Modeling and Canceling Tremor
in Human-Machine Inferfaces

ero-phase modeling and canceling of

tremor can improve precision in hu-
man-machine control applications. Past
methods of tremor suppression have been
hindered by feedback delays due to phase
lag and by the inability to track tremor
frequency over time. The weighted-fre-
quency Fourier linear combiner (WFLC)
is an adaptive noise canceller that pre-
cisely models tremor with zero phase lag.
This article briefly presents the WFLC
algorithm and describes its application to
computer input filtering, clinical tremor
quantification, and active tremor cancel-
ing for microsurgery.

Overview

Tremor is any involuntary, roughly
sinusoidal movement [1]. Pathological
tremor is caused either by brain injury or
diseases such as essential tremor, Parkin-
son’s disease, and multiple sclerosis [1].
It is a persistent nuisance in mild cases,
and in severe cases it can be completely
debilitating [2]. Physiological tremor ex-
ists in all human motion [3]. Studies have
shown that tremor corrupts voluntary mo-
tion with an additive oscillatory distur-
bance, or noise [2]. Therefore, during
voluntary motion, tremor causes an un-
wanted oscillatory disturbance, or noise.
An example of tremor disability is pre-
sented in Fig. 1, in which a subject with
cerebellar tremor due to brain trauma is
unsuccessful in attempting to draw an Ar-

chimedes spiral on a digitizing tablet.
The importance of tremor suppression
" during computer input is increasing as
input interfaces that sense human motion
become more widespread. Computer
mice, joysticks, trac-balls, and digitizing
tablets are used to control applications
from word processing to computer-aided
design (CAD). Palmtop computers: such
as the Newton (Apple Computer, Cu-
pertino, CA) use pen input. Sensory
gloves are used as input to virtual environ-
ments, which are being investigated for
various design and analysis functions, as
well as for educational and entertainment
uses [4]. Use of these devices affects em-
ployability. For example, a vocational
CAD training program for disabled clients
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at Maryland Rehabilitation Center is cur-
rently inaccessible to persons with severe
pathological tremor, as they lack adequate
control over the interfaces used. For these
persons, effective tremor suppression dur-
ing computer input would enhance quality
of life, personal independence, and work-
place competitiveness [S]. Pathological
tremor is most commonly treated with
medication [1], but this fails to suppress
many tremors adequately—as many as
50% by some estimates [6]—necessitat-
ing development of assistive computer in-
terfaces. Past approaches to assistive
interfaces include viscous damping of a
joystick [7] or mouse (The MouseTRAp,
Michaelis Engineering, Southampton,
UK) and lowpass filtering of input signals
[2]. These techniques involve phase lag,
which causes a time delay in the user’s

visual perception of motion via the com-

puter monitor. Studies have shown that
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feedback delays result in decreased mo-
tion accuracy and degraded handwriting
legibility [8]. Clearly, tremor canceling
without time delay is needed during com-
puter input.

Quantification of tremor is of interest
as an aid to clinical diagnosis and objec-
tive evaluation of treatment [9]. Tremor is
typically examined via handwriting and
drawing specimens, often recorded using
digitizing tablets [10]. Fast-Fourier trans-
form (FFT)-based spectral analysis is the
most popular method of tremor quantifi-
cation [1,3]. The FFT models the input
signal as a stationary periodic signal, i.e.,
one whose statistical characteristics do not
change with time. Yet tremor amplitude
and frequency are time-varying [1], often
making power spectra difficult to interpret
[11]. A method to track modulation in
tremor frequency and amplitude over time
would allow a better clinical under-
standing of individual cases of tremor.

