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Predictive Motor Learning of Temporal Delays

ALICE G. WITNEY, SUSAN J. GOODBODY, AND DANIEL M. WOLPERT
Sobell Department of Neurophysiology, Institute of Neurology, University College London, London WC1N 3BG,
United Kingdom

Witney, Alice G., Susan J. Goodbody, and Daniel M. Wolpert. system and external objects must be acquired and contindally
Predictive motor learning of temporal delayk. Neurophysiol82:  refined throughout life. The ability to learn and use interrjal
2039-2048, 1999. Anticipatory responses can minimize the distyindels is, therefore, a fundamental property of the mojor

bances that result from the action of one part of the body on another. . . i
Such a predictive response is evident in the anticipatory increaseg stem. How such internal models are learned is the focus of

grip force seen when one hand pulls on an object held in the otHBg current study. _ _ _ _
hand, thereby preventing the object from slipping. It is postulated that Grip-force modulation provides an ideal paradigm to stufdy
such a response depends on predicting the consequences of théndernal model learning. When subjects pick up an object usjng
scending motor command, as signaled by efference copy, usingeaprecision grip, they exert sufficient grip force to prevent the
internal model of both one’s own body and the object. Here Wehject from slipping while avoiding excessive grip forces that

investigate how the internal model learns the temporal consequen ; ; : L
of the motor command. We employed two robots to simulate a virtu result in object breakage or fatigue (Johansson and ¢ele

object held in one hand and acted on by the other. Delays w A . -
introduced between the action of one hand on the object and thad4). When the object is held at rest, the grip force depengs
effects of this action on the other hand. An initial reactive grip forceoth on the weight of the object, that is load force, and th&
response to the delayed load decayed with the development of apmoefficient of friction of its surfaces. Grip force levels can hE
priate anticipatory grip force modulation. However, no predictivget without somatosensory feedback, anticipating the phyi@&il
modulation was seen when the object's movement was not genergigdnerties of the object, that include the object’s weight, sh
by the subject, even when the motion was cued by a tone. Th g friction at its surface (Jenmalm and Johansson 1

results suggest that, when an internal model learns new tempojg ) : S
relationships between actions and their consequences, this lear % ansson and Cole 1994; Johansson and Westling 1p34

involves generating a novel response rather than adapting the origihdpo)- Such object properties are learned through deve ab-
predictive response. ment, indicated by increasing ability to correctly parameter|zg

INTRODUCTION the appropriate grip force level has been described as a

Humans demonstrate different responses to self-produ%a ory parameter control (Johansson 1996; Johansson and)Gol

and externally produced perturbations (Blakemore et al. 19 : . g . :
X ) vel to alterations in the object’s properties, occurring b
Dufosse et al. 1985; Johansson et al. 1992; Johansson (g ess of discrete-event, sensory-driven control (for revi

192, 1994) with the updating of the appropriate grip for| E

Westling'1988; Massion 1992?' For eX?mp'e’ when sque ge Johansson and Cole 1992, 1994). When the objectis m
are required to remove an object held in one hand with t %the subject, the load force on the fingers must changé &

other hand, anticipatory deactivation of the forearm muscl : : : :
occurs before the unloading so that the position of the Ioad(gl cgerli[e)ra;gerége ?r:ép%%?e%?Js\%hYgltgl?pUt ﬁ]c;)hrirse sspeolg gg]r?e(r:gtd

hand remains unchanged (for a review see Massion 199 o : - 1.
Such anticipatory behavior has been attributed to the abilityl ndition the grip force tends to parallel load force with neg
predict the consequences of our own actions (Johansson )

Cole 1994; Lacquaniti et al. 1992; Massion 1992), a proce, -
that requires an internal model of both one’s own body and ,ﬁgnerated movements (Flanagan and Wing 1993, 1995),

external world. Such models are known as forward mod different directions and at different speeds, and when pulljng

; X fixed objects (Johansson et al. 1992). Despite the relatiyely
because they capture the forward or causal relationship t&' id response of cutaneous afferents, such anticipatory coftro
tween actions, as signaled by efference copy (Jeannerod e

1979; Sperry 1950; von Helmholtz 1867; von Holst 1954), a
outcome. Forward models have been proposed to play a fyn
damental role in motor planning, execution, and learning (J
dan 1995; Jordan and Rumelhart 1992, Kawato et al. 1984,0] would be ineffective for manipulative actions wit

Miall and Wolpert 1996; Wolpert 1997; Wolpert et al. 1995)q.0,encies above 1 Hz, which would exclude some comple}

As the dynamics of the body change during growth, and novgms (Johansson and Cole 1994; Kunesch et al. 1989).
2

objects are encountered, the internal models of both the mq, rggests that the skilled manipulation of objects requires [the

