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ABSTRACT 
One of the common characteristics of Silicon MEMS 

actuators is that they operate in open-loop, due to 
difficulties and cost of integrating sensors at small scales. 
A proper dynamic response (trajectory following, 
vibration suppression, etc.) is difficult to obtain using 
open-loop control, as it is much better suited for quasi-
static device operation. As a result, the dynamic 
performance of MEMS devices in many applications is 
not fully achieved. In this paper we propose to use input-
shaping techniques, along with an identified reduced-
order model to generate suitable input profiles for MEMS 
actuators. This systematic approach is a major 
improvement over the current Finite Element/Design of 
Experiments practices in the MEMS community. 

Keywords: Reduced order modeling, input shaping 
for MEMS, open-loop control. 

1. Introduction 

During the last 15 years several actuation 
technologies at the micro-scale have gained wide 
acceptance, including piezo materials, shape memory 
alloys, electro-thermally driven actuators, and 
electrostatic comb drives. The last two are the most 
popular driving principles for Silicon MEMS, using 
common fabrication techniques such as MUMPS surface 
micromachining, Sandia SUMMIT, and DRIE etching. 

When micromachined from silicon, thermal flexture 
actuators can be made alongside other passive micro-
components such as flexture joints, beams, and gears, and, 
unlike piezo and electrostatic drives, they do not require 
large operating voltages.  

Electrostatic comb-drives are also popular 
microactuator alternatives to thermal bimorphs. Some of 
the advantages of using MEMS comb-drives are their 
superior repeatability, low power consumption, higher 
bandwidth, and increased number of cycles, but 
disadvantages include high driving voltages and reduced 
displacement and force outputs. 

If MEMS actuators are used in high-speed actuation 
using flexures or other compliant mechanical structures, 
suppressing residual vibrations is highly desirable. Other 
types of performance requirements are maximizing the 
actuation speed of lower bandwidth thermal MEMS 

devices, minimizing overshoot, following a certain 
motion profile, etc. In optical switching systems, for 
example, we have to control point-to-point motion of 
micro-mirrors used for redirecting optical signals. Typical 
settling times are a few milliseconds [3].  

Increased precision and speed requirements placed on 
MEMS structures are traditionally addressed using a 
combination of quantitative analysis, modeling, and 
experimentation [1,2]. Modeling techniques include 
simplified PDE/ODE formulation from physical 
principles, Finite Element Analysis, and Nodal Analysis. 
More recent work includes reduced-order modeling using 
Krylov subspace techniques [7]. Some previous modeling 
work is simply based on extraneous vision and laser-
based position measurement [4]. In addition, finite 
element analysis and direct experimentation have also 
been used to generate open-loop driving signals for these 
actuators [2].   

While analytical tools such as MEMS motion 
analyzers are extremely useful for characterizing and 
measuring actuator response to different input stimuli, 
they do not address the more practical inverse control 
problem: given a MEMS actuator output displacement 

profile, what should the input voltage (or current) be in 
order to achieve the desired output. Note that if 
measurable outputs (displacement, force, stress) were 
directly available, the inverse problem can be best 
addressed by using closed-loop control. In this paper we 
aim to address the inverse control problem without using 
additional sensors for feedback. 

Input shaping is a popular control method for 
vibration reduction, particularly well suited in 
applications where feedback signals are not available.  In 
the context of vibration suppression, the zero-vibration-
derivative (ZVD) method, introduced by Singer and 
Seering [5,6] (1989) is well-known.  The ZVD method 
essentially consists of finding an FIR filter which applied 
to any input suppresses vibration, using the first few 
resonant modes of the system.  Other input-shaping work 
[8,9] using a model matching technique makes it possible 
to enforce realistic input and state constraints. 

In this paper, we use this time-domain model 
matching method for the synthesis of open-loop driving 
signals for MEMS actuators. The identification method is 
done through an ARX (Auto-Regressor-with eXtra-input) 
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reduced order model fit from actual experimental data.
Finally, we apply the optimal inputs back to the actuators
in order to test the performance improvement.

2. Reduced-Order Models for MEMS
The geometry of a basic thermal bimorph and an 

electrostatic comb drive is shown in Figure 1.

Fig 1: Discretized thermal bimorph (left) and
electrostatic comb drive (right)

The MUMPS rotary stage shown in Figure 2 has a
hot arm with a width of  8 m, about a third of the width
of the cold arm. The angular velocity of the stage depends
on the motion profile of each of the actuated arms and the
size of the teeth. Electrical current applied on the square
contact pads provides the input for the thermal bimorph
actuator. Its deflection is governed by thermal expansion
resulting from heat dissipation, according to the heat
equation.

(a)    (b)
Fig 2: Actual MUMPS rotary stage (a), using 4 

orthogonal thermal bimorph banks (b).
In [25], it was shown that a spatial discretization of 

the heat equation leads to an expected 3-rd order ARX
model for a simple thermal bimorph:

2
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In equation (1), V is the voltage applied to the
actuator, and x is the actuator deflection at its tip. As a 
result, by considering that u=V² is the plant input, we
expect to fit a linear ARX model to experimental data.

