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ABSTRACT

Threading a heedle, pointing a tluhucht, wlelding a 3oldering iron,
taking sextant readings, or aiming a handgun = All are tasks in vhich 1limp
insteadiness limies our finesse of visual-motop control, In this PaFaY we
examine suoh "fine-motoy nsteadiness” — ¢y Properties, conceptuai and
analytical models » 8d experimental measurements,

Fine-motor unsteadiness (fluctuations of 1imd movement about & desired
1imb Po.ition) can have several oscillatory modes, which results in o miltia
peaked spectrum and Tequires a fatrly somplex model, Based on & data reviev,
the tentative mode] derived Lere includes: neuromuscular systen (primarily
m™scles, spindles, tendons, and bones), grip interface, ang control system
dynanic elements, The properties of this model changs with muscle tension
8Taip of extant data,

wnlch seems dominant in the fraquently observed "tremor mode"
At 10-% Yz ang whose anplitude peak increases with force on the 1imb,

A simple experiment waas performed to investigate the amplitude/force
relationships of the "tremor mods," A3 the finger-pull force increased from
©to 0 "WtOr3, the tremor mode frequency for g given individua) stayed
within roughly +1 gy Over a range from 9.12 Hz, while the &verage magnitude
of the s tremcp acceleration increased tenfold,

A standardized test for making such measurements is given and applications
in the fielq, of psyehophys!ologiau stress and strein Reasurenants are
ment foned,

Jontrol. To quote Harsden in Rer, ).

‘This work was sponsored ty Lockhe
pPart of the NASA Manned Spacecrart Ce
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"Oup ability to perform tasks involving manusl dexterity
ia limited by fluctuations {n the force of muscle contraction
and variations in the poattion of the hand end Tingers which
we term physiologicel tramor, If these fluctuations were
totally asmchronous » delicate operations tnvalving the use
of ooth hands would bs even morps Irustraved then if trevor of
the two hands were synchronized, By holding a pencil in each
hand and trying to keep the points {n light contact, it is

APparent thet the involuntary movements of the tws hends are
not perfectly synchranous,

Such drifs and fluctuations aboyt & desired limp poaition are definad herein
As fine-motor unateadiness, Oenerally, these Rotions can have aeveral os-
latory “modes," depending on the naturs of the ta.k, Before meaningfy P
urements can be made, it s important to understand these acden and their
Possible interactins, Putting the cart before the horse for tutorial clarity,
we will first present our neuromusculer model for fine.motor taske and then
Teview the data op which it is based, This will lead to o Set of sinple meas.
urenenta which can yield the salient characteristics of fine-motor unsteadiness,

A brief experiment V8.8 made to optimize the proposed Reasures and procedures
and to provide samples of typical data.

NATURE OF RETRADINBuC

Conoeptual and ARalytioal Models

Figure ! ahows ¢ block diagram of o human opsrator
task in which nhe Atteapts to minimize o Perceived
controlled element ip the correct direction,

performing o fins.mctor
error by manipulsting the

The major {nternal functional elements in & human controller are: central
Sensing and equalization (Yeng), the muscle /manipuletor dynemice (Om), and tne
resulting proprioceptive feedback (Gp), Genersily, the CPRTALOr 8dopts equali.
zation (anticipation lead or sm “hing lag) so that the forward loop describing
function for the combination of man and controlled element behaves like an
integrator (n the unity-gain crossover Trequency reglon (i,e,, from 0.1 to 1 He,
Refa, 2 and 3), Ty man/machine system then has o dominant “visual-motop”
closed-1oop mode (denoted by subseript CL) Juet above theas frequencies, l.e,,
for = 1-2 Ha, At higher fnqmnehn, other dynamic modes, dus to interna)
neuromuscular system faedbacks, will aigo be present. These can often be
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ignored in modeling the manual control of vehicles, but .ecome important
during fine-motor tsscxs.

Proprivceptive information {s shown feeding back an internal muscle
length change rather than the manipulator position directly (Ref, 2); this
has important effects as will be seen shortly. Muscle spindlas ar~ the
dominant elements in the net proprioceptive feedback, These feed back a
Iymamically varying internal muscle length due to their location within tha
Golgl tendon organs (force sensora) are slso present; their
dynamics are quite similar to those for spindles (Ref. 4). Joint angle
sensors are present, too, but appesr to play only s minor role in fins.motor

active muscle,

Lasks.

