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ABSTRACT

The paper reports an automated method for the syn-
thesis of multi-material, multi-degree-of-freedom micro
actuators. The method is based on topology optimiza-
tion, an iterative computational scheme consisting of
alternating �nite element analyses, sensitivity analyses
and optimal material redistributions.
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1 INTRODUCTION

Manufacturing and processing techniques for MEMS
have reached a high level of maturity and new devices
can be built in a manner of days in labs and fundries.
In contrast to that, modelling and especially develop-
ment of systematic design methods is still subject to
intense research. Due to the lack of existing system-
atic design methods for MEMS, many devices are de-
signed using intuition, experience and trial and error
approaches. Furthermore, many devices are build from
rectangular sub{elements ordered in \Manhattan"-like
horizontal/vertical grids. Obviously, systematic design
methods should be able to improve existing designs con-
siderably and come up with entirely new or more e�-
cient devices with increased functionality.

A promisingmethod which may be able to solve some
of above mentioned problem is the topology optimiza-

tion method. The topology optimization method [1], [2]
was originally developed for large scale structural de-
sign problems and is an iterative numerical method con-
sisting of alternating �nite element analyses, sensitivity
analyses and material redistribution. The topology opti-
mization method solves the problem of distributing ma-
terial phases freely in a design domain such that some
performance or functionality criterion is maximized.

Topology optimization has recently been applied to
the synthesis of passive MEMS [3]{[5] and to active
MEMS using electrothermomechanical actuation [6]. In
the latter, it was shown how topology optimization can
be used as an e�cient design tool for microactuator syn-
thesis by improving the performance of existing designs
by up to a 100%. Fabrication and testing of actuators
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Figure 1: Top: De�nition of design domain (grey region)
for micro gripper example. Black areas denote regions
�xed to be solid and white areas denote regions �xed
to be void. Center: Topology optimized one-material
micro gripper. Bottom: deformation pattern and tem-
perature distribution of the optimized actuator

synthesized by a one-material version of the software has
been reported [7], [8].

This paper will discuss the extensions, theory and
implementation aspects of the method applied to the
synthesis of electrothermomechanical actuators with mul-
tiple degrees of freedom. Two examples illustrate the
e�ciency of the method and demonstrate the gains that
can be obtained by introducing a second material in the
design.

2 THEORY

The goal of the topology optimization algorithm is
to design actuators that maximize the output displace-



ment uout of one or more workpieces of given sti�nesses
for �xed input voltages and with constraints on input
currents. The procedure is initiated by discretizing the
design domain (e.g. Fig. 1, top) into a number (N from
1.000 to 10.000) of �nite elements. For one-material de-
sign, the relative density of material in each element is a
design variable. For two-material design, there are two
design variables per element which determine whether
there is material in the element or not and the mate-
rial type, respectively. Several constraints such as zero-
cross-axes sensitivity and bounds on material volumes
are imposed in order to get realistic and useful designs.

An optimization problem for a one-degree-of-freedom
two-material actuator can be written as
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where �e1 and �e2 are the element design variables or-
dered in the N -vectors ���1 and ���2, respectively, V

e is
the element volume, V �

1 and V �

2 are the constraints on
material volumes, I is the electrical current, I� is the
upper bound for the current. In some cases, the volume
constraint on each material phase is substituted with an
overall volume constraint
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For problems with multiple electrical inputs and mul-
tiple output points, extra constraint functions can be
added to the optimization problem. For more details
on the algorithm and its implementation, the reader is
referred to the references by Sigmund.

The design algorithm is implemented in the FOR-
TRAN90 programming language. A simple in-data �le
allows for easy de�nition of design problems, geometries,
material data and constraints. A graphical output show-
ing electric, thermal and displacement �elds for various
load cases together with design changes allows the user
to follow the progress in the design.

A typical iterative design process may require from
a couple of hours to a couple of days of CPU-time on a
fast computer (PC or workstation) and may consist in
several thousand material redistributions.

3 EXAMPLES

3.1 One degree-of-freedom gripping
mechanism

The design domain (w � h� t = 500�m� 300�m�
12�m) is shown in Fig. 1(top). An electric �eld is ap-
plied between the top and bottom terminals and the left
terminal. 30% of the design domain can be �lled with
Nickel and the objective is to maximize the work on the
spring with a constraint on the resistance. Fig. 2 shows
the e�ect of introducing a second material in the de-
sign. It is seen that the introduction of a material with
less electrical conductivity or Young's modulus hardly
changes the performance, whereas the introduction of
a material with half the thermal conductivity greatly
improves the performance.

3.2 Two degree-of-freedom scanning
mechanism

The design domain (w � h� t = 500�m� 400�m�
12�m) is shown in Fig. 3(top). The goal is to move the
output point in the horizontal direction for the green
electric input and in the vertical direction for the red
electric input. The cross-sensitivity is constrained to be
less than 10%. The �gure shows the optimized one- and
two-material structures as well as displacement patterns
and temperature distributions for the two-material ac-
tuator.

4 MANUFACTURING AND
TESTING

The theoretical designs are being veri�ed experimen-
tally at Mikroelektronik Centret (MIC), at the Technical
University of Denmark (DTU). Tests of a one-material,
2 DOF actuator manufactured by laser-micromachining
and electro-plating showed good agreement with the-
oretical predictions [8]. Manufacturing techniques for
two-material structures are currently being developed.

5 CONCLUSIONS

This extended abstract has given a very brief intro-
duction to topology optimization of two-material, multi-
degree-of-freedom compliant microactuators. For more
details on the theory, the implementation and exam-
ples, the reader is referred to an up-coming trilogy pa-
per [9]{[11] or the other references by Sigmund and for
more details on manufacturing and testing of topology
optimized microactuators the reader is referred to the
references by Jonsmann [7], [8], [12].
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Figure 2: Topology optimized two-material micro grip-
pers. The blue material has half electrical conductiv-
ity, Young's modulus, thermal conductivity and ther-
mal expansion coe�cient, respectively, compared to the
red phase (pure Nickel). Numbers in parentheses indi-
cate improvement in output work compared to the one-
material actuator shown in Fig. 1.
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Figure 3: Top: design domain for a 2DOF micro-
scanner. Center: topology optimized actuator com-
posed of Nickel and bottom: topology optimized two-
degree-of freedom actuator composed of Nickel (red) and
a material (blue) with half the Young's modulus and half
the thermal conductivity of Nickel. The improvement in
output force and displacement from introducing a sec-
ond material in the the design is more than 40%.
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Figure 4: Actuated modes with temperature distribu-
tions for the two-degree-of-freedom, two-material actu-
ator from Fig. 3.
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Figure 5: The one material actuator from Fig. 3(center)
has been manufactured and tested at MIC (Mikroelek-
tronik Centret) at the Technical University of Denmark
(DTU). Courtesy of J. Jonsmann and S. Bouwstra.
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