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Toward Active Tremor Canceling in
Handheld Microsurgical Instruments
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Abstract—This paper describes research in active instru- branch retinal vein occlusion [4], but which has been found
ments for enhanced accuracy in microsurgery. The aim is to to be generally traumatic when performed with the instru-

make accuracy enhancement as transparent to the surgeon as . . . -
possible. Rather than using a robotic arm, we have taken the mentation presently available [5]. Additional opportunities

novel approach of developing a handheld instrument that senses for performance improvement exist in otorhinolaryngological,
its own movement, distinguishes between desired and undesiredneurological, and microvascular surgery [6].

motion, and deflects its tip to perform active compensation of the  Various techniques exist for minimization of physiological

undesired component. The research has therefore required work tremor amplitude during microsurgery. Wrist rests and other

in quantification and modeling of instrument motion, filtering .
algorithms for tremor and other erroneous movements, and SUPPOrts are common. Many surgeons govern their sleep and

development of handheld electromechanical systems to perform their caffeine intake prior to surgery in an attempt to reduce
active error compensation. The paper introduces the systems tremor amplitude [7]. Some take beta-blockers, which have been

developed in this research and presents preliminary results. shown to have an attenuating effect [8]. In recent years, at-
Index Terms—Adaptive noise canceling, human performance tention has turned to the potential of robotic systems to yield
augmentation, medical robotics, microsurgery, tremor. much more substantial increases in positioning accuracy. Vitre-
oretinal microsurgery has been the focus of several efforts, as

|. INTRODUCTION it is among the most demanding of specialties in terms of ma-

nipulation accuracy. There is some amount of consensus among

NACCURACY in microsurgery has long been a CONCEM:reoretinal surgeons on the need for tool tip positioning accu-

[1]. Limitations on human accuracy in manual manlpur'acy approaching 1@m [9], a level that seems to require the

lation restrict the types of microsurgical procedures that a%essistance of medical robotic devices.

feasible, and hinder the quality of those that are performe ‘There are several possible robotic approaches to microsur-

Effective suppression of involuntary or undesired motion in. N
gical accuracy enhancement, each having its advantages and

microsurgery, therefore, would not only improve accuracy Iﬁisadvantages. The most common approach is teleoperation

fxiténgfpr?;ce:éﬂfjs’ bgtnvgo;i(;ilsl(; Ilize:)e/t(i)npzaelnvg}r? \::v:r):rfﬁlgti n0]—[12]. The physical separation between command input and
ypes ot p T P ) ) anipulator output in such systems allows motion scaling and
for injection of anticoagulants to treat occlusions. This proc

dure holds the potential of curing a major cause of blindne(ﬁltermg to be applied in a straightforward fashion. Scaled force

timated to affect 1.6% of d449 Id bdback to the user is likewise facilitated. The drawbacks of
estimated fo allect .57 Ol PErSons aged £9 years or older lgy., 4, approach include the high cost of a telerobotic system
but is generally considered infeasible with existing manug

. ) . nd the obtrusiveness or unnatural feel of such a system from
techniques due to the imprecision of the surgeon [3]. Anothgr y

hthalmologic example is arterioven heathotomv. whi e point of view of the surgeon, who is accustomed to treating
ophthaimologic example 1S arteriovenous sneathotomy, e patient with his own hands. A robotic arm with the requisite

has engendered recent interest as a possible treatment for, o . S
workspace for the application also introduces significant safety

and liability issues.
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interface and the robotic arm, requiring only a micromanipu- Il. QUANTIFICATION OF INSTRUMENT MOTION