Also showi in Fig. 1 are two sources of remnant (noise) excitation:
"cbaer-ation and processing” noise, ®np,, (Ref.. 5 ard 6) and "motor remmant,”
Pang (B2f3. 2 and £). The latter arigzes from muscle nonlinearities and
irregularities in motor neuron firing rate.

The general form for the power spectral density of the manipulator
position 1s given by:

Pee = 16y |2°nn. + |62l oppy + 1041 044

1.,e., =ach remnart sxcites some closed-loop tranefer function. Note that a
peak in 9.. could be due to ei{ther a lightly damped mode in the tranafer
fun-tions or to a narrowband excitation proceas in the remnants, or both
effacts together. Because of the intrinsic nonlinearities in the muscle
springiness, damping and neural firing rates, which vary with tenaion, the
dominant modes may be different when tracking (with both agonist and ante~
genist muscles tensed) than when holding a steady force (with one or the
other muscle slack).

To provide an appropriate conceptual and dymamical framework to interpret
data, a lumped parameter model has been darived which fits the essential nsuro.
muscular phenomena observed in fine-motor unsteadiness. This model, shown in
Fig. o, reflects a re-interpretation of the Jdata and refinement of the model
of Rel. 7, with more detail in representing the limb and muscle inertias,
tendon compliance and grip interface compliance end damping. In additionm,
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we ha > added the "Activation Dynamics™ which reflect the lag snd sttenuation
in converting motorneurcn firing rete into generated muscle force, This is
ths simplest model that can handle limiting casas such as isometric (fixed)
and isotonic (free) controls, held objacts (1like flashlights, scldering
irons, stc.), whils reflecting the separate "nsuromuscular” end higher fre-
quency "tremor” and "manipuletor™ modes cbserved in the litereture (sse the
following subsection, "Data ou Unsteadiness Power Spectral Density”). Deteiled
numerical analysis has not yet been carried out for this model, it a brief
series of "system surveys" using the systems analysis techniques of Ref. 3
has besn mads which shows that it yields modes and dynemic parameter trends
which fit the large array of extant unsteadinssc and tremor speotrs,

Typical neurcmuscular system modes for the neurcmuscular "inner" loop of
Pig. | are shown in the example rooct locus diasgrem of Pig. 3. The muscle
spindle and force activatisn elements dominate the met proprioceptive feedback
path, The "Closed.lLoop Neuromuscular” mods nser 20 red/sec (4 3 Hz) has been
shown (Ref, 7) to srise from the opan-locp muscle force activation charscters
1stic: measured in exvariments. The closed-1cop "Tremor" and "Peel” System
modes arise from tho internal muscle.lind feedbacks and slastic elenents,
coupled with the control atick and grip complisnce preperties. It can ds
shown (e,g., Refs, 2 and B) that the pole-serc dipoles arise from the spindles
feeding tack an internal muscle length rather than the manipulator position,
This results in two sets of quadratic zeros nsar the imaginary axis which
attract clossd-locp roots. The closed-locp Tremor Mode arises from the Limd
Interface dipole, which reflects the limdb inertial interacting with the Inter-
face, Tendon, and Contractils slements of Fig. 2. The closed-loop Feel Systen
mode arises from the feel syster inertia, spring rste, and damping intersating
with the interface compliance.

The key festure of the dynamic situation depictad in Fig, 3 is that the
natural frequency of the tremor mods at high-100p gain is heavily dependent
on the limb insrtis, m, and an equivalent spring, k;, which is a combination
of tendon end interface (flesh) complisnces. Thus, the fremor moty frequency
is relatively insensitive to the feel system restreints.

The frequancy of the feel system mods depends primarily om the control
stick inertis (mp), spring rate (ke), and interface complisnoce (ky). This
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Figure 4, Typical Control (Error) Unsteadiness Power Jpectra

for Various Steady Forces on a Pressure Stick
‘From Sutton and Sykes, Ref. 9)
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Helight on cutstretched finger

Nons
K

-
-

Flotting of tremor messured as velocity versus frequency in
cycles per second averaged for the movements of the teminal
phalanx of the fingers of 26 normal men., With the unlosded
fingers (filled circles) end with 10 g (circle) and 170 g
(square) strapped to the terminal phalanx. (Halliday end
Redfearn, 1956, Ref. 12).

