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Adaptive Canceling of Physiological Tremor
for Improved Precision in Microsurgery

Cameron N. Riviere,Member, IEEE, R. Scott Rader, and Nitish V. Thakor,*Fellow, IEEE

Abstract—Physiological hand tremor impedes microsurgery.
We present both a novel adaptive algorithm for tremor estimation
and a new technique for active real-time canceling of physio-
logical tremor. Tremor is modeled online using the weighted-
frequency Fourier linear combiner (WFLC). This adaptive al-
gorithm models tremor as a modulating sinusoid, and tracks its
frequency, amplitude, and phase. Piezoelectric actuators move
the surgical instrument tip in opposition to the motion of tremor,
effectively subtracting the tremor from the total motion. We
demonstrate the technique in one dimension using a cantilever
apparatus as a benchtop simulation of the surgical instrument.
Actual hand motion, prerecorded during simulated surgery, is
used as input. In 25 tests, WFLC tremor compensation reduces
the rms tip motion in the 6–16 Hz tremor band by 67%, and
reduces the rms error with respect to ana posterioriestimate of
voluntary motion by 30%. The technique can be implemented in
a hand-held microsurgical instrument.

Index Terms—Active noise control, adaptive noise canceling,
Fourier modeling, microsurgery, tremor.

I. INTRODUCTION

PHYSIOLOGICAL tremor is an involuntary, roughly sinu-
soidal component inherent in normal human hand motion

[1]. It has been found to consist of a “mechanical-reflex”
component which depends on mechanical properties, and
a second component which is thought to originate from
the central nervous system and has a frequency range of
8–12 Hz [1]. The mechanical-reflex component is usually the
larger in unrestrained motion [1], but is typically suppressed
substantially during microsurgery by arm or wrist rests [2].
A recent study has found tremor frequency during simulated
vitreoretinal surgery to range 8–12 Hz [3].

Imprecision in microsurgery due to tremor has long been
a concern [2]. The desire to improve precision is one of
the driving forces behind the growing field of robot-assisted
surgery [4]. Several research efforts have focused upon the
potential of robotic manipulators for greater steadiness and
accuracy than human hands, in such fields as neurological [5],
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orthopedic [6], and ophthalmological surgery [4], [7]. From the
surgeon’s point of view, however, direct, or nonteleoperated,
microsurgery retains its appeal, due to its more natural feel and
superior feedback, as well as its lower equipment cost. In direct
manual microsurgery, since the surgeon’s hand is the actuator
for the system, exact real-time correspondence between volun-
tary hand motion and visual feedback is guaranteed, without
the lag sometimes exhibited by teleoperated systems. Effective
tremor suppression in hand-held instruments is, therefore,
useful in that it would result in greater precision, smaller
incisions, less tissue damage, and better surgical outcomes [8],
while also preserving the surgeon’s natural experience of the
operation, and minimizing cost.

A tremor canceling system for direct microsurgery should
be unobtrusive and feel natural. Its size should be minimal,
to avoid further cluttering of the already crowded surgical
field. These constraints diminish the suitability of a manipu-
landum that could be damped or activated to attenuate tremor.
An alternative approach is active noise control. Rather than
suppressing the actual hand tremor, this involves generat-
ing an equal but opposite instrument tip motion, effectively
“subtracting” the tremor from the overall motion. Boseet
al. [8] suggested a surgical system including electromagnetic
actuation for active tremor control, but also relying on a
passive robot arm that could clutter the field and hamper
voluntary motion. Experimental results were not presented.

The active tremor control scheme we propose is to use
flexure of the intraocular shaft of a vitreoretinal microsurgical
instrument to create an oscillation at the tip, opposing the
tremor in two dimensions orthogonal to the shaft. Axial
shaft displacement can then provide canceling in the third
dimension. The effect is to hold the tip stationary, or on a
desired trajectory, despite the fact that the entire instrument
is being shaken by the hand of the surgeon. Piezoelectric
elements are widely used in the field of intelligent structures
for active noise control, including vibration suppression in
cantilevers [9]. These actuators can similarly be used to
create a desired vibration. As a prelude to development of
a full prototype, we have simulated a surgical instrument by
constructing a cantilever testbed, built to scale, incorporating
piezoelectric actuators for tremor canceling in one dimension
transverse to the beam.

