
Abstract—Development of a handheld microsurgical 
manipulator that incorporates active cancellation of the hand 
tremor of the user is ongoing.  Thus far, experiments with the 
instrument have involved mechanical tools or end-effectors.  In 
considering the possibility of laser procedures with the 
instrument, it is conceivable that a laser version of the 
instrument could be developed with no moving parts, using 
acousto-optic deflection of the laser beam to compensate the 
tremor.  The paper describes the application and presents a 
proof of concept in a single degree of freedom using a benchtop 
laser deflection system and recorded hand motion data.  
Operating with a hand motion input tremor amplitude of 4 
microns rms, the average overall canceling error is 0.8 microns 
rms. 

I. INTRODUCTION

Physiological hand tremor is a widely-discussed problem 
in microsurgery [1].  This involuntary movement generates 
an undesirable vibration or noise at 20 Hz or less [2].  A 
variety of engineered accuracy-enhancement devices have 
been or are being developed in order to improve the 
manipulation accuracy of microsurgeons, including 
telerobotic systems [3,4] and the Johns Hopkins “steady-
hand” system [5].  Another approach presently under 
investigation is a handheld micro-manipulator with active 
tremor canceling [6].  This instrument, known as “Micron,” 
uses a six-degree-of-freedom (6-dof) inertial sensing module 
to detect its own rigid-body movement [7].  An adaptive 
filter then estimates in real time the tremulous component of 
the overall motion [8], and this tremor estimate is used to 
drive a set of three piezoelectric stack actuators, deflecting a 
3-dof parallel manipulator at the instrument tip [9] with an 
equal but opposite motion, thus compensating the tremor in 
the movement of the tool tip. 

To date, research efforts in this project have been focused 
toward instruments with a mechanical tool tip.  However, 
there are also numerous types of laser microsurgery in which 
enhanced accuracy could be of significant benefit, including 
procedures in neurosurgery and otologic surgery [10,11].  In 
addition, laser microsurgical applications in cell and 
developmental biology could also benefit [12]. 

For laser procedures, an alternative approach to the 
operation of the instrument is possible:  hypothetically, an 
instrument with no moving parts could be constructed by the 
use of an acousto-optic deflector to manipulate the laser 
beam for tremor compensation [13].  As an initial proof of 
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this concept, demonstrating that the approach can be 
implemented with sufficient accuracy, this paper presents 
the results of an acousto-optic tremor canceling experiment 
conducted using a benchtop apparatus with one degree of 
freedom. 
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Fig. 1.  Graph of the input to the system (the signal s), consisting of the 
hand tremor of a vitreoretinal surgeon recorded during a procedure in a 
rabbit model in vivo.

II. METHODS

 A recording of physiological tremor was acquired 
during vitreoretinal surgery in a rabbit model in vivo [14].  
To facilitate evaluation of experimental results from the 
deflector, the tremor was isolated by bandpass filtering the 
data with a tenth-order Butterworth filter with corner 
frequencies at 7 and 13 Hz.  Data were recorded in three 
dimensions, but only one dimension was used for the present 
experiment.  A sampling rate of 100 Hz was used for data 
collection, and in all other portions of the experiment.  A 
data segment 60 s in duration was used for this experiment.  
This yielded the input signal, s, shown in Fig. 1.  The rms 
amplitude of the data segment is 4 m. 

Real-time estimation of tremor was performed just as it is 
performed in Micron [6].  The signal was filtered by a 
tremor estimation algorithm based on the Weighted-
frequency Fourier Linear Combiner (WFLC), depicted in 
Fig. 2.  This is a computationally simple time-domain 
algorithm, variants of which are frequently used for 
modeling and compensation of quasi-periodic biological 
signals or disturbances [6,15-17].  The raw motion signal, s,
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is bandpass filtered to the 7-14 Hz band to approximately 
isolate the tremor, producing the prefiltered input signal, s.
The WFLC is an adaptive notch filter which also estimates 
the fundamental frequency of the incoming signal using a 
nonlinear phase-lock process.  The time-varying frequency 
information is then used as the basis for a separate Fourier 
Linear Combiner which operates as an adaptive notch filter 
on the unfiltered signal, s, using the notch frequency 
information learned by the WFLC to suppress the tremor 
while avoiding the phase lag introduced by the bandpass 
prefilter.  The equations of the system are [8]:   
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where k is the time index, and w and ŵ  are vectors of 
adaptive weights, each having length 2M.  Equations (1)-(4) 
constitute the WFLC, and (5)-(6) are the FLC indicated in 
Fig. 2.  The following parameter values were used:   = 
0.25, 0 = 0.000275, ˆ  = 0.3, M = 1, w0 = 0, and w00 = 
0.6283 (10 Hz).  This yielded the tremor estimate signal, ý.

