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An optimization method is presented for design of tree-type frames as supporting structures of free-form shells. A unified algorithm 
for modeling complex external boundary as well as the internal boundary is presented utilizing the B-spline curves of orders with 
odd numbers. An algorithm for generating tree-type frame is presented based on iterative function system (IFS) of fractal geometry. 
The type of branching of the tree is selected from the list of preassigned types. Formulations of sensitivity analysis are presented 
for total strain energy with respect to the nodal coordinates including those constrained on the shell surface. It is demonstrated in 
the numerical examples that the nodal locations of the tree-type support structure can be optimized to minimize the total strain 
energy of the structure including the roof and support frame. It is shown that the strain energy due to bending deformation is 
mainly reduced through optimization; thus, an ideal load path utilizing axial forces to the ground is achieved. 
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Owing to recent progress of computational methods and manufacturing technology, free-form shells are widely 
used for designing complex shapes of long-span roof structures. However, in most of studies on design and 
optimization of free-form shells, the shells have fixed and/or pin supports, and stiffness and deformation of the 
supporting structures are not considered. 

Tree-type frame is an aesthetically and mechanically efficient structural system, which has been used as 
supporting structures for roofs of moderately large scale such as train stations and airport buildings. The natural 
forms including the shapes of trees can be modeled using the methods of bio-mimetics, or bio-inspired engineering. 
Among those methods, fractal geometry can be effectively used for generating tree-type frames.  

In this paper, an optimization method is presented for design of tree-type frames as supporting structures of 
free-form shells. The boundary of the roof, projected to the horizontal plane, is divided into several parts, and are 
modeled using the B-spline curves of different orders. A unified algorithm for modeling complex external boundary 
as well as the internal boundary is presented utilizing the B-spline curves of orders with odd numbers. 

The finite-element (FE) mesh is generated by constrained Delaunay triangulation, where the points along the 
boundary, the bottom node of support structure, and the intersection points between the type-type support 
structure and the upper shell surface are constrained to be included in the FE-mesh.  

An algorithm for generating tree-type frame is presented based on iterative function system (IFS) of fractal 
geometry. The type of branching of the tree is selected from the list of preassigned types. Formulations of 
sensitivity analysis is presented for total strain energy with respect to the nodal coordinates including those 
constrained to move on the shell surface. The optimal solution to minimize the total strain energy is found using 
the steepest decent method. 

It is demonstrated in the numerical examples that the nodal locations of the tree-type support structure can be 
optimized to minimize the total strain energy of the structure including the roof and support frame. It is shown 
that the strain energy due to bending deformation is mainly reduced through optimization; thus, an ideal load path 
utilizing axial forces to the ground is achieved. It is notable that the bending deformation of the upper shell roof 
can be reduced by optimizing only the nodal locations of the support structure. The present study explains how the 
IFS of fractal geometry can be combined with an optimization method to be applied to a practical engineering 
problem. 
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