Physiological hand tremor causes im-
precision in microsurgery [12]. Despite
the development of teleoperated surgical
systems that suppress tremor, direct, i.e.,
non-teleoperated, microsurgery retains its
appeal for the surgeon, due to its more
natural feel [13] and lower equipment cost
[14]. Effective tremor suppression in
handheld microsurgical instruments
would result in greater precision, leading
to better outcomes and lower costs. The
ideal tremor-canceling system for direct
microsurgery would have a natural, unob-
trusive feel. One promising method is an
active noise control approach. Rather than
suppressing the actual hand tremor, the
surgical instrument tip is actuated with an
equal but opposite motion, effectively

.subtracting the tremor out of the tip mo-

tion. Since this compensating signal can
only be effective in the absence of time
delay, a zero-phase tremor estimation sys-
tem is needed. v

To model and cancel tremor during
purposeful movement, we have developed
the WFLC [15]. This algorithm is well
suited in several ways to the applications
listed above. It is based on a dynamic
truncated Fourier series model of tremor,
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1. Disturbance in motion due to pathologlcal tremor. Th.'lS ﬁgure shows the results of
a subject with cerebellar tremor attempting to draw an Archunedw splral ona dlg{t-

izing tablet
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2. Adaptive noise canceling. A desired bsignal, dg, is corrupted by a noise, ng. The

adaptive filter takes in.a noise n’k, correlated with ik, and outputs an estimate yz of
ny, which is subtracted from the primary input, S Thls yields gz, which is-an esti-

mate of the desired signal, di.

as is common in the literature [11]; and
can precisely model tremor, as it incorpo-
rates few simplifying assumptions. It gen-
erates: a specific estimate: of tremor,’ as
necessary in both clinical tremor quantifi-

cation and active compensation for micro-

surgery. The WFLC is an adaptive noise
canceler. It therefore has zero phase lag
and introduces no time delay into personal
computer input filters.or active.compen-
sation systems. Furthermore, it-opérates
completely in the time domain, and-its
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computational simplicity aids in on-line
implementation. It adaptively tracks

‘modulation in the frequency and ampli-

tude of tremor.
Aduptlve (uncelmg of Tremor :

‘Adaptive N015e Cancelmg

Tremor is a nonstationary process ex- -

hibiting characteristic frequenicy-and am-
plitude modulation [10)."Adaptive
algorithms are particularly suited to
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‘minimize the meat

tremor cancehng since. they adjust auto- -
gnal’ changes over

usting ifs parameters according. - -
to'a learning algonthm The bas1c struc-
ture of’an adaptive noise canceler is.p
sented in Fig. 2. The Sy's ceepts

desued 51gna1 dk, and 1ndepen nt uncor-’
relatedncnsc T2; and arefcrcnce anut X

mate ofn ni. This n01s estl ¢
subtracted from the primary input 31gn“ ,
Sk, tO yleld er. The ob]ect of the fﬂter s tof
e-’value of ex; thus
also- minimizing the ‘tnean Square error
betweén ny and:yx, making €k .an estlmate L
of dy./The time-varying, self: optlmlzmg ‘
performance of ‘the: adaptive’ noise: can-
celer is:generated 'by. iipdati : :
weights according to an-adaptive algo--
rithm;e.g:, the: Ieast mear: square (LMS)
algorlthm [16]. ‘
This;adaptive nmse cancel g soheme :
requires-a reference: signal that is corfes .
lated with the tremor signal. Tn-many hu-
man-machine cortrol “dpplications; =
obtaining a reference’ signal that contains
tremor-but littleelse:is hot convement At
first glance; this would seem ¢ make ﬂ'llS
approach impractical for trem y
ston- during Human-machine; te
However; there are: a:numbet of Ways:to
circumvent this- difficulty. For p‘er’iodiCj
interference, one such method s t ‘
ate a reference input: V1a 4 apped delay‘
line that receives the prxmary Ainputy; de-
layed by some amount; A{16] An'this case; .
diis -assumed to ' be abroadband: rsignal;
and the delay, A, must be large enough'to
decorrelate the: components ‘of diin the
referenice-input fror those in‘the primary ~ .
input. This:adaptive filter structure there- -
fore-attempts a lin ‘

P!
clirrent hoise value based: ompast Values

lematlc for two Teasons. L1tt1 :
about dy, the human: Voluntary motion;: 0’
itis-difficult to: determme asuitable vahie
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for A. A more significant drawback is that
the system models the interference as a
linear autoregressive process. Gantert, et
al. [17], have shown that essential and
Parkinsonian tremors, for example, are
nonlinear processes. The linear prediction
is therefore unlikely to yield a satisfactory
estimate of the tremor, particularly when
delayed by a potentially large value A. In
experiments with essential and rubral
tremors, we have indeed found this ap-
proach to yield poor results. Another

method for circumventing the lack of a

true reference input containing the inter-
ference is to construct an artificial refer-
ence signal based on some knowledge or
model of the interference. This can be
done in various ways, as will be seen
below.