lator for the instrument tip. The surgeon _holds the tool and 9P~ Solutions for microsurgical accuracy enhancement are being
erates as he has always done, maximizing the transparencyQfe|oned, while in many ways, the problems are not yet fully
natqral feel of th.e <'jeV|ce'. The range of the mmromampulator@ﬁown Too little is known about how (and how well) surgeons
the instrument tip is designed to be only as much as is neeqggtorm without such enhancement. There has been a need for
for compensation of tremor and similar erroneous movemeni$;antification of tremor amplitude under authentic conditions,
Safety and liability issues are thus minimized, because everyiRy of overall accuracy attainable by the surgeon, in order to es-
case of failure, the system is not capable of displacing its §gplish a performance baseline for enhancement devices. Quan-
more than a few hundred microns. If the system is shut downtiifcation of the bandwidth utilized by the surgeon, as well as the
simply becomes a passive handheld instrument such as the syérformance envelope” in terms of velocity and acceleration,
geon has worked with for years. Among the disadvantagesigheeded to allow optimal design specification of enhancement
this approach is that in order to perform compensation, the Wevices. Precision measurement systems for microsurgical in-
desired component of movement must be estimated rather t@uments are also needed in order to enable modeling of tremor
merely suppressed, and any time delay in estimation degragd@éd nontremulous error for further development of error esti-
the quality of the compensation. mation algorithms, as well as quantitative testing of devices
Occupying an intermediate position between these two agch as Micron. In response to these needs, we have developed
proaches on the continua of both cost and obtrusivenessvi® types of measurement apparatus: an optical instrument tip
the “steady-hand” approach of Taylet al. [6], in which a tracker, designed for performance evaluation of instruments in
robotic arm and the surgeon’s hand hold the same instrum#m laboratory only; and an inertial sensing module, designed
simultaneously, the robot sensing the force applied by tfi@r intraoperative sensing of tremor.
human hand and selectively complying in order to suppress )
unwanted components while allowing the desired movemefit. Laboratory Instrumentation
As to cost, this approach dispenses with the master interfacé&valuation of microsurgical instruments and development of
required for teleoperation, but retains the robotic arm (amror estimation algorithms require instrument position tracking
thus, many of the concomitant safety and liability issues). As 3-D with accuracy better than 10m. In response to this
to obtrusiveness, it allows the same immediacy of contact Bged, a high-precision 3-D optical tracking system has been
handheld tools, but does require the user to share the surgiteseloped in our laboratory [15]. Apparatus to Sense Accuracy
field with a small robotic arm. The telerobotic and steady-haraf Position (ASAP) operates by illuminating the workspace
approaches both allow “third-hand” tasks, in which the suwith a high-power infrared LED array (OD-669, Opto Diode
geon can position a tool and then let go of it, whereas suct&rp., Newbury Park, CA), pulsed at 5 kHz, and then using two
thing is impossible with our approach. While force feedbackD position-sensitive detectors (PSDs) (DL-10, UDT Sensor
and certain limited kinds of motion scaling are in principlénC., Hawthorne, CA) to sense the light reflected from a white
still possible with the steady-hand and handheld compensatf@#rin ball (4.7 mm diameter) attached to the tip of the surgical
approaches, they are certainly more problematic than in tmgtrum.en.t. Each PSDisfitted with an absorptionfilter (over 99%
telerobotic scenario. transmission for wavelengths above 780 nm; less than 0.001%
An approach sharing certain characteristics with both the 4Fansmission below 600 nm) and alens (10 mmfocallength; with
tive handheld and steady-hand approaches was proposed sBlilayer antireflection coating). The systemis showninFig. 1.

: : The converted voltage signals pass through a balanced de-
years ago by Boset al.[13]. The concept included active error )
compensation, like our approach (though no estimation al odulator (AD630BD, Analog Devices Corp., Norwood, MA).

rithm was specified), and a movable base to steady the ha d?rsgséﬁ?eilttzg?g?gngrrvrvi?re(ace) gg rgﬁggﬁprtelsu%%réve(g?g)-to
somewhat resembling the steady-hand approach. However,fi‘h gnal, d y

; ne%us) partis converted to ac. The demodulator output is passed
proposal seems never to have been fully implemented.
The active handheld instrument presented here, known

through an active fourth-order Butterworth lowpass filter with a
- - . . . L 0 Hz cutoff and unity dc gain. Using the detector output sig-
Mlcrop, 1S designed for vitreoretinal apphggﬂons, th_oughhals, the Cartesian coordinates of the centroid of the reflected
the principles are of more general applicability. The instryzype <ot are computed in analog circuitry. These results are
ment must perform three functions: motion sensing; fllterlnﬁ;]en downsampled from 1500 to 150 Hz. The system is able
(or estimat'ion of erroneous motion); and tip defleption 9% track the ball with roughly Jum root mean square (rms)
compensation. The principal areas of research required by fiise per coordinate [15]. Fig. 2 presents a data sample recorded
project have been motion quantification and modeling, filteriqgsing ASAP while a subject attempted to hold an instrument
algorithms, and electromechanical systems for active handhglgdtionless. The solid line in the graph shows the subject data;
error compensation. Initial development and evaluation of thige dotted line shows a sample of the noise for comparison.
tremor filter was reported by Rivieret al. [14]. The present  Experiments to evaluate overall accuracy and tremor ampli-
paper reports on the development of a handheld instrumeiide of trained microsurgeons are ongoing. Initial experiments
prototype with the necessary sensing and manipulation eg@th three surgeons have yielded an average 3-D vector ampli-
pabilities to cancel tremor in three dimensions (3-D). It alsde of 67um for physiological tremor in instrument motion,
describes tracking instrumentation that has been developedésed on recordings of 15 s duration [16]. ASAP also has po-
serve the needs of the project, and presents preliminary restdtstial applications in training of surgeons, including as an input
from evaluation of Micron using this instrumentation. interface to microsurgical simulators.
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Fig. 3. Recording instrument motion during vitreoretinal microsurgical using
inertial sensing. The 6-DOF sensing module, roughly cubical in shape, can be
seen at the proximal end of the instrument in the left hand of the surgeon.
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Fig. 1. ASAP provides tracking of active instruments for evaluation, anc