Figure 6., Effects of Loed Weight on Velocity
Pcwer Spectral Density
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node may be beyond the frequency region of interest for extremely small
inertia and stiff springs; while for large control jinartias or weak springs,
the feel system modes may be even lower than the tremor modes. Detalled
analysis of these situations has yet to be done for this particular model
and is beyond the scope of this brief survey.

Data on Unstesdiness Power Spectral Density

We will now r~«examine the earlier experimental data on which this model
is based from the standpeint of unsteadiness and tremor, The data to be
reviewed are easier to interpret having digested the neuromuscular model and
iynamics in Figs, 2 and 3.

An example of the error power spectral density for a pressure Jjoystick is
shown in Fig. « for a range of applied forces from Sutton and Sykes (Refs, O
and 1C), At larger forces the Neuromuscular and Tremor modes are quite
1istinct. The feel system mode is not within the data band since the feel
system spring rate is nearly infinite, The closed-lcop tracking mode is
near 0.3 Hz {although it 1s not clearly defined for each curve in Pig, 4).
Sutton and Sykes found, for four subjects, that the rms error increased
linearly with the commanded (set) force. In addition, they found that as
the set force increased the tremor frequency increased slightly but soon
reached a 1imit of aboit 8.5 Hz.

Robson (Ref. 11) found the same trend in the tremor mode frequency with
tension, and he took deta for a range of atiff spring rates, In Pig. %
Tarearm flexor tremor frequency is plotted as a function of the pressure
This force was exerted against s spring (attached to
the wrist) which was oriented parallel to the upper arm. For each spring,
increasing the force causes a slight increase in tremor frequency except at
the higher tensions where the data level off. However, an increase in spring
stiffness produces an incremental increase in tremor frequency which 1s essen-
tially independent of the set force.

force at the wrist,

To emphasize tremor frequencies (5-15 Hz), Halliday and Redfearn (Ref. 12)
used a lightweight accelerometer mounted on an outstretched (tensed) finger
subject to various pressure forces while the hand was on a rest. Pigure &
glves their averaged finger tremor data wvhich show that increasing the load
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weight on the extendsd finger leads tO more tremor at all frequencies and
that the amplitude of the tremor mode nesr 9 Hz incresses more than the
surrounding spectra. This implies that a small finger-mounted accelercaster
would not attenuate the tremor motions., Figure 7 shows spectra for, and
crosg-spectra betwesen, the righte end left<hand index finger veloeity for
threes subjects, The peaks are in the range of 7-11 Hz, Also shown is the
cohavence betwesn right- and left-hand unsteadiness, which is very sszall,
indicating that it 1s the uncorrelated motor voise in each separate limb
rather than & common (central) excitation source which drives the tremor
mode. These data indicate that the tremor mode is not just a closed-loop
neuromuscular syctem response to an EEG driving signal, even though the
EEG's alpha rhyth:m has the same frequency range.

Data indicating that the feel system mode can be driven to frequencies
lower than the tremor mode can * found in Oydikov (Ref., 13) vhare the task
was to track e ramp input (pursui display). The subject gripped a handle
in his f£ist and used wrist rotation about the forearm axis to generste his
reegponse, PFour differsnt load inertias were used, and grip tension was
gensed. The dspendence of dominant mode frequency on inertia and grip tension
is given in Fig. 8. For each inertis there is en increase in frequency as
tension increeses, vhereas for constant tension an increase in inertia causes
s decreass in frequency, The low frequencies with the large inertie ceses
indicate that the feel system mode (Fig. %) has been driven down and is
interacting with muscle activation and closed {outer) loop visualemotor
dynamics.

Additional results in Ref. 13 indicate that the dynamic modes of one
hand are independent of the other, BSpecifically, if one hand is controlling
a largs inertie without pressure, then its dominant frequancy can be much
less than that of the other hand {f it is controlling a small inertis with
great pressure, This verifiss that the Nsuromuscular and ths Feel Systen
modes an be strongly depsndent on the load and, furthar, that cich limb's
neuropuscular system has signal drives indepandant of the other.

