
Until recently, photonics engi-
neers, among others, had
been powerless against set-

tling-time bottlenecks in industrial
processes that require submicron-
scale precision. Their only effective
ways to address fixturing and struc-
tural resonance excited by process
motion had been either to slow down
processes by using less aggressive
motion profiles or to insert dwell

times to allow mechan-
ical damping to settle
things down by con-
verting any mechanical
resonance into heat.  

However, as process
tolerances get tighter —
especially with nano-
scale applications such
as those involving mi-
croelectromechanical
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Eliminating Vibration
in the Nano-World

As in the macro-world, solutions to vibration problems range from simply increasing
dwell time to allow settling, to using an algorithm in the controller to nullify resonance.

by Scott Jordan

Figure 1. In the fiber Bragg grating manufacturing process, 
vibration of tooling components in response to rapid actuation of
high-throughput nanopositioners can reduce process 
efficiency, as indicated by quasi-sinusoidal phase-mask dither 
waveforms, right. A resonance nullification strategy smooths the
waveform significantly. Courtesy of Dover Instruments.
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systems (MEMS) — the time
required for adequate set-
tling grows exponentially
(see sidebar on page 62).
Another approach then be-
comes necessary to optimize
the process. In such cases,
the solution often lies in the
control strategy employed
with the system controller.
More precisely, it may lie in
the use of a control algo-
rithm designed specifically
to address motion control
of systems with unwanted
dynamics such as vibration. 

Controlling dynamics
Working with a patented1

control algorithm called
InputShaping®, Polytec PI
engineers have improved
throughput by up to three
orders of magnitude in certain mo-
tion-control applications, such as
those required in the manufacture
of fiber Bragg gratings, by eliminat-
ing settling dwells and allowing more
aggressive motion profiles. The tech-
nique also can help improve the ac-
tuation speed for optical MEMS.
Originally developed at Massa-
chusetts Institute of Technology in
Cambridge and commercialized by
Convolve Inc. in New York, it is an
integrated option for Polytec’s digi-
tal piezo-positioning controllers.

Although the software code sup-
porting the algorithm is complex, the
concept it encapsulates is fairly sim-
ple. The software developers based
the algorithm on the fact that, within
almost any system prone to vibra-
tion, a motion transient will further
excite the vibration. In most systems,
scientists can characterize such vi-
bration by measuring one or more of
the frequencies excited by the mo-
tion transient. Based on this infor-
mation, it is possible to generate a
modified command signal to move

the system at the maximum rate that
does not excite vibrations. This the-
ory holds true whether the vibration
is an element of a production process
used to manufacture photonic com-
ponents or simply a side effect of
movement by a component such as
a MEMS device.

Consider the manufacture of fiber
Bragg gratings. Each is simply a dif-
fraction grating fashioned deep
within a fiber or waveguide through
interferometric optical exposure. To
improve the spectral characteristics
of the finite-length grating, the grat-
ing transitions must be apodized
through nanometer-precision scan-
ning motions of optics in the expo-
sure apparatus. This demanding
process produces a simple, compact,
rugged, entirely passive device ca-
pable of precisely isolating a single
wavelength.  

However, as service providers begin
to demand that a fiber carry more
and more channels, the selectivity of
the gratings must keep pace. Inac-
curacies from vibrations of struc-

tures throughout the manufactur-
ing tooling begin to influence the out-
come more dramatically. Not only
must the positioners in the tooling
perform to nanometer-scale levels,
but a method also must be in place
to suppress all unwanted motions in
other components. Air-isolation ta-
bles address ambient disturbances,
but resonances driven by the scan-
ning can still take hundreds of mil-
liseconds to damp out — an unac-
ceptable throughput penalty. 

Optimizing MEMS motion
Using the control strategy patented

by Convolve engineers, it is possi-
ble to nullify structural resonances
from manufacturing tooling such as
the closed-loop piezo stage used for
high-throughput, nanometer-scale
mask position modulation. Benefits
can include higher process through-
put as well as optimized grating fi-
delity for narrower channel width
and improved system efficiency
(Figure 1).   

In the case of optical MEMS de-

Figure 2. Without a control scheme to nullify resonance, open-loop
actuation of a MEMS micromirror inherently has a significant ringing
problem, which could lead to long settling intervals and transient
channel-crosstalk issues associated with the square-wave input.
Courtesy of Applied MEMS Inc.