allows acquisition of high-precision motion recordings from unassiste

surgeons for development of error estimation algorithms. ASAP operates |

optically tracking infrared light reflected from the white ball affixed to the tool

tip. The figure shows ASAP (a) during testing of Micron (see Section IV-B),

and (b) with a face mask used to constrain tool movement for more realist  _1pg s
0

simulation of vitreoretinal microsurgery. 5 Ti 10( ) 15 20
ime (s
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o
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250 . . . i i i . . . Fig. 4. Sample of physiological tremor recorded during vitreoretinal micro-

— hand surgery using an inertial sensing module affixed to a surgical instrument.
~ noise Nominally these data are from a horizontal global coordinate, though this has
200+ 1 limited significance due to gyroscope integration drift. The vector sum of rms

amplitudes for this tremor data set is @&.
150 1

tip can be obtained via rigid body kinematics. This technique is
not intended to track absolute position, because of the inevitable
integration drift, but is effective at measuring tremor and other
ac components of motion.
This module has been used to record the motion of a DP9603
Madlab Pic-Manipulator (Storz Ophthalmic, Inc., St. Louis,
S0r ) MO) during epiretinal membrane peel procedures, as shown in
Fig. 3 [17], [18]. A tremor displacement signal was obtained
by integrating the computed tip velocity and then bandpass
150 . : . . . . . . . filtering to the 7—17 Hz band (these corner frequencies were
a2 4 5 8 timLD(e) 121 18 18 2 chosen to provide a flat response in the nominal 8-12 Hz
tremor band). The magnitude of this signal was analyzed for
Fig. 2. Sample data recorded by ASAP while a subject attempted to hold particular 20 s segment in which the surgeon was executing
instrument motionless. The dotted line represents a sample of the noise of . .
system. The graph depicts the vertical) axis of the recording. the most delicate portion of the membrane removal procedure.
The vector sum of the rms amplitudes in the three coordinate
directions was 3&m. Data from one coordinate direction are
shown in Fig. 4.

To measure surgical instrument motion under authentic mi-As for the performance envelope utilized by the surgeon, a
crosurgical conditions, a 6-DOF inertial sensing module haaw velocity data set of 5 min duration and an acceleration data
been developed for intraoperative use, containing a CXL02LE8t obtained via differentiation of velocity were lowpass filtered
tri-axial accelerometer (Crossbow Technology, Inc., San Joséth a cutoff frequency of 8 Hz to remove the physiological
CA) and three CG-16D ceramic rate gyros (Tokin Corp., Tokytremor and preserve the voluntary components of the motion.
Japan). The module can be fitted to the proximal end of a mfnalysis showed that 90% of the time the velocity was less than
crosurgical instrument, and the 3-D velocity of the instrumeBt34 m/s, and the acceleration was less than 0.43 [h73.
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Fig. 5. Sample results from active compensation of recorded physiologidd@. 6. Typical canceling results for nontremulous error using the cascade-
tremor in a 1-DOF instrument using tremor estimation via the WFLCorrelation learning architecture. The target line shows the simulated voluntary
algorithm. The hand motion used as input in these experiments was recort@ion (white noise bandlimited to 1 Hz). The network input for the test is
from vitreoretinal surgeons and reproduced using a voice coil actuator. Télktained by adding recorded hand motion error to the voluntary motion. The
dashed line represents the reproduced motion as measured at the instrumefiltéiged output of the neural network is visibly closer to the target (voluntary)
in the absence of compensation. The solid line represents the compensatesigipal than is the original net input. This figure presents testing data only; no
motion for the same input data. network training is taking place in the trial shown.