The earlier work of Lippold, et al. (Ref, 1b) interpreted the extant
dats at that tize e¢ indicating that tremor was not a response to alpha
rhythm. In addition, Lippold, et al,, found that fatigue increased and
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Reprosentative tremor spoctra from thres subjects, showing exsmples of masked differsnce (1.C. 40 yeare, ferale), slight difforence
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of tremor of Whe right (@) and Jeft ( 0) hands; middle, between hands (™™, and balow, the coberence between
tands(®). (From Marsden, et al., 1969, Reg. :!

Figire 7. Effects of Right and left Hand Index Pinger on Velocity Fower Spectral Density
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Figure 2. Dominant Frequency Shows Interactiom of Feel System
and Tremor Modes (Effects of Inertia and Grip Tension

on Tremor During Constant Velcosity Wrist Rotation,
Adapted from Gydikov, Ref. 13)

cooling lecreased the iremor frequency; further evidence that the peripheral
neur muscular s&stun determines the tremor mode frequency rather than its
being present in e central drive signal. An excellemt example of tremor
while tracking {involving fime control <2 position) is provided by scme

of our unpublished data tekem during experiments reported in Ref. 13.

This was a multiloop task in which the piiot's feet were controlling rudder
pedals ani his hand was controlling a stiff spring-restrained side stick.
Sne of the subjects used e high tensicn technique, 1.=., tenged both leg.
against the pedals and performed the rudder task with differential force
changes. 3laultanecusly, his hand tracking digplayed an intermittent
tremcr of 8 Hz, which was largest at the extreme stick excursions {vhich

requirss the largest tenaions).
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Factors Affecting Tremor

In normal subjects tremor is most often seen when only ons muscle is
being tensed. That is, for the experiments end data reviewed earlier,
in all cases the pi. t or subject was producing & fcrce egainst e restraint
(spring or inertie) such that only an agonist muscle was strongly active.
Tremor while tracking has always occurred at the extremes of manipulator
movement, i.e., where the pilot is pushing with much force against the
stick such that only one muscle is being strongly activated, egain giving
the conditions as above. Tremor while tracking shows en intermittent
nature; being easily perceivable only when the pilot is hardover one way
or the other. This iz readily evident from the time traces. Power spectral
analysis of such & run would show some pwer at the high frequency xaglons
where tremor has been observed, but it wculd tend to be smeared out due
to the intermittent nature of the tremor -unset and waning. Thus tremor
properties are best measured for cases where the pilot holds a constant
force or losi weight.

Marsden (Ref. 15), in finger tremor studies, found that the relative
size of the tremor peak was correlated with the total rms unsteediness
velocity for both right and left hands. (Bwe Fig. 9.) Here the total
rms velocity was evaluated from the total power between ! and 20 Hz (Fig. 7

PEAR SIZE %

4g. 9. Reletion between the relative size of ths peak (ordinate)
and total RMS velocity (abscissa) obtained from C.M.'s right
(@) snd left (&) hands, and that obtained from J.M.'s right
(0) and left (A) hands, Reletive peak size increases es
tremor increased (r = +0.33, P < 0.01). (Fiom Marsden, Ref, %)
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indicates that this region contains essentially all the power). The relative
peak is defined 23 the ratio of the power in a 0.5 Hz band about the peak
frequency to the total power, In Fig. 9 note that the tremor peak contains
an increasing share of the total power as the rms level increases; this is
consistent with the data in Figs. L a 1 7.

The influence of external factors on tremcr Ber se has been summarized
by Marsden (Ref. 15} as follows (underlines ours):

"The fluctuations in tremor observed in two trained
subjects during periods ranging from minutes to months
were ot great, and the shape of the tremor spectrum was
very similar at different times. Many factors are known
to contridbute to fluctuations in tremor amplitude,
including: anxiety (Graham, Re®. 16; Redfearn, Ref. 12),

(Carrie, Ref. 179, {Lippola,
et al., Ref. 18; Marsden, et al., Ref. 19), and fatligue
(Eagles, et al,, Ref, 205. Some of the fluctuation of
tremor amplitude that occurs in the normal subject may
be due to variations in catecholamine secretion, for

intusion has alsc been found to increase
tremor considerably (Marsden, et al., Ref. 21). In
addition, the amplitude of tremor is dependent upon the
force exerted (Sutton and Sykes, Ref. 9) and, in certain
tasks, upon vigug) feedbegk (e.g., Sutton end Sykes,
Ref. 10); Merton, et al., Ref. &S. All these factors
muit be taken lnto sccount when planning experiments on
physiological tremor and when evaluating the results.”

