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INTRODUCTION

Movement speed and accuracy arecritical aspectsof many sportsskills.
Throwing, catching, striking, kicking, aswell asother manipul atory actions
require balancing fast, forceful movementswith spatial control of thelimb
to optimally direct an object. Similar trade-off shetween speed and accuracy
are necessary during movements that must be timed in relation to an
opponent or to external cues. Research has shown that many skilled
movement behaviors are characterized by such speed/accuracy trade-offs
(SAT9); asmovement speed increases, spatial accuracy decreases(seeMeyer
et d., 1990for areview).

In particular, numerous studies have shown one form of the SAT, Fitts
Law or the logarithmic SAT, to be valid across a wide range of effector
systems (Meyer et a., 1990). Typicaly, thisis demonstrated by having
subjects make repeated movements between two targets and doing a
regression analysis which predicts movement time (MT) given Index of
Difficulty (ID = logimovement distance/ effective target width]). These
same studies reveal that the regression parameters change depending on
theeffector system used. In other words, thed opeand strength (asmeasured
by R*2 vaues) of the linear relationship vary for similar speed/accuracy
tests performed by different joints or combinations thereof.

Little research has been directed toward understanding what factors
mediatethese differences, however. Thisstudy isthefirstin aserieswhich
will explorethisquestion by investigatingwhether such differencescan be
attributed to kinematic characteristicsdf the joint motionsinvolved. Here
weexplore how theidentity and direction of single-joint movementsaffect
SATs

Althoughclear performancedifferenceshave been shown acrosseffector
systems, few studies haverelated themto precisecharacteristicsof thejoint
motion. The study most often cited in thisregard compared SATsfor tasks
which primarily used finger, wrist or elbow movements (Langolf et al.,
1976). The authors neither measured nor restricted the amount of joint
motion however. Hence, it isimpossibleto determinethe extent to which
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the observed performancedifferences depended upon the joint used.

A recent study by Balakrishnan & MacKenzie (1997) addressessome of
these concerns. They compared SAT’s for side-to-side movements of the
index finger, wrist and elbow, as well as for forward and backward
movementsof astylusheld in apincer grip, and side-to-sidemovementsof
ahand-heldmouse. Splintswereused to restrainthe non-focal jointswhen
testing finger, wrist and elbow motions. The magnitude of joint motion
was estimated however, not measured. Results showed that index finger
motion had a significantly larger dope (and hence, was | ess efficient) than
the other motions, whereas the stylus motion was most efficient.
Interestingly, the differences reported were nearly an order of magnitude
smaller than those implied by Langolf et a. (1976).

Giventhelack of datain thisarea, the present study isdesigned to more
carefully examinetherel ativeefficiency of severa single-joint movements
during adiscreteaming task.

METHODS

Three right-handed subjects performed a series of single-joint, aimed
movements. The movements tested were wrist flexion/extension, ebow
flexion/extension and shoulder horizontal abduction/adduction of theright
am. Motion a the other arm joints was restricted by splints, and by
instructions to perform all movements within the horizonta plane of the
table surface. Subjects began each movement at a designated arm
configurationand moved a pointer to atarget located so it coincided with a
designated angular displacementdf thefocal joint. Thesametarget position
was used for all conditions.

Joint motion was measured usingsix activeinfrared markerspositioned
at theleft shoulder, right shoulder, elbow, wrist, and on two parts of a hand-
held pointer. Throughout each 3sec trial, 3D positionsof themarkerswere
recordedin real-time using an Optotrak 3020 (Northern Digital) running at
100Hz. Thedevicehad an accuracy of 0.3 mm in the plane where movement
occurred.

Datafrom the plane of movement were used to display astick figure of
thear m in real-time, via an active-matrix LCD data projector (Proxima
2810). Theimage wasscaledto be theexact sizeof the actual & mand was
about 2minfront of thesubject. Theimage wasrefreshed at least 30times
per second and therewasno noti ceabl etimelagtoitsmotion. Thedesignated
starting arm configuration and target were also shown in the image, were
always visble, and were not available on the table. Hence, the subject
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worked in atrue-scale, virtual workspace.

Subjectsparticipated in three sessions, onefor each joint. During each
session, they weretested in all combinationsadf thefollowing conditions:. 2
movement distances (20, 40 degrees), 3 target widths (0.5, 1.0, 2.0 cm
radii), and 2 movementdirections(flexion, extension). Subjects performed
20 consecutivetrialsof each condition, and theorder of theconditionswas
partially counter-balanced across sessions.

Movement time, peak velocity, number of submovements, Cartesian
movement distance and spatial errors were measured from each trial. The
first threedf these measuresweredetermined through an off-linealgorithm
that monitored tangential velocity of the pointer (Meyer et al.,1988; States,
1994).

RESULTS

The first aim of our analyses was to determine whether logarithmic
SATs were influenced by which joint was used or the direction of joint
movement. Tothisend, regression analyses predictingMT given ID, Joint
Condition (Wrigt, Elbow, Shoulder), and Movement Direction (Flexion,
Extension) wererun. Theseweredone separately for each subject toinsure
that results accurately reflected the performance of each individua. Data
were mean MT’s for each distance/target width combination.