We describe a novel adaptive algorithm which is well suited
to active tremor control due to its computational simplicity and
predictive capability. Using this algorithm with the cantilever
testbed, we demonstrate the proposed new technique for active
canceling of physiological tremor. A preliminary report on this
system was presented in [10].
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840 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 45, NO. 7, JULY 1998

Fig. 1. An adaptive noise canceler. The desired signaldk is corrupted by
a noisenk. The adaptive filter takes in a noisen0

k
, correlated withnk, and

outputs an estimateyk of nk, which is subtracted from the primary inputsk.
This yields"k, an estimate ofdk.

II. M ETHODS

A. Tremor Estimation

There have been studies in recent years on the use of
signal filtering for tremor attenuation, primarily dealing with
pathological tremor [11]–[13]. Most of this work involves
either finite impulse response linear equalizers trained on
tremor recordings [11], or linear low-pass or bandstop fil-
tering approaches [12], [13], which aim to attenuate the full
frequency band of tremor, while passing frequencies below 1
or 2 Hz, which are assumed to be voluntary. Linear filters
are successful in attenuating tremor in many applications,
but their inherent time delay [14] is a drawback in active
noise control, with its demand for zero-phase compensation.
Furthermore, low-pass filtering is not sufficiently selective to
form an explicit tremor model for use as an actuator command.
Effective active tremor compensation requires a zero-phase
system which generates a specific tremor estimate to be used
as an opposing vibration.

1) Adaptive Modeling:Adaptive noise canceling is well
suited to the treatment of the frequency and amplitude varia-
tions exhibited by tremor. An adaptive noise canceler is a filter
that self-optimizes online through exposure to an input signal,
adjusting its parameters according to a learning algorithm [15].
As shown in Fig. 1, the system accepts two inputs: a primary
input , containing a desired signal and uncorrelated noise

; and a reference input (typically obtained via tapped
delay line [15]), containing noise correlated with . The
object is to filter via the adaptive weights to form ,
an estimate of . Then is subtracted from to yield

. The adaptive process minimizes, the mean square value
of , thereby minimizing the mean square error between
and , making an estimate of . Adaptation is typically
accomplished using a gradient descent algorithm such as the
popular least mean square (LMS) algorithm [15].

2) The Fourier Linear Combiner:The roughly periodic
nature of tremor makes it amenable to a sinusoidal or Fourier
series model [1]. The Fourier linear combiner (FLC) [16],
[17], shown in Fig. 2(a), is an algorithm that estimates a
quasiperiodic signal of known frequency by adapting the
amplitude and phase of a reference signal generated artificially
by a dynamic truncated Fourier series model

(1)

(a)

(b)

Fig. 2. (a) The Fourier linear combiner. The FLC adaptively creates a
dynamic Fourier series model of any periodic input. The reference vector
consists of harmonic sines and cosines at a fixed fundamental frequency.
These are weighted by the Fourier coefficient vectorwk and summed to
obtain a truncated Fourier series model of the inputsk. The bias weight
wb filters out low-frequency components of the input. (b) The WFLC. The
system maintains a running sum of the frequency weightw0 . The resulting
modulated harmonic sines and cosines, weighted by the Fourier coefficient
vectorwk, are summed to obtain the truncated Fourier series model ofsk.
A bias weight can also be included, as in the FLC, but none is shown here
because none was used in the WFLC herein.

in which the adaptive filter weights are the Fourier coefficients.
The LMS algorithm is used to update the weights. The FLC
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is as follows:

(2.1)

(2.2)

(2.3)

where is the adaptive weight vector,
is the input signal, is the number of harmonics in

the model, and is an adaptive gain parameter. The FLC is
computationally inexpensive [16], inherently zero phase [17],
and has an infinite null [15]. The algorithm may be viewed as
an adaptive notch filter, the width of the notch created at
being directly proportional to [15]. The time constant for
convergence can be shown to be [17]

3) The Weighted-Frequency Fourier Linear Combiner:Due
to the nonstationary nature of tremor, effective canceling
requires adapting to changes in both frequency and amplitude,
whereas the FLC operates at a preset fixed frequency. To
provide the needed versatility, the FLC has been extended to
the case of time-varying frequency in the weighted-frequency
Fourier linear combiner (WFLC), shown in Fig. 2(b). Like
the FLC, the WFLC forms a dynamic truncated Fourier series
model of the input. Unlike the FLC, the WFLC adapts the
frequency of the model as well as its Fourier coefficients to
match the input signal. The WFLC is, therefore, well suited
to compensating for approximately periodic disturbances of
unknown frequency and amplitude.