In a series of approach and landings with & Boeing 707, Nichclson, et al.
(Ref. 2%} found significant increases in finger tremor (at 10 Hz) in
"stressful” situstions ("an unresolved problem persisting or a fresh problem
of some magnitude") as evidenced by subjective reports and elevated heart
rates (above 150 beats per minute). The finger tremor was measured by a
lightweignt acceleromater (less than 1 gram) on an outstretched index Pinger.
Fig. 10 shows both pre.takeoff and imediately post-landing tremor spectrum
for four of the most stressful cases, in which the dramatic ircreage in

the 10 Hz peak is readily apparent.

Concluding this section on tremor mode properties, the following con-
clusions are emphasized:

T. The tremor mode is a distinct limb-muscle resonance
phenomena, compared to the more highly coupied visual,
neurcmusculer and feel gystem modas. As such, it 1s
not strougly correlated with the other visual-motor
modes.
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Its frequency is not very sensitive to limb loed and
it primarily reflects neuromusoular system feedback
lags and tendon compliance.

The tremor mode power spectral dengity 1s narrowband
and its emplitude increases with applied force, as
well ss various external or internal cperator stresses.

Tremor is most pronounced when only cme muscle of an
agonist/antagonist pair is tensed.

Tremor mode motions ere clearly revealed by meas.ring
the lizb acceleration (rather than position) in the
frequency range from 8.15 Hz.
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Pactors Affecting Low Frequancy Unstesdine:

While the tremor mode is a distinct and isclateble mode, the low frequency
control motion spectra have multiple peaks (e.g., closed-loop tracking and
neuromuscular modes) which are very semsitive to the manipulator restraint
as showm by the Gydikov data »f Fig. 6 as well as control stick type.

The pressure-stick displacement spectrum in Fig. & shows the closed loop
tracking mode and the muscle/manipulaetor mode while these modes are not
obviocus in the unrestraiped finger acceleration spectra (Fig. 7). In
tracking tasks the controlled element has a strong effect on the pilot's
equalization {Ref. 3, and theredby the frequency and damping of the closed
loop tracking mode which results. Furthermore, the forcing function band-
fidth, if large, may ~auge crogsover regression thereby lowering the closed
1cop tracking mode frequency. Thus, the power spectral density of unsteadi-
naess motior: is multipeaked, and there 18 no single palr of frequeniy-
amplitude paremeters which can meeningfully descride the signsl properties
unless banipass filtering is performed first. If information 1s desired
*bout all the possible modes of unsteadin:ss, the best solution is to

r eagure the complete power-spectril-density ani carefully enalyze 1t.
Lowever, a simpler metric of low !requency unsteediness is the oversll rms
position excursions, because for force regulation (Fig. 4), the low frequency
r:.des dominate the displacememnt P3D. In addition this metric is directly
ralevant to fine motor task performance, since this is a direct measure

¢ the average closed loop unsteediness magnitude.

An example of ihis metric is given by Marsden (Ref. 1). He investigated
the correlation batween tne tremor peak size with low frequency unsteadiness
erd total rms control velocity (Figs. 112 and 11b). The data (in the range
1.5 Hz) has a small and negative correlation with the tremor mode peak.

Tais indicates that the low frequency modes may have different trends from
t1ose of the tremor mode. The positive correletion for the total, Fig. 11b,

13 consistent with Pig. 9.

Thus, fine-motor task unsteadiness can he ar-esged separately from the
traor mode by filtering out the high frequency portion of the aignal and
mearuring the rms position excursiona in the noun-tracking case.
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EXPERDENT 70 VALIDATE RECOMMENDRD MRASURIMNENTS
Experimsntal Setup

A simple analog computer simulation was conducted in order to test
various unsteadiness measurement concepts suggested in Sections A and B
and to validate the tremor and unsteadiness tests recoomended therein.