Adaptive Lowpass Filtering

Probably the simplest of all adaptive
filters is one proposed by Widrow, et al.,
in their seminal paper on adaptive noise
canceling [16]. A brief look at this filter
provides general insight into the use of
lowpass filters for tremor cancellation
during computer input. The filter is an
adaptive highpass filter with a single
adaptive weight. The interference is as-
. sumed to be of low frequency, and the
reference signal is generated by modeling
it as a constant value. The weight follows
the input, but is limited in its capacity to
do s0 by the size of the adaptive gain
parameter. It is therefore able to cancel
only low frequency components of the
input, and high frequency components are
preserved. Thus, it acts as a highpass filter.
As with most adaptive noise cancelers, the
filter error, €, is also-the filter output.

Using the adaptive weight, wy, itself,
rather than the error, €, as the filter output
converts this algorithm into a type of
adaptive lowpass filter, shown in Fig. 3.
The corner frequency, in radians, can be
shown to be equal to 211 [16]. This simple
adaptive lowpass filter can be used to sup-
press tremor while preserving voluntary
motion, presumed here to be at lower fre-
quencies. Figure 5(b) presents the results

of this filter on recorded data from target.

tracking with a computer mouse. While
comparison of Figs. 5(a) and 5(b) shows
that the filter visibly attenuates tremor, it
also introduces a phase lag, causing a time
delay. Studies have shown that time de-
lays as small as 30 ms may degrade per-
formance in human-machine control [18],
and the phase lag inherent in lowpass fil-
tering is therefore a drawback for this

May/June 1996

N
A

3. Schematic of adaptive lonass filter. s is the system input, ¢ is the filter error,
and wy is the adaptive weight, which provides the low frequency filter output.
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4. The Fourier linear combiner. This adaptive algorithm forms a dynamic trun-
cated Fourier series model of an input signal that can be used to cancel a quasi-peri-
odic interference provided the fundamental frequency is known.

application. We wish to develop a tech-
nique that suppresses tremor but does not
suffer from the drawback of phase shift.

The Fourier Linear Combiner

The roughly sinusoidal nature of
tremor makes it well-suitéd to a Fourier
representation [10]. The Fourier linear
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combiner (FLC) [19, 20] is an adaptive
filter that forms a dynamic truncated
Fourier series model of an input signal.
The FLC operates by adaptively estimat-
ing the Fourier coefficients of the model
according to the LMS algorithm. The FLC
is presented in Fig. 6. The adaptive weight
vector, W, generates a linear combination
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6f the harmonic orthogonal sinusoidal

components of the reference input vectot,

X For a noiseless periodic input, sg; with

M harmonics and fundamental frequency
@, the FLC converges exponentially. to
zero mean square error. A detailed per-

formance analysis of the FLC is presented

Cin [20]:
The FLC effectively estimates and
cancels periodic intetference of known

frequency. It has been presented, for M=1;"

* as an adaptive notch filter [16,21]; and in
the general case as a multiple-niotch: filter

[21]. Several features of the FLC are use-.. .

ful for canceling qua51—per10d1c interfer-

ences such’as ttemot. The FLC adapts to‘
the amplitude and phase of i oscillation ™

in the primary -input ‘and tracks- their
changes [20]: It is coriiputationally inex-
pensive. [20], inherently. zero-phase [19],
and has-an infinite null [16]. However,
cancellation of periodic interference with

the FLC depénds on determination of the
proper reference frequency, wyo. The FLC
cannot.estimate. the proper oy value on-
line, and itis not possible to choose it
off-line, because the tremor frequency is
not knowr a priori. Making the FLC use- -
ful for tremor canceling during human=
machine control requires a method to
adapt the reference frequency to the pri-
mary input frequency.