Motion Control

(1) This technology is protected by one or more of the following US and foreign Patents licensed from Convolve, Inc.: US 4,916,635; US 5,638,267; 0433375
Europe; 067152 Korea, and other Patents pending. Mach™ , Throughput Coprocessor™ and NanoAutomation® are trademarks of Polytec PI, Inc.
InputShaping® is a trademark of Convolve, Inc.
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vices such as switches, cross con-
nects, mirrors and attenuators, the
compactness of the Input Shaping
algorithm and its robustness rela-
tive to unit-to-unit variations make
it practical for embedding into de-
vice controllers. The goals of this con-
trol scheme include: 

• Optimization of MEMS elemen-
tal positioning times.

• Elimination of settling intervals in
open- and closed-loop actuation.

• Prevention of parasitic excitation
of adjacent elements in MEMS ar-
rays.

• Bandwidth increase (gain boost-
ing) in closed-loop actuation, with
the goal of eliminating overshoot and
ringing issues in underdamped ac-
tuation.

The benefits
One way to examine the benefits

of such a control strategy involves
inspection with a laser Doppler vi-
brometer (Figure 2). In recent testing,
scientists studied vibrometer dis-
placement and spectral measure-
ments before and after implement-
ing the algorithm in series with the
position-command signal for an
open-loop MEMS switching/scan-
ning element. In this example, the
implementation process was a sim-

ple one, requiring a straightforward
measurement of the resonant char-
acteristics of the MEMS device with
the vibrometer. This also helped to
define the real-time operating pa-
rameters for the algorithm. The out-
come was the elimination of reso-
nances of each micro-optical element,
regardless of actuation profile, as
well as elimination of the resonant
reaction of neighboring MEMS ele-
ments.

In closed-loop actuations, it may
also be possible to significantly boost
proportional and integral gains, with
the control scheme addressing the
overshoot and oscillation about the
terminal position that are otherwise
characteristic of overboosted and 
underdamped applications. This can
further improve the switching
throughput of many devices com-
pared with critical damping. Even
better, the elimination of resonant
behavior may eliminate the need for
closed-loop actuation in the first
place, which could produce a signif-
icant cost advantage.

Regardless of whether the vibra-
tion problem is with the manufac-
turing process or a MEMS compo-
nent, it is important to note that
there is a fundamental difference be-
tween resonance nullification with

the algorithm and active damping,
alignment stabilization or other after-
the-fact compensation of unwanted
resonant behavior. In those situa-
tions, compensation occurs after the
device is observed to have begun
ringing, with the aim of counteract-
ing the unwanted motion or extract-
ing energy from the resonance and
converting it into heat or storing it
elsewhere in the system. These all
take time. 

The advantage of resonance nulli-
fication through an algorithm in the
system controller is that it prevents
energy from entering the resonant
mode. Long-term, besides offering
benefits to photonic component man-
ufacturing processes, this control
scheme has the potential to further
address the uniquely nonlinear ac-
tuation physics of specific MEMS 
designs. G
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Time constant τ for various damping coefficients, ζ,
and resonant frequencies, ωn

Fres ωn ζ τ
(Hz) (rad/s)

75 471.24 0.0005 4.244
0.001 2.122
0.005 0.424
0.01 0.212
0.05 0.042
0.1 0.021

150 942.48 0.0005 2.122
0.001 1.061
0.005 0.212
0.01 0.106
0.05 0.021
0.1 0.011

There is no way around the fact
that vibrational physics translates
into problematic process through-

put as device tolerances tighten. One
common solution to vibration damping is
simply to increase dwell times to allow
things to settle down. The problem is
that, the tighter the tolerances, the longer
it takes for adequate settling. After a mo-
tion, the amplitude of the resonant ring-
ing of each element in a structure scales
as e2t/τ, where τ is the time constant for
each element’s resonant characteristics.
For structures with damping character-
istics typical of precision-motion sub-
assemblies, τ ~ (ωnζ)21 where ωn is the
resonant angular frequency and ζ is the
damping ratio for the resonance. The pa-
rameter is commonly defined as the ratio
of the damping for the resonance vs. crit-
ical damping (ζ = C/Cc) and varies from
0 (no damping) to 1 (critical damping). 

Feeding off the Motion Transient
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