,', jzl,...,k ]
S

assignment of types for beam
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Discrete optimization: sub-problems

. A
Clj, ] = 1,...,k

k types of customized
\Cross-section areas
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\axial forces of beams)
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Discrete optimization: sub-problem 1

The ground structure method
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Discrete optimization: sub-problem 2

S _max

S cut p

S _min

X: accumulation of edge lengths

Y: absolute values of axial forces



Discrete optimization: sub-problem 2



Discrete optimization: sub-problem 3




Discrete optimization: overall algorithm

 First, as a preprocessing step, we determine the bounds of a.., which could
be used as input for Sp-1 (fix a;)

* Next, as the main procedure, the algorithm alternates between Sp-1 (fix a;)
and Sp-2 (fix s/) to find the optimal beam type assignment, x; .

* Finally, as a post-processing step, we use Sp-3 (fix x;) to further adjust the
cross-section areas of each type, a..
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Results

2 customized cross-sections 6 customized cross-sections



2 customized cross-sections



3 customized cross-sections



6 customized cross-sections



2 customized cross-sections
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6 customized cross-sections



Results: tension and compression

Color coding: tension (red) and compression (blue)



Results: comparisons

* The

Ground structure method Our method



Results: comparisons




Outline

* Introduction

* Related work

* Overview

e Optimization framework

e Results

e Conclusion and future work



Limitations and future work

Limitations

* Global convergence

e Global buckling

Future work

e Design of other types of statically sound structures, e.g., bikes
* Field generation for optimal structures

e Structural optimization for dynamic structures



Thank you!



3D bridge

initial structure



3D bridge

optimized connectivity (the ground structure method)



3D bridge

optimized connectivity (our method)



3D bridge

6 customized cross-sections



Roller coaster

initial structure



Roller coaster

optimized connectivity (our method)



Roller coaster

6 customized cross-sections



Electrical transmission tower



Blob

initial structure optimized structure
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