A fumectional block diagram of the simuletion is shown in Fig, 12. The
subjects were required to rest their eltows on en arm rest and, pulling
with the ball of their first finger, null cut s commend force using e nesrly
1scmetric (very stiff) control stick (MSI Model 4%5). The difference
signal ce represents the control unsteadiness. Force error feedback to

the subject was provided by & S-inch Dument 30hA Oscilloscope. The dis-
played error was smocthed by e first order filter with & 1.0 sacond time

¢ nstant, to sliminate perception of the high freguency unsteadiness and

to assure & tight loop closurs to remcve eny residusl force drift. The

de displey/control galn was 2.5 em on CRT/Hewton on stieck.

The low.frequency components of fine motor unstesdiness (visual/motor
modes) were mesgsured by the rectified and averaged control error sigmel,
Teel, as shown in Pig. 12.
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The tremor mode sigrals were obtained by processing the control error
signal {ce:. The rate and act eleration of cg were odbteined with a peeudo-
1ifferentiation circuit. The accelerntion signal was sdditionally smoothed
with & second order filter similar to the pseudo-differentiation circrit.
The boeak frequency »f both circuits was set at 100 rad/sec (16 Hz) with
s damping retio of 0.7. These ~etting. give a 25% emplitude attenmuation
at 15 Hz witi linear phase shift up to the break frequency. The phase
shift characteristics cause minimal phase distortion im the sismals up
to the bpreax frequency, and the s. _nals appear as though they are merely
time delayed by about 0.014 sec for &¢ and 0.028 sec for the filtered Ce

signal. "Averaze tremor magnitude” wag obtained by rectifying amd smoothing

the Te signal, as shown.

Ten subjJects (including two females) were asked to hold commend forces
of 5, 10, 15 and 20 newtons (1.12, 2.2 3.36 and k.L9 1b respectively’
with their right forefinger. Data were recorded with a Brush Mk 200 strip
chart recorder (100 Hz bandwidth).

Data

Tremor Freguency. A %ypical recording is shown ia Pig. 13. The
trueor “regue=ty in the smoothed accelerstion signal is clear at all four
force levels. However, the 15 and 20 newton cases appear most suitable
for measring tremor frequency with a zero crossing detector.

The velocity trace shows evidence of the ciosed loop neuromuscular
mode as well as the trenor mode. Closer inspection of the 10 newton trace
reveals a 2 to 5 Hz frequency combined with the 13 Hz tremor mode, and
past describing function measurements have shown the neurasuscular mode
to £all intc thiz frequency range (Ref. z and Fig. 3 herein).

It is apparent that the cmoothed acceleration signel gives a good
measure of the tremor mode frequency end smplitude. These data are showr
on Fig. it. The tremor freguency 1s remarkably comstant while the tremor
anplitude Increases by an ordsr of magnitude. The meen frequency over W
trials (k forces x 10 Ss) was 11.5 Hz (73 rad/sec) with & standard deviatic
of G.3 Hz. The lowest frequency messured was 9.0 Hz and the highest vas
1% Hz. Meagurements with the left hand of two subjects gave frequencies

-1 2F,
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mthemmae,butsm mﬂmmmm Nms 1t
umarmtbatthetrmmdeooqreviwavmmmmm
rogion in mogt subjects over e significent renge of applied forces. The
1wendcrﬂanh'mmq¢eforiame-suckpuninsm~mm
finger-free data shown in the preceding section, "Nature of Unstesdinese.™

Additional tremor frequency meagurencuts were mads to check the tremor
mode of other limbs. These were:

@ Free hénd tremor measured by point: a winieture
flaghlight at a photocell, ing

® DPiceps tremor measured by pulling with the arm on
a spring restrained bar,

® Leg muscle (quedraceps) tremor meagured by pushing
with the foot on a spring restraindd pedel.

Prequencies measured in the above mammer were within the forefingsr tremor

frequency range reported above. Also, left hand/right hand tremor was com-

parable for two subjecte tested. Thus the tremor mode frequency of a normal

humen neurcmscular system seems to be s very funtemental physiologicel

property. From th.c model and dynemics of Figs. 2 and 3, this implies

thet the ratio of limd inertiec to tendon compliance end ’he neuramscular

loop lags are about the zame for ali of these cages, o that cther 1imit-

cycling phenomena are involved.