We briefly demonstrate here the development of the WFLC.
If the fixed reference frequency of the FLC is replaced by
an adaptive weight , (2.2) becomes

(3)

An adaptive recursion for can then be constructed using
the simplified approach underlying the LMS algorithm [15],
i.e.,

From (3)

(4)

The leading time index, , in the right-hand side of (4) must
be omitted for stability. Its presence affects the magnitude, but
not the direction in weight space, of the adaptation of. Its
omission is equivalent to a constant decrease in the value of
(a device often used to provide fast convergence early and low
misadjustment later [15]), and is justifiable provided sufficient

adaptation rate is retained. To obtain a workable algorithm,
we also replace the sinusoidal arguments in (4) with running
sums appropriate to frequency modulation

(5)

Finally, is provided with its own adaptive gain, . This
yields the frequency recursion (6.3) of the WFLC, shown
below

(6.1)

(6.2)

(6.3)

(6.4)

Input amplitude and phase are estimated by the adaptive
weight vector , as in the FLC, while estimates input
frequency. It can be shown that, for sufficiently small,
converges to the frequency of a sinusoidal input signal [19].
Comparison of (2) and (6) shows that when , the WFLC
reduces to the FLC. A full stability and performance analysis
of the WFLC may be found in [18].

The overall control system is shown in Fig. 3. A sixth-order
elliptical bandpass prefilter, with passband 7–13 Hz, is used
before the WFLC, minimizing the effect of voluntary motion
on . Using the frequency information contained in the
WFLC reference vector a second set of amplitude
weights operates on the raw signal tracking amplitude
modulation and performing the zero-phase tremor canceling,
as follows:

(7.1)

(7.2)

where . Thus, (7) operates essentially
as a FLC with a time-varying reference frequency. A bias
weight [15] with a separate adaptive gainis used in parallel
with this FLC to minimize distortion of lower frequency
components [see Fig. 2(a)]. This overall system cancels tremor
using an adaptive zero phase notch filtering approach which
tracks changes in tremor frequency, amplitude, and phase.

The canceling FLC uses only the frequency information
from the WFLC. The WFLC amplitude weight information
is not used for the actual canceling. The bandpass prefilter
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Fig. 3. The experimental setup. Recorded hand tremor data are input to the forcing actuator, translating the beam apparatus accordingly. The controlsystem
uses a Hall effect sensor for beam position, the WFLC to estimate tremor frequency, and the FLC for real-time tremor compensation. The FLC drives two
piezoelectric canceling actuators, flexing the beam in opposition to the tremor. The motion detected by the sensor is therefore the result of the forcing actuation
of the tip, produced by translating the base of the beam, less the canceling actuation of the tip, transmitted from the base via beam flexure. This situation
is indicated by the dotted balloon marked “physical interaction of forcing and canceling actuators via beam.”

before the WFLC causes a small lag in the WFLC output,
but this affects only the frequency, and not the amplitude,
of the final canceling system. Since the WFLC frequency
is constrained to change slowly for stability [18], and since
tremor frequency, unlike tremor amplitude, tends to change
only slowly [19], the effect of this delay on performance is
negligible. The FLC operates with no prefiltering, providing
zero-phase tremor canceling.

B. Instrumentation

A testbed for the tremor suppression technique was con-
structed, simulating microsurgical motion in one dimension.
The intraocular probe of a typical vitreoretinal instrument, of
outer diameter 0.91 mm and inner diameter 0.66 mm, was
modeled as a cantilever mounted on the instrument handle.
For simplicity, a rectangular prismatic beam was used instead
of a tube. The beam width (18.3 mm) and thickness (0.25
mm) were selected to produce the same moment of inertia as
the probe. Like the original probe, the beam was 28-mm long
and fabricated of type 316 stainless steel. A 0.23-g permanent
magnet was attached to the tip.

The base of the beam was mounted on a voice coil (Polk
Audio, Baltimore, MD). Recordings of surgeons’ hand motion
were fed to this actuator via a Crown DC-300A power
amplifier, moving the beam in simulation of instrument motion
during microsurgery. The high bandwidth of this forcing
actuator allowed faithful reproduction of the hand motion,
including both tremor and nontremor components, as Fig. 4
shows. Two piezoelectric ceramic actuator elements (Piezo
Systems, Inc., Cambridge, MA) were bonded to opposite sides
of the beam at its base. Each element was 12.7 mm18.3
mm 0.19 mm.