Acousto-optic tremor canceling was demonstrated using 
an Isomet 1206C acousto-optic modulator controlled using 
an Isomet D302B tunable RF driver.  A He-Ne laser was 
used.  The signal ý was used as input to the driver, after a 
prior transformation in order to place it within the usable 
input range of the driver.  The modulating driver output was 
used in order to cause the modulator to deflect the laser 
beam.  The position of the laser beam was sampled at 100 
Hz using a DL100-7PCBA position-sensing photodiode 
(Pacific Silicon Sensor Inc., Westlake Village, CA).  An 
optical bandpass filter (10LF10-633, Newport Corp., Irvine, 
CA) was used with the PSD in order to improve the quality 
of the measurements.  The displacement, y, measured by the 
PSD was recorded and compared with the original motion 
signal, s, to obtain the overall canceling error,  = s – y.

The tracking error of the laser deflection system alone, 
apart from the filtering, was quantified by comparing the 
measured output, y, with the driver input, ý, to obtain = ý -
y.

The tremor modeling error,  = ý - s, was also calculated. 

Fig. 2.  WFLC-based tremor-canceling algorithm.  The raw motion signal is 
bandpass filtered to the 7-14 Hz band to approximately isolate the tremor.  
The Weighted-frequency Fourier Linear Combiner is an adaptive notch 
filter which also estimates the fundamental frequency of the incoming signal 
using a nonlinear phase-lock process.  The time-varying frequency 
information is then used as the basis for a separate Fourier Linear Combiner 
which operates as an adaptive notch filter on the unfiltered incoming signal, 
estimating the tremor while avoiding the phase lag introduced by the 
bandpass filter. 

Fig. 3.  Block diagram of acousto-optic tremor canceling system for laser 
instrument.  The hand motion of the surgeon is filtered as depicted in Fig. 2.  
The resulting tremor estimate is then fed through the RF driver, which 
drives the acousto-optic deflector to displace the laser beam in order to 
compensate the signal. 

III. RESULTS

The average overall canceling error, , over the 60 s 
duration of the experiment was 0.8 m rms.  A typical 
portion of the results is presented in Fig. 4.    

The average tracking error, , of the laser deflection 
system was found to be 0.6 m rms.  This is consistent with 
a result obtained separately when the recorded signal, s, was 
used directly as input to the driver, without passing through 
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the WFLC tremor estimation algorithm; this trial also 
produced a tracking error of 0.6 m rms. 

The average tremor modeling error, , was 0.5 m rms. 
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Fig. 4.  Typical results from canceling experiment.  The dashed line shows 
the input signal (Fig. 1).  The solid line is the compensating displacement of 
the laser beam produced by the system.  The dotted line shows the canceling 
error, , or the difference between the input and output. 

IV. DISCUSSION

The experimental apparatus used here, with the WFLC-
based tremor filter [8] being used to provide the signal to 
drive an acousto-optic deflector, replicates the complete 
signal path from the proposed laser Micron.  As such it 
represents a full offline test of the concept, albeit in a single 
degree of freedom.  Since non-tremulous components were 
filtered out of s before the experiment, perfect operation 
would be indicated by a continuous output of zero, i.e., 
compensation of the entire input signal.  The rms values of 
, , and  obtained are consistent with the assumption that 

and  are independent.   
The results obtained for overall canceling error 

demonstrate the feasibility of the general concept of tremor 
cancellation via acousto-optic deflection of the laser beam.  
Future work would require extension of the technique to two 
degrees of freedom, as well as development of a miniature 
apparatus that can fit within the handle of an instrument 
such as Micron (approximately 15 mm in diameter). 

In this experiment, the distance from the laser to the 
operating surface (or sensor, in this case) was known.  In 
order for such an instrument to operate correctly in the field, 
the distance between the laser and the tissue must likewise 
be known.  The most likely solution to this would be 
incorporation of an appropriate sensor into the instrument. 
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