The Weighted-frequency Fourier
Linear Combiner
Since we hope to.develop a system that
rivals the low computational ‘expense of

“the FLC; we seek a simple approach’ to
“direct frequenicy adapiation. This can be

done by replacing the fixed frequency, @o,
of the FL.C with another adaptive weight,
Wy, > thatlearns the input frequency via the
LMS ‘algorithm, much as the FL.C weights
learn the input amplitudes. The modulat-
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5. Adapiéive filter results from a sub]ect with rubral tremor. The dotted clirve repre-
~_sents the target motion: The solid liie is the human tracking signal. (a) Raw track-
ingsignal. (b) Tracklng signal filtered: by adaptlve lowpass (Flg 3). (c) Tracklng

signal filtered by WFLC/FLC (Fig. 6).-
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estimation, while operation on the raw
input, sx, allows W, to perform zero-phase
amplitude estimation and adaptive tremor
canceling. Although the amplitude esti-
mation is.zefo-phase, prefiltering does in-
troduce a phase lag into the frequency
estimation, but since proper WFLC per-
formance requires pO<<pl [22], w,, is al-

ready constrained to adapt slowly, and the
effectis minimal. A bias weight [16], with
adaptive gain, [, is often added to mini-
mize the effect of constant bias and very
low frequency signal components on the
FLC [16]. Figure 5(c) shows that, unlike
the adaptive lowpass filter, the
WFLC/FLC combination provides zero-
phase tremor canceling. Unlike the FLC,
it does not require a priori knowledge of
the tremor frequency.

The WFLC/FLC filter combination
can be implemented on-line to suppress
pathological tremor in input signals from
amouse, electronic pen, sensory glove, or
any other motion interface. Its zero-phase
estimate of tremor'is suitable as a compen-
sating command signal in an active tremor
suppression system for microsurgery. The
system’s dymamic Fourier model can also
be used off-line to quantify tremor from
recorded data for clinical use. Although
only the first harmonic (M=1) is used in
the experiments shown here, the method
is a general one that can handle any de-
sired number of harmonics.

Applicaliolis

Canceling Pathological Tremor
for Computer Input

The WFLC/FLC can be used to cancel
pathological tremor in graphical user in-
terfaces, providing smooth cursor control
for mice, joysticks, and pens. WFLC
adaptive tremor canceling during pen in-
put improves not only the qualitative legi-
bility of handwriting, but also the success
rate of character recognition methods fre-
quently used to convert the writing into
type. The system also assists in target
acquisition or point-and-click tasks. Be-
cause the WFLC/FLC system is inher-
ently zero-phase, performance increases
due to filtering are not offset by decreases
due to time delay in visual feedback [22].
- Figure 7 shows the results of the
WFLC/FLC processing of computer pen
input from a male subject, age 84, with
essential tremor. These data are recorded
with a SummaSketch (Summagraphics,
Seymour, CT) digitizing tablet at 116 Hz
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6. The weighted-frequency Fourier linear combiner as an adaptive noise canceler.
The system maintains a running sum of the frequency weight, wo. Harmonic sines
and cosines of this quantity are taken (the vector x), weighted by the Fourier coeffi-
cient vector, w, and summed to provide a truricated Fourier series model of the in-
put 5. This Fourier estimate is subtracted from the input to obtain canceling.

and are filtered off-line. The parameters
are 1=0.003, po=2x10", p=0.02, 1=0.1,
M=1. The filtering suppresses the patho-
logical tremor, improving the handwriting
output.

The WFLC similarly suppresses
pathological tremor in dextrous glove in-
put, allowing persons with tremor to take
advantage of a variety of applications ex-
pected to incorporate such interfaces in
the near future. Figure 8 presents input and
outputresults for the index metacarpopha-
langeal (MP) joint from a flexion experi-
ment. In this experiment, a subject with
cerebellar tremor wears a VPL data glove,
sampled at 200 Hz. He attempts to hold
the hand steady in a cylindrical-grasp po-
sition, then flexes until the hand is almost
closed, and attempts to hold steady again.
Parameters used are po:10'8, u=0.007,
1=0.1, 1p=0.006, M=1. Here and in the
section below, the subject provides writ-
ten consent to a protocol approved by the
Johns Hopkins Joint Committee on Clini-
cal Investigation. :

The performance of the WFLC is dem-
onstrated here, off-line, using recorded
pen and glove input data to allow direct
comparison of filtered and unfiltered re-
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7. Handwriting sample from a subject
with essential tremor. (a) Unfiltered. (b)
Filtered. i

sults. Work is currently underway to dem-
onstrate the on-line performance of the
WFLC/FLC in further testing of subjects
with pathological tremor.