To our knowledge, this represents the first time that instrigehavior [23]. This is a versatile technique that enables the
ment movement has been recorded during real microsurg@gural network to adjust not only the values of its weights,
with sufficient precision to capture physiological hand tremoBut also the number and transfer functions of its hidden units.
These studies are ongoing, with further results to be reported.he network starts with no hidden nodes, then adds them one
by one as error performance stagnates, as determined by a
preselected threshold. With each new hidden node, several can-
didate transfer functions are implemented in parallel, including
A. Tremor sigmoids, Bessel functions, and sinusoids, and the one with

Tremor is defined as any involuntary, approximatelgeSt performance is_sel_ecte_d after a brief per_iod of Cqmparison.

xtended Kalman filtering is used for learning, having been

rhythmic, and roughly sinusoidal movement [19]. Therefore;, N ] )
in order to cancel tremor, we have used a system based on d superior in performance to backpropagation [24]. Given

weighted-frequency Fourier linear combiner (WFLC) [14]. Th@" INPut containing both desired and undesired motion, the
WFLC is a nonlinear adaptive noise canceling algorithm thggtwork gstlmates the desqed ComF’O”enF- . , )
models the tremor as a sinusoid and tracks its modulation inPrellmlngry tests of th's technique n simulation with
frequency, phase, and amplitude. In preliminary experimeﬁfscorded Instrument motion data hav_e yielded an average
with a 1-DOF instrument, active canceling of recorded trem&S €rror redgctlo_n of 40% [25]..The signal use_d_ n plgce of
by a system based on the WFLC demonstrated an averd gtha_ry motion in t.hIS S|mu!at!on was an a_rt|f|C|aI signal
rms amplitude reduction of 69% [14]. Fig. 5 presents typic nsisting of W_h|te n0|se_bandI|m|ted to 1 Hz. Fig. 6 shows the
results from these experiments. The algorithm has also bdErults of a typical experiment.

used for canceling of pathological tremor in assistive computer
interfaces [20]. IV. SYSTEMS FORACTIVE COMPENSATION

Ill. FILTERING ALGORITHMS

A. Design

B. Nontremulous Error We have developed and built a working prototype of Micron,

Physiological tremor is the most familiar component o$hown in Fig. 7. This first prototype weighs 170 g, measures
erroneous instrument motion in microsurgery, but there a280 mm in length (including the 30 mm tool shaft at the tip),
nontremulous components of erroneous motion, such as nayd has an average diameter of 22 mm. The narrowed section of
oclonic jerk [9], and these components are often larger th#me handle near the tip is contoured as an aid to grasping.
the tremor [21]. Detection and canceling of such nontremulousFig. 8 presents a block diagram of the system. Motion sensing
error is difficult because it may be aperiodic and its frequendy provided by the 6-DOF inertial sensing module described in
content may overlap with voluntary motion. In order to cancé&ection 1I-B. Tip velocity is calculated and integrated to obtain
this largely unknown component of erroneous motion, wedisplacement signal, from which the erroneous component is
have begun experiments with a constructive neural netwaktimated using one of the algorithms described in Section .
algorithm, the cascade-correlation learning architecture [2d]he estimated displacement error is then used as an input com-
as modified by Nechyba and Xu for modeling of human controhand to the manipulator, driving the tip to generate an equal but
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Fig. 7. Micron, a handheld microsurgical instrument for active compensation
of tremor and other movement errors. Fig. 9. The manipulator at the instrument tip. The plastic “flexi-star” con-
strains the manipulator against rotation about the long axis and translation in
directions transverse to this axis. Its center is clamped to the stationary center
column of the instrument, and the tip of each leg is pinned to the corresponding
leg of the rigid star which holds the intraocular tool shaft. Each actuator consists
Motion of — | 6 DOF %95 of seven piezoelectric stacks, with the last stack resting against the base star.
T Only the first stack of each actuator is shown.

mstrument tip Sensing s
8.,8,,6,
A this is solely in software, within the “Estimation of erroneous
J‘J‘ < Bandpass |« ADC motion” block in Fig. 8.)
filter Estimation of erroneous motion is performed at 1 kHz sam-
Frroneous displacement pllng using the filtering approachrdescrlbed _|r; [14], with thre fol-
% 3.7 Estimation of -y, -y, d, lowing parameter valueg: = 0.25, o = 10~°, up = 0.005,
7 0 0 » erroneous —+ =03 M=1,wy =0, al’ldwo0 = 0.0628 (10 Hz).
Tyrz motion The workspace is small enough that changes in shaft orienta-
kul?e‘r’s;fcs tion due to the micromanipulator deflection are negligible with