(a)

(b)

Fig. 4. The electromagnetic forcing actuator used in the test setup faithfully
reproduces human hand motion from recorded data, allowing testing of the
tremor canceling system on actual physiological tremor. Testing of the actuator
showed RMSE of 2�m, which is nearly the instrumentation noise level. The
physiological tremor, of relatively high frequency, is visible in the figure.
Also visible are other components of motion, some as rapid as 2 Hz or so,
which are not physiological tremor. Whether these are completely voluntary
is not known. (a) Sample of recorded hand motion. (b) Motion reproduced
by the forcing actuator.

The control system was implemented on a desktop PC.
During each test, a Hall effect noncontact sensor measured
the beam tip position via the magnet. The sensor signal was
discretized for input to the WFLC. The magnitude of each
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(a)

(b)

(c)

Fig. 5. Adaptive real-time canceling of a modulating sinusoid using the test setup. The input modulates from 8.5 to 11.5 Hz and back. The WFLC tracks
the frequency modulation and generates a command for the piezoelectric actuators, flexing the beam to counteract the vibration: (a) uncompensated motion,
(b) compensated motion, and (c) the WFLC (solid line) adapts to the input vibration frequency (dotted line) to optimize tremor canceling.

amplitude weight was limited to a maximum of 20 m.
The WFLC/FLC tremor model, converted to analog, then
provided the command signal for the piezoelectric actuators.
The actuators generated a bending moment in the beam,
causing a tip displacement that opposed the tremor.

C. Experimental Procedure

The system was evaluated using recordings of physiological
tremor, as well as synthetic data. The sampling frequency
was 1 kHz. The system parameters were

, and
(10 Hz). A digital trigger synchronized forcing

input and control system operation. Each test lasted 15 s, and
was run once with, and once without, the tremor filter.

The first set of tests involved the input of simple signals
such as pure sinusoids, modulated sinusoids, and physiological
hand tremor recordings high-pass filtered at 3-Hz cutoff to
suppress the voluntary component. Each test was evaluated by
comparing the rms amplitude of the uncompensated beam tip
motion with that of the compensated motion.

In the second set of tests, 25 unfiltered recordings of actual
hand motion, taken from five experienced eye surgeons, were
used as forcing input. The raw recordings, containing phys-
iological tremor and nontremor components, were collected
as the surgeons moved a surgical instrument in simulated
vitreoretinal surgery. The instrument was inserted through a
sclerotomy in the right eye of a mannequin. A Hall effect
sensor was used to record the one-dimensional displacement
of a magnet attached to the instrument tip. For more details
on collection of the input data, see [3].

The second set of output data were evaluated for both
tremor reduction and overall trajectory improvement. The
tremor reduction due to WFLC compensation was calculated
by bandpass filtering and using a fifth-order Chebyshev
filter with cutoffs of 6 and 16 Hz, and comparing their filtered
rms amplitudes. To calculate overall instrument tip trajectory
improvement, a performance standard was generated for
each test by zero-phase low-pass filtering with a cutoff
frequency of 2.25 Hz, using a forward-backward second-
order Butterworth filtering routine available in Matlab (The
Math Works, Natick, MA). This provided an estimate of the
voluntary motion, which could not be directly measured. The
uncompensated and compensated error,and , respec-
tively, were computed

and their rms values were compared. This provided a more
stringent evaluation that accounted for motion at all frequen-
cies, rather than only within the tremor band. Student t tests
were used to evaluate the statistical significance of results.

III. RESULTS

In the simplest test conducted, the forcing input was a pure
sinusoid at 10 Hz, creating an uncompensated amplitude of
roughly 12- m peak-to-peak. The system converged to gener-
ate zero-phase compensation, resulting in a 71.8% decrease in
the rms amplitude of the beam tip motion as compared to the
uncompensated case. Here, as elsewhere, the initial transient
of adaptation was too brief to be visible in the compensated
motion.
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TABLE I
RESULTS FORHIGH-PASS-PREFILTERED TREMOR RECORDINGS(p < 0:15)

RMS amplitude (�m)

Trial Uncompensated Compensated

1 2.6 1.4
2 2.8 1.8

mean 2.7 1.6
standard deviation 0.1 0.3

(a)

(b)

Fig. 6. Active control of physiological tremor using the test setup, with input
data high-pass prefiltered to suppress nontremor components. The figure shows
an excerpt of one 15-s trial: (a) uncompensated motion and (b) compensated
motion.