Modeling Pathological Tremor
for Clinical Use
Used off-line in the neurological
clinic, the WFLC provides a-quantifica-
tion of tremor that takes into account its
nonstationarity, or time-varying nature.
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8. Raw (dotted) and filtered (solid) flexion data from index metacarpophalangeal
joint of VPL DataGlove, from a subject with cerebellar tremor. The subject first at-
tempted to hold steady posture with hand half-closed, then changed to a closed-grip
position, and again attempted to hold steady.
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9. Sample from subject with essential tremor. Subject-drew. an Archimedes spiral. .
15=0.001, (1. =0.3; 1o and u calculated as functions of input signal power. (a) High-
‘pass filtered input to WELC. (b) Frequency. (c) Amplitude.(d) Power spectral den-

sity via FFT.

Spectral analysis of pathological tremor
sometimes exhibits multiple:peaks. Since
a power spectrum does not indicate the
timing of the various frequency compo-
nents, interpreting such cases-is. difficult
[11]: For-example, ‘what appears to be
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multiple simultaneous oscillations may-in
fact be frequency modulation of a single
tremoroscillation during arecording{23].
Analysis with the WELC helps to clarify
the situation ‘in that when frequency
modulation is present, it is visible.in the
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© weights wy, .

time hlstory of : the WFLC frequency :

Figure9 presents anexampleo he use.
of the WEEC algorithm for off- linetreimor

Frgure 9(c) present the: effe Vevamph— :
tude “at each step, obtalned from the

spontaneous cha.nges in fre enc some—‘
times observed In severe cases of essenual :
tremor [10] The WFLC is well sulted o
processing long térm Iecordlngs of
tremor [24], since ‘it” continually - tracks
tremof frequéncy and amplitu Vand com-
pactly represents “the  results;’ followmg
one.dominant frec 1611CY of interest rather
than an entire’ s ,,ectrum

The WFLC/FLC has beeir desigried to-
odel of tiémor; 6v1th [

teny for: handheld“microsurgic‘al 4ng
ments. The nartow: intraocular probe of a
handheld ophtha]molo gical rmcrosurglcal
instrument ‘was ‘viewed ‘asa’cantilever
beam; Piezoelectric ceramlcmotuatorsele— i
‘ments widely:used-in:the ’freld ofintelfi-
gent structures for actlve vibration: control :
[25}; could be used’ to- create:a bending -
moment in- the: probe; generatlng a’trans-
verse:deflection o counteract the physi=
ological hand tremot: oscﬂlatlon at the
probe;tip. o )
To: simulate hurnan hand motlon and
dctive tremor,oancelrng_durlng ‘mierosur-
gery, we constiucted a‘testbedsshown in.
Fig.:10. The testbed consisted of a canti=
lever beam mounted-on jani -electrormag-
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canceling actuators

forcing actuator

10. Ilustration of the simulation hard-
ware for active physiological tremor
suppression during microsurgery. The
forcing actuator translates the beam
back and forth, as the surgeon’s hand
would move the surgical instrument
probe. The canceling actuators flex the
beam in the opposite direction from
hand tremor, in order to suppress the
tremor oscillation at the tip of the beam.

netic actuator, used as a forcer to introduce
raw human hand motion into the system.
The base of the beam was sandwiched
between two piezoelectric elements (12.7
mm x 18.3 mm x 0.2 mm), used for tremor
canceling. Recordings of human hand mo-
tion during simulated surgical procedures
[26], containing both physiological
tremor and voluntary motion components,
were used to drive the forcer. A noncon-
tact Hall effect displacement sensor [27]
detected the location of the beam tip in the
direction of actuation. The sensor output
was used as input to the WFLC/FLC,
which estimated the physiological tremor
on-line. This tremor estimate was the
command signal for the piezoelectric can-
celing actuators. The sampling rate of the
control system was 1000 Hz. The parame-
ter values were u=0.01, p,o=7x10"7,
1p=0.007, M=1. The secondary FLC used
1 =0.3 and M=1.