The costs of publication of this article were defrayed in part by the paymeﬁtNS to use the motor command, I.n conjunct_lo_n with interrjal
of page charges. The article must therefore be hereby maskhaftisemerit Models of both the arm and the object, to anticipate the reult-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  ing load force and thereby adjust grip force appropriately

not be explained as a reaction to peripheral feedback
lanagan and Wing 1995; Johansson and Westling 1984)[due
‘unavoidable feedback delays (Forssberg et al. 1992; Joh

0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society 2039

92, 1994; Johansson et al. 1992; Johansson and Wegtéhg
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A B The timing of the response is critical to ensure that the peak in
the grip force matches the peak in the load force. In the curient
Load applied _/\ -/\ study we used two robotic interfaces to examine this task wien
—  coms . a delay was introduced between the action of one hand angl its
expenanced /Nl delay /N consequences on an object held in the other hand. In the nofma
enp-/k > _/\_//\ nondelayed condition, pulling on the object with one hapd
Py 250ms 5 250ms produced equal and opposite forces on both hands at the gam
C time. This is consistent with the situation in which a single

object is held between the hands. In the delayed condition|the,

A _I/\(\*’__/I\ e oranic T responding force on the other hand after a delay of 250 [ms

- o two peaks in the grip forc_e response. The first is the anticipa-
M “'__/]\ ".f'f'%':;;fg tory response to the predicted load force that would normally
second is a grip force reactive to the delayed load acting onfthe
object (Fig. B). The internal model that previously allowe

predictive modulation, for the nondelayed load, will no longr

Fic. 1. Schematic illustration of the possible adaptation to the effects pf ;
delaying the consequences of an actiintop trace load applied by one hand Be appropriate for the task, and Consequemly may be Upd ted

to an object held in the other hanBottom tracesload experienced by the ~ BY introducing a delay between the action of one ha'j‘d nd
hand holding the object and its grip force that shows anticipatory modulatidiie effect on the other, we were able to test between diffelent
B: the expected immediate effects of introducing a delay between the Iqq? otheses about the adaptation of the internal model. Vge

applied by the one hand and the load experienced by the other. Two peaks : : : g
grip force are expected: the 1st a predictive response and the 2nd a reacti mined how the grip force modulation changed on repegt

responseC: 2 possible types of adaptation to the delayed consequencesRHeSQntationS of this delayed consequence of action. We
action. See text for details. consider two hypotheses of how the internal model learns

produce a predictive response for the delayed load. The
(Blakemore et al. 1998; Flanagan and Wing 1997; Wing et @ossibility is that the original predictive peak shifts with lear
1997). Conversely, when the load force is altered by exterriafy to the new later time of peak load force while the seco
agents, grip force lags 60—-100 ms behind load force, suggeasiactive, peak decreases. This would be observed as a m
ing a reactive response to the perturbation (Blakemore et @bn of the first grip force peak and suggests an adaptatio
1998; Cole and Abbs 1988; Johansson et al. 1992; Johansmn existing internal model (Fig.Cl, Migration of peak J.
and Westling 1988). Therefore the timing of grip force modAlternatively, a new predictive peak to the delayed load fo
ulation can be used to quantify the accuracy of an internabuld develop, implying the development of a new inter

o
_—

Possible change in grip profile over time

ke N

Rulwigy

no lag indicates an accurate internal model. by the new predictive component becoming increasingly
An integral component of such anticipatory behavior idominant, coupled with a decrease in the reactive compo
matching the grip force response temporally to the load foraaf. the response. (Fig.Q, Migration of peak 2.

(Blakemore et al. 1998; Johansson et al. 1992) precisely timfetdce modulation that occurs solely as a consequence of|the
to prevent slippage while using a low grip force level (Fig).1 internal model.

D
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METHODS
A virtual object setup B Non cued

Subjects

Six right-handed subjects (3 male, 3 female) aged 21-28 yr partic-
ipated in the experiment. None of the subjects reported sensory or
motor deficits. Subjects gave written informed consent before partic-
ipating in the experiments and were'vaio the research aims.