A modulating sine input is shown in Fig. 5. The outcome
was again an obvious canceling of the input, demonstrating the
capacity of the WFLC to adapt to unknown and modulating
interference frequencies. The tremor canceling system pro-
duced a 63.1% decrease in the beam tip motion rms amplitude.
The forcing frequencies of 8.5 and 11.5 Hz are accurately
estimated. The frequency convergence behavior of the WFLC
can be seen in the transients in Fig. 5(c). The degradation in
canceling performance during the transient can be seen to be
minimal.

The system was then tested on physiological hand tremor.
In these trials, presented in Table I, the input was previously
high-pass filtered to suppress nontremor components of mo-
tion. Fig. 6 shows the results of a typical trial. The WFLC
compensation suppressed the physiological tremor. The result-
ing decrease in tip motion rms amplitude was 40.6%8.6%
(mean standard deviation) ( ), compared to uncom-
pensated motion, for the two tremor recordings tested.

The second set of tests involved unfiltered recordings of
surgeons’ actual hand motion, containing physiological tremor
as well as other components. Fig. 7 shows a typical result for a
full 15-s trial. Results for all recordings are shown in Table II.
For the 25 surgical recordings used, the WFLC decreased the
rms amplitude within the 6–16 Hz tremor band by 66.9%
15.6% ( ). Fig. 8 shows a portion of one trial, with
the zero-phase postfiltered voluntary motion estimate,, also
shown. The compensated tip motion in Fig. 8 is visibly closer

(a)

(b)

Fig. 7. Active control of physiological tremor using the test setup. Unfiltered
recorded hand motion is used as input to the system: (a) uncompensated mo-
tion and (b) compensated motion. Suppression of tremor is visible throughout
the test.

TABLE II
ERROR ANALYSIS OF SURGEONS’ RECORDED MOTION AND

RESULTS OF ONLINE TREMOR CANCELING (p < 0:01)

RMS amplitude,
6–16-Hz band (�m)

RMSE, postfiltered
standard (zk) (�m)

Trial Uncompensated Compensated Uncompensated Compensated

1 1.6 0.2 2.6 1.8
2 1.2 0.2 2.8 1.6
3 0.8 0.1 1.7 1.6
4 3.8 1.2 6.3 3.5
5 1.5 0.7 4.5 4.2
6 1.0 0.2 2.1 2.1
7 3.8 2.6 12.4 8.5
8 1.4 0.8 5.5 3.9
9 1.9 0.8 5.8 4.1
10 5.4 1.7 7.5 3.8
11 1.2 0.7 6.3 4.2
12 1.9 0.5 3.7 2.7
13 3.5 0.8 5.6 2.9
14 2.5 0.7 4.4 2.8
15 1.6 0.6 4.1 3.3
16 4.2 1.8 9.1 5.4
17 1.4 0.7 6.5 4.0
18 1.4 0.6 5.2 3.4
19 2.0 0.2 2.8 1.6
20 1.0 0.2 2.7 2.5
21 3.7 1.8 7.8 5.3
22 2.0 0.8 5.9 4.2
23 2.4 0.7 5.9 3.2
24 1.2 0.4 3.0 2.7
25 2.8 0.4 3.5 2.1

mean 2.2 0.8 5.1 3.4
std. dev. 1.2 0.6 2.5 1.5

than the uncompensated motion to. Over all 25 tests, the
compensation decreased the rms error (RMSE) with respect
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Fig. 8. Close-up view of adaptive real-time control of physiological tremor
using the test setup on one of the 25 raw recordings of surgeons’ hand motion.
The solid line shows an offline estimate of voluntary motion, obtained via
zero-phase lowpass postfiltering of the uncompensated motion. The fine dotted
line shows the motion during WFLC compensation, which is visibly closer
than the uncompensated motion to the offline estimate.

to the offline voluntary motion estimate, , by 30.4%
14.0% ( ). Thus, with actual surgeons’ hand motion as
input to the benchtop surgical device, the online compensation
suppressed the tremor without phase lag. The canceling system
succeeded not only in decreasing the signal power in the
tremor band, but also in generating an overall surgical in-
strument tip trajectory (the compensated motion) significantly
closer to the offline filtered voluntary motion estimate.