Figure 11 presents the results of a test
with this apparatus. A recorded hand mo-
tion signal was fed to the system, once
with -active tremor compensation, and
once without it. These results are shown
by the coarsely dotted line and the finely
dotted line, respectively. For comparison,
the thin solid line shows an a posteriori
estimate of the voluntary motion. The vol-
untary motion could not, of course, be
measured directly from the raw data, but
was lower in frequency than the physi-
ological tremor. Therefore, a simple esti-
mate was generated by lowpass filtering
the uncompensated beam motion at 2.25
Hz using a forward-backward filtering
technique that preserves phase. The com-
pensated beam. tip motion was visibly
closer to this trajectory than the uncom-
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11. Adaptive active control of physiological tremor using the test setup. The WFLC
generates a command to the piezoelectric actuators, flexing the beam to counteract
the tremor. The solid line shows the zero-phase lowpass postfiltered version of the
uncompensated motion, which is an estimate of the true voluntary motion. The fine
dotted line shows the motion during WFLC compensation, which is visibly closer to
the off-line voluntary motion approximation than is the uncompensated motion.

Orthogonal active
Piezo-Ceramic Elements

Intraocular
Shaft

12. Proposed design of handheld ophthalmological microsurgical instrument with ac-
tive tremor control. The piezoelectric ceramic actuators cancel tremor by flexing the
intraocular shaft, opposing the tremor oscillation.

pensated motion, as shown in Fig. 11. The

active compensation canceled physiologi-
cal tremor from the tip motion, without

causing time delay in the voluntary mo-
tion.

This technique can be implemented in
an active handheld surgical instrument,
such as the proposed design shown in Fig.
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12. Probe tip oscillations due to tremor can
be actively compensated in the two or-
thogonal directions perpendicular to the
probe by transverse deflection, generated
as described above. If needed, additional
actuators can be incorporated into the de-
sign for axial tremor compensation in the
probe. Active tremor control in such an
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instrument will increase precision in-mi-
crosurgery, allowing smaller incisions,
less tissue damage, and improved surgical
outcomes. Furthermore, it may open the
way to new microsurgical procedures not
possible today because of tanual accu-
racy limitations. )

Research into active orthotics to sup-
press pathiological tremor has been seen in:
recent years [28, 29]. The goal is to de-

velop more general devices whose useful- .

ness is not restricted to computer input.
The active tremor suppression approach
described here for microsurgery can also
be applied to rehabilitative orthotics. Fu-

ture research will include investigation in

this area.

References
1. Elble R, Koller W: Tremor. Johns Hopkins,
Baltimore, 1990.
2. Riley P, Rosen M: Evaluating manual control

devices for those with tremor disability...J Rehdbil
Res Dev24:99-110, 1987.

3. Wade P, Gresty M; Findley L: A normative -

study of postural tremor of the hand: Arch'Neurol
39:358-362, 1982.

4. Burdea G, COIffetP Virtual Realzzy Technol— .

ogy. Wiley & Sons, New York, 1994.

5. Riviere CN, Thakor NV: Effects of age and
disability on tracking tasks with a computer
mouse: accuracy and linearity. J Rehabil Res Dev
33, toappear, 1996.

6. Weiner W, Lang A: Tremor. In: Weiner W,
Lang A (Eds): Movement Disorders: A Compre-
hensive Survey. Futura, New York, pp. 221-256,
1989.

7. Beringhause S, Rosen MJ, Huang S: Evalu- .
ation of a damped joystick for people disabled by -
intention tremor. Proc 12th Annu RESNA Conf;:.

New Orleans, LA, vol. 40-41, 1989,

$. Kalmus H, Fry DB, Denes P: Effects of de- -

layed visual control on writing, drawing:and trac—
ing. Language and Speech 3:96-108; 1960,
9. Elble RJ: Physiologi¢ and’essential tremor.
Neurol 36:225-231, 1986.

10. Elble RJ. ,Sinha R, Higgins C: Qua.ntlﬁcauon
of tremor with a digitizing tablet. J Neurosci
Methods 32:193-198, 1990.

