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Takahashi, C. D., R. A. Scheidt, and D. J. Reinkensmeyelm-  Krug et al. 1996; Conditt et al. 1997; Gandolfo et al. 1996;

pedance control and internal model formation when reaching @oodbody and Wolpert 1998; Sainburg et al. 1999).
a randomly varying dynamical environmeni. Neurophysiol86: A possible limitation of these previous studies is that th
1047-1051, 2001. We investigated the effects of trial-to-trial, randomwe utilized novel but predictable force fields that lack t
variation in environmental forces on the motor adaptation of hum gl—to-trial variability commonly experienced in many natur

subjects during reaching. Novel sequences of dynamic environments . t i K ) i Th
were applied to subjects’ hands by a robot. Subjects reached first '/ ironments (e.g., sorting packages in a mailroom). The

“mean field” having a constant gain relating force and velocity, thdRCtive of the present study was to determine the effect
in a “noise field,” having a gain that varied randomly between reacht#l-by-trial variability on the formation of an internal modsg
according to a normal distribution with a mean identical to that of th@f the limb’s environment.
mean field. The unpredictable nature of the noise field did not degrade

adaptation as quantified by final kinematic error and rate of adapfge THobD s

tion. To achieve this performance, the nervous system used a dual

strategy. It increased the impedance of the arm as evidenced by &wenty-four unimpaired subjects (8 in each of 3 experimen
significant reduction in aftereffect size following removal of the noisgroups; 17 male and 7 female; 20 right handed and 4 left hang
field. Simultaneously, it formed an internal model of the mean of tr#&2-58 yr old) participated in the study, approved by the U.C. Irvi
random environment, as evidenced by a minimization of trajectofigB. The seated subject's hand was attached to a lightweight rg
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error on trials for which the noise field gain was close to the me&@im (PHANToM 3.0, SensAble Technologies) through a customij
field gain. We conclude that the human motor system is capable@thopedic splint (Fig. 1). Subjects reached alternately to two ta

predicting and compensating for the dynamics of an environment thight-emitting diodes (LEDs; 0.625-in. diam), left and right, pog-

varies substantially and randomly from trial to trial, while simultationed in front of the left and right shoulders just inside the bound

neously increasing the arm’s impedance to minimize the consequeftéhe reaching workspace (left target positien[—200, 70,—265]

of errors in the prediction. mm; right target position= [200, 70, —265] mm; see coordinat

system in Fig. 1). Between reaches, subjects relaxed the arm at a

position over the lap (Fig. 1, home positien [0, 0, 0] mm). After

each movement the computer sounded one of three tone patter

INTRODUCTION provide feedback on the reach speed (too fast, too slow, or just=igh

1.2 s). Subjects were able to perform the task consistently after a

Recent evidence suggests that humans use internal modelsradtice trials. Two targets were used to make the task more enga

the arm and its environment to control reaching. In the expédor the subjects.

iments described by Shadmehr and Mussa-Ivaldi (1994), subThe robot was programmed to generate a velocity-dependent f

jects adapted to perturbing forces applied by a robotic devidgld of the form

After adaptation, the perturbing forces were unexpectedly re- Fok-bxo

moved, resulting in a reaching path that was displaced in the - -

direction opposite the force. The presence of this “aftereffectherek € 0* (scalar gain)b = [0 3.65 0] Ns/m (see reference framg

was taken as evidence that the nervous system uses an intdfl0- 1), anduv € O (velocity of subject's hand) for right-handed

model to control the arm since the movement errors generafliects. Thus the resulting force, applied only during the outward re
on these trials were mirror-symmetric to those observed duri}é’gs leftward for right-handed subjects (i.e., in & plane) and per-

o . dicular to the hand velocity. For left-handed subjects, the field
|n!t|al exposure to the pertl_era_mons. An alternate Strategy_ubs,equent movement analyses were mirror symmetric.
stiffening the arm by co-activating muscles to compensate for

the force field disturbance [a form of impedance contr%[

(Hogan 1985)]—was rejected because it would not be expec eréJtocoI

to produce aftereffects. Subsequent studies have confirmed arntb characterize adaptation to a randomly varying environmen

elaborated on the use of internal models in reaching (Brashesghin-subject repeated measures design was used in which the §ame

Address for reprint requests: D. J. Reinkensmeyer, Dept. of Mechanical and he costs of publication of this article were defrayed in part by the paymgnt

Aerospace Engineering, 4200 Engineering Gateway, University of Californiaf,page charges. The article must therefore be hereby mawkehettisemerit
Irvine, CA 92697-3975 (E-mail: dreinken@uci.edu). in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Force gain Trial in noise field
Fic. 1. Experimental desigrA: subjects reached while attached to a robot aBmsubjects were exposed to 5 sequential

dynamic environmentsC: distribution of force gains applied to mean-noise (MN) subjects in the noise field. Each subject
experienced a different sequence of perturbations taken from the same distribution. The actual distribution of force gain values
applied to MN subjects had a mean of 0:88.47 (meant SD; for NM subjects: 1.02= 0.49).D: the trial history of force gains

applied to MN (—) and NM<{ - - - -) subjects in the noise field, where each point was averaged over all 8 subjects in their respective
group.