Trea.or tude. A time trace of the i1-gecond running gverage
tremor magnitude gsignal for & typical run is given im the botiom of Pig. 13.
Tremor wode magnitude I3 & direct function of the average applied force,
es shown. It was also found to vary significantly fram subjeet to subject.
Average tremor magnitudes for each pubject and force level were reed off
the surip chart recordings and are cross plotted $n Fig. 4. Thege data
suggest an exponential relationship between tremor intensity end applied
force, with the higu forces producing much higher tremor magnitude, e.g.,
q=q°+e1‘3,mumo.r, op, = total and residual tremor (rms) magnitudes;
P = foree, r is fitting constants. It sewms that ez the aversge muscle
force is increaged the tremor mode damping ratio drope and/or the motor
rement forcing function increanes (a la Weber Law), while ite freguency
remains rougaly constant. (This is consistent with Pig. 3.)
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Unsteadiness Megnitude. A preliminary test wes conducted to deter.
mine the characteristics of the low-frequency control force unsteadiness
signal Ic:.l. This measure of unsteadineas magnitude seems to covary some-
what with tremor magn!tude and to vary directly with spplied force. Low
frequency variations elso apparent. Additional research will be required
to further quantify the characteristics of this measurement.

ftandardised Tremor Measures

Based on the guccess and ease of mechanizing these measures, we rescumend
the following standard test battery for unsteadiness properties:

@® Mechanize the functional circuits ghown in Pig. 12
for camputing the force error and its derivatives,
(amitting derived cuntrol velocity). The tremor
bandpass filter for computer <¢2* should have £ = 0,7
for minimal phase diastorticn and ap & 50-80 rad/sec
to peak near typical tremor frequencies of 9-13 Hz.
("Standard" wy = 63 r/s = 10 Hz.)

@ Subject presses on the pressure-stick with whatever
1imb is being investigated, with the limb root
grounded (e.g., pull with forefinger; elbow braced).
Command forces should be in the range of 5.25 Newtons
(1-5 1b) with 15 Newtons (3.4 1b) as a "atandard”
value for finger pulling.

@ Bach trial should have a 10 second stabilization
period, then 10-second meegurement interval. (These
pericds are a good compromise, balancing measurement
precision against muscle fatigue.)

® The test measurements m‘ order of intarest:
" 8%] (which is apprexi.
mately 1.28 0y _for a Gaussian signal); "h%f_n
" Tce! (roughly = 1,28 dep)3
and the " " £y (e.g., from
the positive-going axis crossing of the dge signal).

® To make such measures of universal value, the values
of cey and cg should be given in terms of force or
force acceleration (N, N/sec?), respectively.
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This paper hes sumarized some recent work in developing & quesilinesr
model and mensurements characterizing the asuramusoular control of & precisely
manipulated device such as a: soldering iron, bandgun, or various types
of manual control sticks, vhesls or pedals. The model given here is based
on the dominant physiclogicel components end phercmess involved, and it can
cover all thess cases. In addition, it clearly revesls the various modes
of fine-motor unstesdiness, including the Neurcmisculsr mode at 1.3 Mz
and the Tremor mode near 10 Hz. The data reviev and res¥amination, upon
vhich it is based shows good qualitative agresment with many phencaens
observed by earlier expsricenters, &s well as our own worx,

Nevertheless, we feel s little unessy sbout the "ceuse” of the very
stable.frequency tremor mode., Our brief experiment showed s tenfold incresse
in tremor amplitude for e fourfold indresse in finger pull.force, while
the tremer frequency reained within %1 Mg of 11 Hz, all :cusistent with
the model of Pigs. 1-3. Nevertheless, there sre other mechenisms, such
as thareshold-plus.delay-csused limit oycles which might be involved.
Furthermors, we have not oonsidered eny of the tremer-symptomatic disesses
such as Parkinscn's Disesse, nor have we separated the motor-remnant from
the system dynamics. Clearly, wmore investigation i¢ werranted, using this
modsl as & guide to the sppropriate messures and tests.

The proposed "steandard” Uns sediness Test Battary is recamended for
clinical investigations of the effests on fine-motor unsteadiness of;
varicus stresscrs such as work fatigus, lack of sleep, drugs, high-adrenalin
situations, and febrile 1llness; on Qifferant lizbe; for varicus &ges;
and with different manipulated devices. The authors would like to hear
about any applications of these tests or modifications to the model.
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