regard to the performance of practical surgical tasks. This re-

PID 4—®4—‘ duces the dimension of the configuration space of the manipu-
Joint variables

a lator to three, and simplifies the mechanical design and the on-
Y - A, Az, A5 line computation of inverse kinematics. A parallel manipulator
DAC ADC design is best suited to this application because of its rigidity,
Yy Host PC compactness, and simplicity in design, as compared with a se-
: - rial mechanism.
Vi Ve U 5 Dzﬂegtl(;ns Piezoelectric actuators were chosen for their high bandwidth.
Power 5 b The TS18-H5-202 piezoelectric stack actuator (Piezo Systems,
Amplifier Deflection Inc., Cambridge, MA) measures 5 nxB mmx18 mm, and
SEnsors deflects to a maximum of about 14.8n with an applied voltage
Y (Strain gauges) of 100 V. It offers relatively good control linearity, response time
Piezo- ‘ of 50 us, and actuation force of up to 840 N. A range of motion
electric Manipulation of of 100 um or greater has been achieved in each of the three
actuators | ————————» msﬁefg tip coordinate directions by stacking seven piezoelectric elements
oy, e

to form each actuator.

Fig. 9 depicts the robotic manipulator that deflects the tip of
Fig. 8. Block diagram of Micron. Closed-loop control (dotted line and “PID'the instrument. It is a 3-DOF parallel design with kinematics
block) will be implemented in the second-generation prototype. similar to [26]. The stainless steel tool shaft is affixed to the
center of a three-pointed rigid star. Beneath the rigid star is a thin

opposite deflection to compensate the erroneous motion. Pdkixible star made of ABS 780 thermoplastic. The tip of each leg
tion control of the manipulator was chosen in order to facilitatef the rigid star is pinned to the tip of the corresponding leg of
keeping the motion of the shaft centered about the null pointﬂj\‘e flexible star. At its center, the flexible star is bolted to the
the manipulator, avoiding the limits of the workspace. triangular center column, constraining it against axial rotation
The present system controls the piezoelectric actuators in&fl against translation in the two coordinates transverse to the
open loop; there are no sensors to measure the displacen@ng axis of the instrument. The maximum attainable tip dis-
of the manipulator. Work is presently underway to incorporafgacement and velocity of the manipulator are summarized in
strain gauges for this purpose in future prototypes of Microiigble I. Experimental results show that the prototype is able to
thus closing the control loop, as depicted by the dotted line frack 1-D and 3-D trajectories with rms error of .8 and 11.2
Fig. 8. (The adaptive noise canceler does close a certain loop, poott, respectively [27].
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TABLE | 407
MAXIMUM DISPLACEMENT AND VELOCITY OF MICROMANIPULATOR 30
Transverse (X & Y) Axial (Z) o 20 .
c / |
. <) |
Max. tip displacement (pum) 560 100 8 1 0L v “ i i (]
1S | . H | |
Max. tip velocity (m/s) 11.2 2 = 0 i ) J | A
g [/ ' ay
ot 10 1t | | [ | | ‘
g0 WU Y v |
a i L ' I
TABLE 1l a -20 | |
AVERAGE ERROR REDUCTION PERFORMANCE OFMICRON IN EACH
INSTRUMENT AXIS OVER 12 TRIALS .30 - |
Axi Uncompensated Compensated Reduction 40t .
XS Amplitude (um p-p) Amplitude (um p-p) (%) 2 2.2 2.4 2.6 2.8 3
X 39 31 21 Time (s)
Y 43 37 14 (a)
Z 70 34 51 40 -
30 -
i o 20
40 1 S
£ 10 | AL
30 E | , | !
— £ 0 ‘ \ |
[ i | | |
£ 20 E | IR RIE Y ;
‘6 I :—_é -10 ‘ | : \‘ | (1 |
é 10 3 5 % " | [
= a -20 |
g 0 3
8.0 |
%_ -40 :
B ol | 2 2.2 2.4 2.6 2.8 3
(ol ;
] : d ‘ Time (s)
30 ‘ y 1T B
40 ‘ 40|
1 1.2 1.4 1.6 1.8 2 30 |
Time (seconds) - . ‘
7 20| | i
Fig. 10. Performance of Micron in 1-D noise canceling test, with motion € : A\ i |
parallel to the long axis of the instrument. The dotted line depicts the g 107 [ A :‘f‘ i
uncompensated motion and the solid line the compensated motion. = nOL VI f \ !
|~ 0 | i |‘ | |
% / ‘ ‘
B. Experimental Methods g -0 ' |
K2
Preliminary testing of Micron with WFLC-based tremor & -20 1
canceling has been conducted using a motorized testbed, showr 54| |
in Fig. 1(a), to generate oscillatory motion, simulating the hand
tremor of the surgeon [28]. The oscillating plate on which -40é 55 T 5B 5E : :
Micron was mounted rested on a linear slide. A spring-loaded ' Time (s)’ '

