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Look carefully at a tree. Its trunk does not taper
evenly from top to bottom; it thickens precisely
where it needs to resist bending and splits into
branches exactly where loads diverge. There is
no wasted wood and no redundant material, only
structure shaped by force. Now imagine applying
that same principle to the beams, columns, and
canopies of civil engineering. That is the promise
of topology optimization, which formed the central
focus of a recently completed research project at
Qatar University.

In Qatar, where rapid infrastructure development
meets a growing national commitment to
sustainability, the question of how to build more
with less material is not abstract. It is directly
aligned with Qatar University’s research priorities
in Resource Sustainability and Digital Technology,
and with Qatar’s broader vision for efficient,
innovation-driven development.

This idea is not only theoretical. The Qatar
National Convention Centre, designed by the
Japanese architect Arata Isozaki, is supported
by a pair of enormous branching concrete
columns inspired by the Sidra tree, Qatar’s
national symbol. The columns divide and
subdivide in precisely the pattern that structural
logic demands: widening where forces are
greatest, branching where loads split. The result
is a building that looks organic because it is
structurally honest. What topology optimization
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does is take that same intuition and make it
computational, applicable to every beam, frame,
and canopy we design.

What Is Topology Optimization?

In conventional structural design, an engineer
starts with a shape, such as a rectangular beam
or a solid column, and checks whether it is

strong enough. Topology optimization reverses
this logic. Given a space, a set of loads, and a
target for how much material to use, the algorithm
decides for itself where that material should go.
As a result, material gathers along the paths

that carry force and vanishes from regions that
do not contribute to structural performance. The




structures that emerge look organic, almost
biological, because they are governed by the
same mechanical logic that shapes bones and
shells.

This approach is not new in aerospace
engineering, where every gram saved translates
directly to performance and cost. But its
systematic application to civil engineering
structures, with a clear connection to how those
structures can actually be built, remains an open
frontier.

The Project: From Simple Beams to a
Parking Shade

The project, titled “Empowering Research

in Structural Engineering through Topology
Optimization and Additive Manufacturing:

A Hands-On Approach”, was funded by the

Qatar National Research Fund through the
Undergraduate Research Experience Program
(UREP). It ran from January 2025 to January
2026 and involved six undergraduate students
alongside academic mentors from the Department
of Civil and Environmental Engineering.

The team investigated four structural systems of
progressively increasing complexity: a cantilever

beam, a simply supported beam, a parking
canopy element subjected to combined forces
and moments, and finally a full three-dimensional
parking shade structure—a configuration directly
relevant to Qatar’s built environment.

For each structure, the team first established a
reference design: a conventional solid geometry
analyzed under realistic loading. Topology
optimization was then applied, progressively
reducing the amount of retained material from
70% down to 30% of the original volume, while
tracking how structural performance responded to
each reduction.

The Results: How Much Can You Remove?

The results were consistent and revealing across
all cases. Material reductions of 40-50% were
achievable without compromising structural safety
or exceeding acceptable deformation limits. The
algorithm reliably identified which parts of the
structure were doing real work and which were
not.

But the relationship between material reduction
and structural performance is not linear. Moderate
reductions (removing 30 to 40% of material) yield
the most attractive trade-off: meaningful savings

Figure 1: Topology optimization results for a 3D parking shade structure. At 60% retained mass (left) and 50%
(right), material concentrates along dominant load-carrying paths while low-stress regions are hollowed out,

producing organic, tree-like column forms.
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with modest increases in stress and deflection.
Push the reduction further, and the structure
begins to strain. Safety margins narrow sharply,
and deformations climb. The message from the
data is clear: there is a sweet spot, and finding it
requires careful analysis rather than aggressive
optimization.
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Figure 2: Structural performance of the parking shade
structure at different levels of material reduction. As retained
mass decreases from 100% to 50%, stress increases,
displacement grows, and the factor of safety (FoS) drops,
illustrating the trade-off that must be managed in practice.
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From Screen to Object: The Role of 3D
Printing

Topology-optimized geometries are often
impossible to build using conventional fabrication
methods. A structure shaped by load paths rather
than straight lines cannot easily be cast in a
mold or cut from a sheet. This is where additive
manufacturing becomes essential. It imposes

no geometric constraints: any form the algorithm
generates can be printed, layer by layer, exactly
as designed.

The team fabricated both the conventional and
optimized versions of selected structures using
polymer-based 3D printing. The physical models
make the difference immediately visible in a

way that no chart can: one version is blocky and
uniform; the other is hollowed out and branching,
carrying the same load with a fraction of the
material.

Figure 3: Physical prototypes produced by 3D printing. Left: the beam, showing the solid baseline (bottom) compared with the
lightweight optimized design (top). Right: the parking shade structure: conventional solid design (white) beside the topology-
optimized version (blue), with its characteristic branching column form.
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To confirm that the results were not artifacts of
a single software platform, the team ran parallel
implementations: Autodesk Fusion 360 for
commercial optimization, and custom MATLAB
code for an independent algorithmic check. The
two approaches agreed closely.

Learning by Doing: The UREP Experience

The UREP program is built on a straightforward
but powerful idea: undergraduate students learn
research by doing research. Over twelve months,
the six students moved through the complete

arc of a research investigation, from building
computational models and running simulations to
writing code and producing a physical object they
had designed, optimized, and 3D-printed.

That last step—holding the object—matters more
than it might seem. Abstract concepts like load
paths and factors of safety become tangible when
you can compare two printed structures that look
radically different but carry the same load. The
students developed proficiency in professional
CAD and finite element software, in programming
and algorithm implementation, and in the practical

realities of digital fabrication. They also learned
how to work as a team, interpret data, and
communicate technical findings, skills that will
serve them well beyond any single project.

A New Way of Thinking About Structure

Topology optimization and additive manufacturing
are not futuristic technologies; they are already
available today. Qatar’s infrastructure ambitions
are large, and so is the opportunity to embed
efficiency and sustainability into how structures
are conceived from the outset. This project is a
modest but concrete step in that direction, and

it provides evidence that the next generation of
engineers at Qatar University is already learning
to build not just stronger structures, but smarter
ones.
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