For thinner (2-4 m) MUMPS bimorphs, bandwidths
between 4 and 27 KHz, and displacements of up to 14 m

are reported, and depend on the geometry and number
actuators, as well as on the environmental conditions. For
thicker substrates, the force generated can increase from a 
few N to a few mN, while the bandwidth will also
decrease to hundreds of Hz [1,2].

Similarly, a good reduced order model for a comb
drive actuator is a second order model dependent on the
number and geometry of the comb fingers:
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This is in fact a second order model between the
square of the applied comb voltage and the shuttle
displacement.
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3. Input shaping using the time-domain 

output matching method 

Using the reduced-order models, we pose the
following constrained optimal control problem:

Given plant model G, and a desired output trajectory

yd(t), find the optimal, constrained control input u(t)
minimizing the 2-norm:
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Note that the input constraints in (2) are very
important since in our case u(t) is the square of the
voltage applied to the MEMS actuator. Too high a voltage
will cause plastic deformation or device burnout.

We can pose the optimization problem (2) in terms of
a set of M basis functions to express our input:
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where the basis functions could be any independent
set, including the sinusoidal, Schroeder-phase, etc. bases,

or the natural basis of 
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A discrete-time equivalent of equation (5) for N 
samples of the interval [0, T], is given by:
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The optimization problem reduces to the constrained
least-square problem
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The solution of the numerical optimization problem
depends on the choice of basis, number of basis elements,
and the desired input shape.

3. Experiments 

Using a UMECH networked probe station
instrumented with a stroboscopic, high resolution camera,
we performed transient displacement experiments on 3.5

m thick, 250 m long, MUMPS single bimorph
actuators and bimorph banks, 50 m thick DRIE rotation
and translation drives and MUMPS electrostatic comb
drives. The transient dynamic displacement data was
used to fit appropriate reduce-order ARX models
according to the theoretical predictions. Figure 3 shows
the input response of a XY rotator stage to a square pulse
train with 25% duty cycle, at 500 Hz, along with a first
order ARX model fit. We notice that the system has an 
overdamped behavior, and, in fact, the thermal bandwidth
of the actuator is 4.33 KHz, an order of magnitude lower
than the first mechanical resonant mode. As a result, the
system behaves essentially like a first order pole.

Fig 3: Experimental dynamic response of an XY
stage, showing both the measured x displacement (noisy),

and the model fit response (smooth).

The first order model fit corresponding to
experimental I/O data is non-minimum phase, but it is still
first order:
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Another set of experiments was performed on a more
complex MEMS device, consisting of a DRIE mirror
assembled into an actuated socket, similar to the one 
shown in Figure 4. 

Actuated
socket

200µm

Fig 4: Deep Reactive Ion Etching (DRIE) mirror-stage
assembly used as a Variable Optical Attenuator (VOA). 

Picture courtesy of Zyvex Corp.

In the case of the actuated socket-mirror assembly,
the system response to an input pulse (50% duty cycle at
200 Hz) is highly oscillatory and shown in Figure 5, and
the ARX model fit is 9-th order.

Fig 5: 50% duty cycle pulse response showing measured
data (top), and the simulated 9-th order ARX fit (bottom).

Using the fitted models, we generated optimal input
shapes to increase the actuator performance. For the
rotary stage, by performing an actuation sequence shown
in Figure 7 (top) using the input profiles in Figure 7
(bottom), we experimentally increased the rotor RPM
from the initial 1390 RPM to 1666 RPM, a 20% increase,
as shown in Figure 6.

For the scanning mirror, the response in Figure 5 can
also be improved by shaping the input voltage according 
to Figure 8.
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Fig 6: Experimental response of XY stage to a pulse (top),
and to a shaped input (bottom).

Fig 7: Actuation sequence necessary to achieve a single
tooth rotation (top), using shaped inputs (bottom).

5.  Conclusion
In this paper we presented a model-based approach to

generating optimal inputs for controlling displacement of 
thermal MEMS actuators. An open-loop approach is 
advantageous for these devices because of difficulties in
integrating simple and reliable sensors within the
actuators. Once ARX models were derived from
experimental data, shaped inputs were generated using the
time-domain input matching method. We are currently
applying the input shaping method to improve the
performance of many other MEMS devices.

Fig 8: Shaped scanning mirror input obtained with a 10V
maximum voltage constraint, and M=40 basis elements.
(left) and Experimental scanning mirror displacement
measured at the top after aplying the shaped input (right).
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Release X bank (0 V) for 100 sec

Apply constant 8V on Y bank for 80 sec
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Starting configuration (engaged)

Apply optimal input profile on X bank for 100 sec

Apply 0V on Y bank for 80 sec

Apply constant
8V on X bank

for 80 sec
Apply optimal
input profile on
Y bank for 100

sec

Release X bank (0 V) for 80 sec

Release Y bank (0V) for 100 sec
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