11. Gresty M, Buckwell D: Spectral analy31s of
tremor: understanding the results. Elec-
‘troencephalogr Clin NeurophySlol 53:976-981,

1990.

12, Patkin M: Ergonomlcs apphcd tothe practlcc
of ‘microsurgery. Ausir N-Z J Surg 47:320-329,

1977. :

13.Bose B, Kalra AK, Thukral S, Sood A, Guha
SK;, et al: Tremor compensation for robotics -as-
sisted microsurgery. Proc I4th Intl Conf IEEE
Eng-Med Biol -Soc, Paris, 3:1067-1068,-1992.

14. Riviere CN, Rader RS, Thakor NV: Adap-
tive real-time canceling of physiological tremor
for microsurgery. 2nd Intl Symp Med Robot Com-
put Assist Surg, Baltimore, Md., pp: 89-96,:1995.
15. Riviere CN; Thakor NV: Adaptive human-

36

machine interface for persons with tremor. Proc

- 17th Arnu Conf IEEE Eng Med Biol Soc, Mon-

tréal, 1995.

16. Widrow B, Glover J, MicCool J, Kaunitz J,
Williams C, et al: Adaptive noise cancelling:
principles and applications. Proc IEEE 63:1692-
1716, 1975.

17. Gantert C, Honerkamp J, Tlmmer J: Ana—
Iyzing the dynamics of hand fremor time series.
Biol Cybern66:479-484, 1992.

18. Jacobus HN, Riggs AJ, Jacobus CJ, Wein-
stein Y: Implementation issues for telerobotic
handc¢ontrollers: human-robot ergonomics. In:
Rahimi M, Karwowski W, (Bds): Human-Robot
Interaction. Taylor and Francis, London, pp. 284-
314, 1992. :

" 19. Vaz C, Thakor N: Adapiive Fourier estima-_

tion of time-varying evoked potentials. IEEE
Trans Biomed Eng 36:448-455, 1989.

20. Vaz C, Kong X, Thakor N: An adaptive
estimation of periodic signals using a Fourier Lin-
ear Combiner. IEEE Trans Signal Proc 42:1-10,
1994.

21. Glover J: Adaptive noise canceling applied fo -
sinusoidal interferences. IEEE Trans Acoust
Speech Signal Proc ASSP-25:484-491, 1971...
22. Riviere CN: Adaptive suppression of tremor

. for improved human-machine control, Ph.D. dis-

sertation, Johns Hopkins University, Baltimore,
Md., 1995.

23. Riviere CN Reich SG, ThakarNV Adap—
tive Fourier modeling for quantification of tremor, _
J Neurosci. Methods, submitted for publication,
1995. -

© 24. Tyrer PJ, Bond AJ: Diurpal variation in

physiclogical ‘tremor. Electroencephalogr Clin

Neurophiysiol : 37 35—40 1974.

25:Crawley EF de Luis J: Use of piezoelectric

dctuaters as elements of intelligent structures.
(A J25:1373-1385, 1987.

26 HumayunMU Rader RS, Walsh AC, Awh

CC, Schallen EH, et al: The objective analysis of

" vitreoretinal surgical instruments. Jnvestigative
" Ophthalmol Visual Sci 35:1261, 1994.

27. Geddes LA, Baker EE: Pri
Biomedical Insi‘mmentatzon W
New York, 1989.
28. ProchazkaA Elek J, Ja
ation of pathological tremors' b .
trical stimulation I: method. Ann Biomed Eng

.-20:205-224, 1992.

29.Rosen MJ, Arnold AS, Baiges 1], Aisen ML,
Eglowstein: SR: Design- of a controlled-energy-
dissipation orthesis (CEDO). for functional sup-

. pression of intention: tremors. J Rehabzl Res Dev

32:1-16, 1995.

Acknowledgments.

This research was supported by the
National Tnstitute on Disability and Reha-
bilitation Research (grant H133G30064).
The authors thank Dr: S. Reich for access -
to test subjects; Dr.'R.S. Rader forassis-
tance in the surgical experiments; and 'D.
Hsu, M. Kim;, S. Yichun, W. Huang, M
Fung; and K. Ng for data.anialysi.

[EEE ENGINEERING IN:-MEDICINE’AND BIOLOGY