driving shaft, attached to the back end of the plate, was driven
at roughly 9 Hz by a cam rotated using a dc servomotor. _ , ) , _ _
Two types of tests were conducted. debicts the uncompensated motion and the sold i e sompensated motion.
+ 1-D, involving motion only along the long ax{s ) of the (a)X axis (transverse to the long axis of the instrument)}{taiis (transverse).
instrument, at 5:m peak-to-peak (p—p). (¢) Z axis (axial).
» 3-D, using a 90um p—p oscillation. Table Il shows the
uncompensated magnitude of input oscillation in each of Rather than report rms values, we have multiplied rms results
the three body coordinates of the instrument. by 2,/2 to obtain the equivalent p—p amplitude that would result
In each case, 12 trials were conducted. A small marker bélthe signal were a perfect sinusoid. This is proposed as a more
was mounted at the instrument tip, and ASAP was used to tragtinically meaningful metric, as the surgeon is interested in the
tip position. The instrument sampled data at 1000 Hz. overall excursion of undesired motion, not in its rms amplitude.

©
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trained surgeons and also by cell biologists, for whom Micron
has clear relevance as a handheld micromanipulator for labo-
ratory use. In addition, investigation of neural network-based
methods such as those in [25] for canceling of nontremulous
error continues, to be followed by implementation in Micron.
Additional surgical applications are also being explored,
including handheld laser microsurgery in a variety of clinical
specialties.

The applications of the handheld robotic device that we have
developed do not end at compensation of involuntary hand mo-
tion. We expect it to serve as a platform for the development
of more intelligent instruments that can adapt to specific users
and procedures, tune their parameters for optimal performance,
and implement macros to partially automate repetitive or stereo-

- Compensated
—— Uncompensated

Power (Lm?)

Frequency (Hz)

Fig. 12. Amplitude spectral density from a 3-D noise canceling test,
comparing the tip motion with and without compensation.

typed surgical tasks.

VI. CONCLUSION

A handheld microsurgical instrument that performs active

C. Experimental Results

compensation of erroneous motion has been developed and is

In the tests involving only axial motion, the average erroneot§dergoing testing and refinement.

motion amplitude was reduced from Bfn p—p to 25:m p—p, a
reduction of 51%. Sample results from the 1-D tests are shown
in Fig. 10.

In 3-D canceling tests, the average vector amplitude of 85,
roneous motion was reduced from gin p—p to 60pm p—p,
representing a 34% reduction over 12 trials. Table 1l shows the
average equivalent p—p amplitude and the average error reduc-
tion for each of the three axes. Fig. 11 shows typical results for
the 3-D tests. The spectral content of a typical 3-D test can bdll
seen in Fig. 12. 2]

V. DiscussioN .

The results presented demonstrate the feasibility of the gen-
eral approach of active 3-D tremor compensation in a handhel
microsurgical instrument using inertial sensing, piezoelectric
actuation, and adaptive tremor canceling based on the WFLC
algorithm. The accuracy of the present instrument prototype is'!
limited to a noise level of roughly 3pm p—p, largely due to [6]
sensing inaccuracies. This effect can be seen in Fig. 11, in that
the initial error is considerably larger mthan inz andy, but
all three are reduced to roughly 30n p—p by the active can- 7
celing. In other words, performancesdrandy seems worse than
in z only because the input signal is smaller. The effect is also
evidentin Fig. 12, in which the main peak at 9 Hz has been SUPg;
pressed, but increased noise is noticeable at other frequencies.
The manipulator has demonstrated higher accuracy [27], as has
the WFLC in 1-DOF tremor canceling tests [14]. It is expected 9
that improved sensor signal filtering and closed-loop control
willimprove performance. Development of a second-generation
prototype incorporating these features is underway. 10]

The first prototype was developed as a proof of concept; ité
size and weight are near the limits of feasibility. The second
prototype is smaller (130 mm length, 19 mm diameter) and!1l
lighter (100 g). Plans for the new prototype include experiments
with recorded hand tremor, followed by live tests performed by
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