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Abstract

Topology optimization is a computational tool for determining optimal material distributions. Originally developed for
structural optimization, i.e. for light-weight structural design, the methods has now spread to a number of alternative
application areas within microelectromechanical systems (MEMS), extremal materials design, fluid mechanics and
nano-optics. The method is based on repeated finite element analyses, gradient computations and mathematical
programming-based material redistribution steps. The talk will give an overview of the background of the method,
recent developments and show applications within single and multi-material design challenges for micro-systems and

extremal materials design.
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1. Background

The topology optimization was founded by
Bendsge and Kikuchi in 1988 [1]. The method consists
in repeated finite element analysis (FE), gradient
evaluation and material redistribution steps. Due to the
deterministic, gradient-based strategy, the method is
extremely efficient and typically converges after a few
hundred FE analyses, independent on the number of
design variables. The design parameterization is based
on element-wise material densities that allow for
absolute design freedom without any a priori
assumptions regarding geometry.

In its basic form, the goal of topology optimization
is to minimize structural compliance (i.e. maximize
stiffness) subject to a constraint on material volume.
This process can be implemented (including FE
analysis) in just 99 lines of MATLAB code [2] and it has
been implemented in interactive smartphone Apps
(TopOpt App and TopOpt3d App) that can be
downloaded from Appstore (iOS), Google Play
(Android) or in PC versions at the www.topopt.dtu.dk
web-page [3]. See Figure 1a for an illustration.

Recently [4], the TopOpt Group has extended
design capabilities of topology optimization to the giga-
voxel regime, making it possible to perform
morphogenesis studies on full-scale airplane wings,
discretized by more than one billion design voxels (see
Figure 1b).

2. Results

Apart from the basic stiffness optimization formulation,
topology optimization can be applied to a wide range of
alternative design problems. Essentially any design
problem, where material distribution determines
performance and which can be analyzed by FE analysis
(or by finite difference, finite volume or other

discretization approaches), can be topology optimized.
Although extensions to other areas are non-trivial,
developments follow general guidelines. Adjoint
analysis is used to perform efficient sensitivity analysis
and various filtering strategies are used to ensure
mesh-independency and control of minimum and
maximum feature sizes [5]. Interested readers are
referred to the vast literature on topology optimization
for more details about the approach.

Figures 1c-d show a couple of additional application
examples. Figures 1c and d illustrate the outcome of
the topology optimization process applied to extremal
material design. Here the design domain is the periodic
unit cell of a material structure and the goal is to make
the material shrink vertically when compressed
horizontally, i.e. to obtain a material with negative
Poisson’s ratio [6]. The illustration shows an assembly
of 3 by 3 unit cells. Similarly, Figure 1d illustrates the
outcome of a topology optimization process where two
different constituent phases (both with positive thermal
expansion coefficients) are mixed in a unit cell with the
goal of obtaining a composite with effective negative
thermal expansion coefficient [7].

Figure 1e shows an example of topology optimization
applied to MEMS design. Here the goal is to
maximize gripping force for a micro-gripper actuated
by electrothermomechanical forces. An intuitively
developed design (lower left) was not able to deliver
sufficient forces to detach a carbon nanotube from a
substrate. The topology optimized micro gripper
delivered output forces one order of magnitude larger
than the intuitive design, sufficiently high in order to
attain the desired functionality [8-10].

Yet another application of topology optimization is in the
design of nano-photonic systems which is reviewed in
[11].
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4. Conclusions

This manuscript represents an extremely short and
crude introduction to the field of topology optimization.
More details will be given in the conference talk and
readers are referred to the vast literature on topology
optimization for deeper details. Some basic references
can be found below.
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Fig. 1. A) Screenshot of TopOpt Apps that can be downloaded from AppStore (iOS) or Google Play (Android). B) Rendering of
topology optimized wing structure discretized by 1 billion voxels. C) Negative Poisson’s ratio material synthesized by topology
optimization. D) Negative thermal expansion ratio material synthesized by topology optimization. E) lower left: intuitively
designed electrothermomechanical MEMS actuator compared to topology optimized actuator with one order of magnitude

higher gripping force.