Asexpected, MT depended significantly on ID for all three subjects. F
valuesfor thelD termfor subjects1, 2, and 3 respectively were: F(I, 16) =
1710, F(1,16) =29.0, andF(1,24) =38.7. All had probability valuesless
than .001. In addition, for &l three subjects, Joint Condition contributed
significantly to predicting MT [F(2, 16) = 28.4, F(2, 16) =17.1, F(2, 24) =
15.8; all with p < .001]. In contrast, Directiononly approached significance
for onesubject [F(1, 24) =3.8, p=.06] and was non-significantfor theothers.
Hence, | D and Joint Condition influencedMT whereasMovement Direction
did not.

Figure 1 showsan example of these effectsfor Subject 1. Thecircles,
triangles and plus signs represent the wrist, elbow and shoulder data
respectively. Regressionlinesfor each joint aregiven by thesolid, dashed,
and dashed/dotted lines. For all threesubjectsand asillustrated here, the
intercept was greatest for theshoulder and least for thewrist. Nosystematic
patternin the dopes was evident across subjects.
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Figure1- Logarithmic Speed/Accuracy Trade-offsat Each Joint.

DISCUSSION

Resultsdemonstratethat SATs vary for single-joint wrist, elbow and
shoulder movements, and that joint identity contributes significantly to
predicting MT, even when ID is accounted for. These findings extend
previous work which demonstrates that SAT’s vary depending on which
effector systemis used to perform thetask. Our results suggest that those
effects are due, a least in part, to which joint(s) are involved in the
movement. They offer the possibility that more precise estimatesof MT
may bepossibleif afactor givingtheidentity and magnitudeof joint motion
isincluded along with ID in a SAT regression equation.

Our resultsshow some agreement and somedifferences with previous
work. Asin Langolf etal.’s study (1976), differenceswere evident between
effector systems, with the larger effector systems(shouldervs. wristinthis
study; ar mvs. fingersin Langolf’s study) generating slower MTs. Both of
thesefindingscan be explained by a common argument about the role of
inertiain movement control (Rosenbaumet al., 1991; Gordon et d., 1995).
It suggeststhat movements which cause more massive body segmentsto
movewill be performedmost easily at ad ower pacethan movementswhich
causeonly lightweight segmentsto move. ExtendingthisargumenttoSAT’s,
if movementsthat must overcomelargeinertia forcesaredifficult tocontrol,
then that effector system may aso be difficult to move quickly and
accurately. Slower MT’s for the shoulder than for the elbow, and for the
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elbow than for the wrist, asfound here, support this argument.

Our results and thoseof Langolf et d. (1976) also differ from the one
study that specifically compared SATs for single-joint movements
(Balakrishnan & MacKenzie, 1997). Theonly significant differencethose
authors found was that abladduction of the index finger yielded slower
MT’s than did wrist abladductionor side-to-sidemovementsof theforearm
(which were presumably generated by rotation about the long axis of the
humerus). Thisisespecialy interesting since the owest effector system
was the one moving against the least inertial resistance, and it suggestsa
problem with the inertial control argument. Clearly the strength and
structural suitability (insertion point, angle of pull, joint range of motion,
etc.) of the involved muscles will aso influence how easily a particular
joint can be controlled. Thelimited number & size of musclesaround the
index finger, their lessthan ideal insertion pointsfor abladduction, and the
joint's limited range of motionin that direction may makeindex finger ab/
adduction especially difficult to control. Whether this is an unusual
exception that " proves the rule," or atypical finding awaits further
investigations. These must be designed to compare SAT’s while clearly
controlling and measuringjoint motion. Inlieu of additional contradictory
evidence, our results support theinertia control argument.

Oneother aspect of our results may differ from those of Langolf et al.
(1976) and Balakrishnan et d. (1997). Wefound no clear differencesin the
dopesfor thedifferent joint movements. Onereason the other two studies
may have seen these where we did nat, is that they did their analyses on
dataaveraged across three subjects. By using within-subject anayses, we
require the same significant differencesto show up in each individua's
datain order to identify a pattern, a more rigoroustest. One argument in
favor of thisinterpretationisthat we saw sometendenciestoward differences
in slope, especially between the wrist and shoulder. To addressthisissue,
we plan to continuethese investigations by looking at additional subjects,
and perhaps additiona distance/target width conditions.

CONCLUSIONS

We havedemonstratedthat for discrete, single-joint, aimed movements
the joint used will influence the speed/accuracy trade-off obtained. We
found no evidenceto suggest that direction of joint motion had an effect.
These results support work of Langolf et a. (1976) and Rosenbaumet .
(1991) which implies that joints which move against the least inertia
resistance will be able to move more quickly than joints feeling a large
inertial resistance.
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Our findings suggest that the differing efficiencies of various multi-
joint movementsmay depend, at least in part, on theidentity and magnitude
of the joint motions which contribute to the movement. This offers the
possibility of predicting which patterns of joint coordination will lead to
the best SAT’s, and hence, of optimizing a wide variety of skilled motor
activities.

Additional work is needed to investigatewhether slopesdiffer reliably
for different joints, whether theobserved effectsarecommonto joint motions
other than those tested here, and the extent to which the observed effects
areevident within thecontext of multi-jointmovement. A related seriesof
studiesis planned to address these questions.
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