subject was exposed first to a predictable environment, then tovare exposed to a second block of mean field perturbations (Fig
random environment. The performance in each field was compared $arbjects in a third group (the “NM” group) were exposed first to t

each subject. Specifically, one group of subjects (the “Mean-Noise” @ise field and then to the mean field, to check for possible ordeting

“MN” group) was exposed to five sequential dynamic environmentgffects (Fig. 1).

called “stages” (Fig. 1). In the first stage (“null field 1") the robot did

not actively apply forces to the subject (i.e 5= 0) for 40 reaches. In pata analysis

the second stage (“mean field”) the force gain was conskantl() for

60 reaches, producing a leftward perturbation to the hand according t&ince the force field pushed the hand to the left, disturbances td
Eq. 1. The third stage (“null field 2") was another null field for 20reaching trajectory were mainly in the horizontal plane. Statisti
reaches. The beginning of this stage allowed measurement of #malysis indicated that trajectories were not significantly disturbed
aftereffect of adaptation in the mean field. In the fourth field (“noisthe vertical direction on initial exposure to or removal of the fiel
field”) the force gain was randomly varied for 60 reaches according Thus reaching errors were quantified as the area between the trial
a normal distribution with a mean of 1.0 and a SD of 0.5. The for@nd a reference path projected onto the horizontal plXr2 glane,
gain variation was truncated tol.1 about the mean of 1.0 to protectFig. 1). Reach paths that were to the right of the reference path
against large forces due to random outliers. The effect of the noigi@en positive values, while those to the left were given negat|
field was to apply a slightly different magnitude of force for eackalues. The reference path was selected to be the average path
reach, but the average magnitude over many reaches was the santgas in the last half of null field 1t(ials 21-4Q. The average was
the mean field. The fifth and final stage (“null field 3”) was anothesomputed by aligning the path data to an initial velocity thresh
null field for 20 reaches. The subjects in the second group (the “MM200 mm/s) and computing the mean across the corresponding

group) were exposed to a similar sequence of environments, excglpig points. For these trials, the subjects had presumably acclimated

that instead of being exposed to the noise field in the fourth stage, tieythe robot but still had no perturbing force field applied to them

J Neurophysiol VOL 86 « AUGUST 2001 WWW.jN.0rg
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RESULTS in size and not statistically differenP(> 0.05). The aftereffect

The eight subjects from the MN group reached first in tatio for MN subjects (noise aftereffect divided by mean aftgr-
predictable dynamic environment (the mean field) and then §ifect, mean= 0.57 + 0.25 SD) was 42% smaller than thg
a random environment (the noise field), the gain of whicftereffect ratio for MM subjects (mean 2 aftereffect divided by
varied unpredictably from trial to trial. When the robot firsn€an 1 aftereffect, mean 0.98 + 0.32).
imposed the force fields (mean or noise), the subjects produce®espite the diminished aftereffect following exposure to the
large initial errors followed by a gradual recovery of theipoise field, the MN subjects’ performance in the mean gnd
original performance (Fig. 2). On removal of the force fieldg)oise fields was not significantly different, in terms of average
the subjects displayed aftereffects (i.e., increased reachingfaral error and the variance of errdrtést on SDsP = 0.17).
ror in the direction opposite to that of the force field). Thédditionally, MN subjects showed similar rates of perfof
magnitude of these aftereffectsigls 101and181,Fig. 2) was mance improvement in the random and mean fields, with|no
significantly different from the baseline reference error fromignificant difference in exponential time constants fit to edch
the first null field (ANOVA, P < 0.001) and decreased withsubject’s learning curves.
repeated movement. For MN subjects, the noise field afteref-The question arises as to why the MN subjects perforr:E)ed

fect (trial 181) was significantly smaller than the mean fieldabout as well in the random field as they did in the predictaple
aftereffect frial 101; pairedt-test,P = 0.01), while the first field, yet had a diminished aftereffect. One possibility was tihat
and second aftereffects for the MM subjects were comparalfey did not accurately model the average dynamics of the

subjects. The thick lines were produced by
moving average with a 5-point window. Stan|
dard error bars are shown for key trials. Subjed
showed large initial errors on sudden exposure

Error (sz)
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noise field. Alternately, subjects may have increased the iwf the internal model matched the external field gain (Goq
pedance of their arms in the noise field. Increased arm impdubdy and Wolpert 1998). In the first movement in the noi
ance would be expected to reduce the trajectory error when figdd, the behavior across subjects was consistent with a ne
noise field was unexpectedly removed. zero reaching error when the force gain was zero (FA.
To distinguish these possibilities, we analyzed the reachiitjck dashed line). Following adaptation, the behavior acr
behavior of the MN subjects in the noise field (Fig)3A MN subjects was consistent with a minimization of trajectg
minimal trajectory error would be expected whenever the ga@firor when the noise field gain was equal to 1.630.18

(averaged zero crossing of individual subjects’ regressi

A over last 40 reaches), indicating accurate modeling of

T X jesta0 noise reaches (MN group) 5 verage noise field (Fig.A3 thick solid line). The movement

==: 0 1st noise reach (MN group} g . g ) . . .