IV. DISCUSSION

The results presented in Fig. 5 demonstrate the ability of
the tremor canceling system, based on the WFLC algorithm,
to adapt to the unknown frequency and amplitude of an
input signal, and track changes in these parameters, generating
a compensating signal in order to suppress the input. The
high-passed tremor input tests and raw hand motion input
tests, shown in Figs. 6–8, demonstrate that the system is also
capable of active canceling of physiological tremor during
actual hand motion, a more complex task than canceling
the previous artificial signals. The system adapts to suppress
tremor components in the system input, while preserving other
components, as seen in Fig. 8. The results in Table II clearly
demonstrate the benefit provided by the tremor canceling
system: significant reduction of position error due to tremor
in microsurgical instrument manipulation, with no phase lag,
minimal distortion of voluntary motion, and, because the
canceling is done in a hand-held instrument, no diminution of
the surgeon’s freedom of movement or natural experience of
the surgery. Distortion of nontremor motion is sufficiently low
to allow significant reduction of error with respect to the offline
estimate of voluntary motion. Implementation of this system in
a practical hand-held instrument will enable more precise man-

ual microsurgery. The WFLC has also been implemented in
systems for canceling of pathological tremor during computer
input [20] and quantification of tremor for clinical use [21].

The large rapid change in input frequency in Fig. 5 was
intended to subject WFLC frequency adaptation to an extreme
test—more than would be encountered in practical operation.
The WFLC frequency adapts successfully, but lags somewhat.
However, the performance degradation during the transient
is negligible. Preliminary tests of the system were done at
a much lower sampling rate, restricting the adaptation rate
and resulting in a large oscillation at the difference frequency
during the transient in a similar test [10]. Hardware changes
made possible the 1-kHz sampling rate used here, enabling
much faster adaptation and the clean results of Fig. 5. One
drawback of this faster adaptation is increased sensitivity
to noise. This includes any low-frequency components left
unmodeled by the bias weight . This results in some low-
frequency error with respect to which can be seen, e.g., in
Fig. 8. It is hoped that fine tuning of and values may
result in improvements over current performance.

The two primary difficulties encountered in this work arise
from the motion sensor used and the resonance of the beam.
The Hall effect beam tip displacement sensor was found to
cause a small high-frequency noise equivalent to approxi-
mately 2- m peak-to-peak tip motion. This hampered cancel-
ing somewhat, particularly in tests where the raw input RMSE
was already small. An onboard sensor accurate to submicron
levels would improve the system.

The piezoelectric actuation excited a small undesired beam
motion at approximately 312 Hz, the resonant frequency of
the beam. The second-order dynamics of the beam were not
modeled. In [10], the system was tested at one-tenth actual
speed on three raw prerecorded motions from the second test
set. Because beam resonance was less of a factor at this slow
speed, an improved RMSE reduction of 45.7%30.3% was
attained with respect to the postfiltered standard. Redesign to
avoid beam resonance would enhance the effectiveness of the
technique.

Questions regarding contact with tissue, and the resulting
loading of the instrument tip, are not dealt with herein.
These include whether detection of contact is needed, whether
amplifier gains should be varied with loading, and how loading
affects the tremor itself. These are issues for future research.

Implementation of this system in an actual surgical instru-
ment, and subsequent clinical trials, are planned. A preliminary
design for an ophthalmological instrument has been developed,
with piezoelectric actuators to cancel tremor via flexure in
the two dimensions transverse to the intraocular shaft. A
common-mode signal component to all actuators provides
axial canceling. The system does not appreciably increase
the size and weight of the instrument. Due to the practical
difficulties of sensing tip motion within the eye, the instrument
will instead utilize motion sensing of the handle to obtain
the uncompensated input. Trials with surgeons will first take
place on a simulator. Final clinical trials will focus on the
most demanding vitreoretinal procedures. Incorporating tremor
canceling hardware within the handle itself, using the WFLC
for control, this instrument will allow improved precision in
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microsurgery without the loss of the natural sensory experience
inherent in teleoperative systems.

V. CONCLUSION

The WFLC, a novel algorithm capable of adapting to
frequency and amplitude modulation of tremor, has been
presented. The feasibility of active compensation of physi-
ological tremor using a WFLC/FLC combination for tremor
estimation and piezoelectric elements for actuation has been
demonstrated. The system produced a reduction in power in
the tremor frequency band, and a significant net improvement
in fidelity to an offline estimate of voluntary motion. This
technique can be incorporated within a hand-held surgical
instrument.
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