150 % —  Jast40noise reaches (NMgroup)  error corresponding to the gain of the mean field declin

- 1st noise reach (NM group)

toward zero over the 1st 20 movements, suggesting tha
accurate internal model was constructed with repeated prac
(Fig. 3B). The slopes of the regression lines (Figh) 3also
provide a gross measure of the endpoint impedance of
subjects’ limbs (i.e., the impedance generated at the rob
handle by the subjects). The steeper slope during initial ex
sure to the field corresponded to a lower impedance t
observed later in the experimental sessidhas<{(0.001,t-test
comparing individual subject’s regressions slopes of last
reaches to that of initial reach across subjects). Consequg
the initial range of movement errors was larger than the ra
of errors observed at the end of the block of random pertur,
tions for the same range of perturbation gains. Therefore

Error (sz)

arm impedance during reaching in the noise field, presuma
accomplished by stiffening the arm about the reference tra
tory.

B It is possible that the MN subjects did not actually learn t
0. mean of the noise field, but simply reverted to their mg
recently stored dynamic model (i.e., of the mean field) wh
presented with the noise field. To evaluate this possibility|
third group of subjects was exposed first to the noise field
then to the mean field. The NM group formed an interr
model of the random field, as shown by a minimization of er
over the last 40 reaches when the gain was @:82.26 (Fig.
3), a value significantly different from zerd®(< 0.001).
However, this value was significantly less than the 1.03 val
for MN subjects (1-sided-test,P = 0.04), indicating that the
model was not as accurate as the one for the MN group. T
MN subjects apparently used the most recently stored dyng
model to estimate more accurately the mean of the rand
field, although the ability to form a model of the random fie
was not dependent on previous exposure to the mean field.

Force gain

Error at mean gain (cmz)

-100

Trial No. NM group was significantly larger than that of the last
Fic. 3. Trajectory error in the noise fielé: each point represents a trial by reaches® < 0.001, Fig. 3), and the noise field aftereffect w
a MN subject in the noise field. NM trials are not shown. The regression linesignificantly less than the mean field aftereffect (pairégist,

shown for both MN (thick lines) and NM (thin lines) subjects, reveal tho — 0.021. noise/mean aftereffect ratio0.77 = 0.24 Fig. 2).
change in reaching behavior as subjects practiced reaching in the noise fi | ’

The thick dashed line, computed from the 1st trial in the noise field for eajlkﬂese flndl!’lgs f"“e ConSISte.m with the hypOtheSIS that SUbJ
MN subject with 1 outlier (*) removedR = 0.004, slope= —131.2 cnf), INcreased limb impedance in response to exposure to the
passes near the point [gaia 0, error = 0], indicating that the composite dom field. The slightly greater NM aftereffect ratio may ha
subject behavior was to reach with little error when the force gain was zeggisen because, by chance, higher-than-average force

(note: before removal of outlie® = 0.11 and slope= —92.3 cnf). With ; ;
practice, MN subjects compensated for the average noise field, as iIIustrate(ﬂ)rengthS were applled for the NM SUbJeCtS over the last th

the thick solid line (computed from the last 40 trials in the fié?d< 0.001, ré4ches in the noise field (FigDY
slope = —71.0 cnf) passing near the point [gais 1, error = 0]. Similar
behavior was seen in the regression lines for the NM group during the 1stn
reach (thin dashed lin® = 0.01, slope= —87.2 cn¥, with removal of one

outlier, orP = 0.11, slope= —83.3 cnf, without removal of outlier) and the . P o .
last 40 noise reaches (thin solid line. < 0.001, slope= —62.1 cn?). B: The results of this study have three major implications. Fif

average trajectory error, shown for the MN subjects, gradually converg84lbstantial Variab”it_y in _the presentz_ition O_f perturbing en
toward zero for field gain equal to 1.0 (the average field gain). ronments does not inhibit the formation of internal models

BFscussion
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reduced noise field aftereffect was likely due to an increasg¢ &
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limb dynamics. Subjects were capable of compensating for tregulation. Identifying the mechanisms and dynamics givi
approximate mean of the random perturbing environment. Ttise to both model formation and impedance regulation
process by which the model is formed likely involves a movingnportant goals for future motor control research.
average computation and possibly operates over only a few
previous reaches (Scheidt and Mussa-lvaldi 1999; Thorou hThis workgvgs supported by a Whitaker Foundation Biomedical Enging
man and Shadmehr 2000). In addition, the process apparei“w tesearch Grant.
incorporates a retention mechanism, since previous exposurgég
: ) . ERENCES
a predictable field produces more accurate modeling of a
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