Apparatus

A six-axis cylindrical force transducer (Nano, ATI) was embedded
in a cylindrical object with two parallel grip surfaces of 20 mm diam, 7
spaced 40 mm apart. The two surfaces were covered with sandpaper 7
(Grade No. 210) with the mass of the transducer (50 g) centred
halfway between the surfaces. The force transducer allowed three
translational forces to be measured with an accuracy of 0.05 N
including cross-talk. This object was attached to the end of light-
weight, robotic manipulator (Phantom Haptic Interface, Sensable De-
vices). A second cylinder, of identical size and mass to the first, was ' B
attached to a second robotic manipulator. These robots, which are fredc- 2. A schematic diagram of the apparatus used to create a virtual olfject
to move in three dimensions, can exert forces of up to 20 N, in aigmg the 2 robots. Schematics of the noncued condiBpm(which the object

kS

. . . . . - the right hand was pulsed upward at pseudorandom interalself-
dlreqtlon, at its endpom? (baokdrlve friction 0.02 N, apparent. mass tnerated condition in which the left hand generated an upward movemen{ thaf]
the tlp_<150 g). The position Of Fhe motors (gnd through the k'nemat_ used an upward force on the object in the right h&nccued condition in
equations of the robot the position of the object) were sampled on-liggich the object in the right hand was pulsed upward a fixed interval aftdrg
by three optical encoders (10,160 counts per revolution, sampling redge sounded. s
1,000 Hz) mounted on the three motors. 2

REol

mimicked the condition of a single object held between the hands. T

Procedure force on the right hand was given By = K (L, — R, — D) wherelL,
andR, were the vertical positions of the left and right object at ti

All subjects participated in three conditions in a balanced order. inK was a fixed spring constant of 15 N/cm, abBdwas the initial
all conditions, subjects were required to keep their right hand stillertical distance between the objects at the start of the trial. Therefese
preventing the gripped object slipping from their grasp. The objegs achieve the 5-N load force the movement of the left hand was | ©
was gripped with the tips of their right thumb and index finger. Thexm in amplitude. The force on the left hand was equal and oppo
subject’s right forearm was anchored with velcro straps, and fay the force on the right hand. To allow the subjects to produce
further stability, they grasped a vertically oriented aluminum rod witborrect load force amplitude, their left hand position was displaye
their three ulnar fingers. This ensured that the subject’s thumb aad/ertically moving (but horizontally stationary) dot on an oscil
index finger were used to maintain object stability rather than a mageope. The oscilloscope also displayed two horizontal lines that
general postural response. In each trial a discrete upward force wesented the amplitude of movement required to generate 5 N.
applied by the right hand robot to the object. To prevent fatigue, shortOn average once every®s a tone sounded and the subjects hal

wof pa

30"ADIE:

NBuo 3o

rest periods were given every 60 trials in all conditions. move their left hand sharply up and down to cause the desired Qrigf
5-N target force pulse to be applied to the right hand object. Subj¢®s
Noncued condition were given~30 practice trials, which enabled them to accuratgl

produce a movement with their left hand that could generate a
To measure reactive grip force modulation, the right hand robgimplitude vertical force pulse on the object held in their right ha
generated 50 force pulses on the object held in the right handTais movement was recorded to ensure that subjects produceg
pseudorandom times, on average one pulse every 2.5 s (B)g. Zappropriate movement throughout the experiment.
Subjects held the left hand object above the right hand object andrhe paradigm comprised of 3 phases of 50 preexposure, P50
stationary throughout. The temporal profile of each force pulse wagposure, and 50 postexposure trials, producing 350 trials in total. In
chosen to be smooth and bell shaped. Specifically, the force profie preexposure phase there was no delay between the vertical move
had the same shape as the velocity profile of a minimum jerk movg@ent of the left hand and the production of a vertical force on the
ment (Flash and Hogan 1985). The duration of the force profile wabject in the right hand. In the exposure phase a delay of 250 ms was
200 ms and its maximum amplitude was 5 N. This therefore generaifgtoduced between the upward movement of the left hand and|the
a peak load force on the fingers of the right hand of 5 N. This forggoduction of the vertical force on the right hand object. This wlas
profile was chosen to match that produced by the subjects in iiosen to be long enough to resolve the two hypothesized grip fgrce
self-generated condition described below. peaks. For the postexposure phase, this delay was removed sq th3
these trials were identical to those of the preexposure phase. Aftef the
Self-generated condition first 20 trials, one catch trial was interspersed pseudorandomly in
every 10 trials. In a catch trial, movement of the left hand did rlot
In the self-generated condition the load force generated by the robatise a vertical force on the right hand object.
on the object held in the right hand was produced as a result of the
subjects making a single vertical upward pulse with their left ha i
(Fig. 2C). Subjects were told that the load on the right hand object Wrgued condition
produced by this vertical movement of their left hand. Subjects heldIn the cued condition subjects held the object in the left hand abpve
the object in the left hand above the object in the right. the object in the right as in the self-generated and noncued condition
The relation between movement of the left hand and the for¢Eig. 2D). As in the noncued condition the left hand was stationgry
generated by the robot on the right hand object was simulated as a stifbughout. On average once ever$ 8.a tone sounded, and 300 ns
spring between the objects in the two hands. These forces thereflater an upward pulse of force was generated by the right hand rgbot
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on the object held in the right hand. This 300-ms period between there trials as adaptation was fast), late exposure (last 50 expgsure
tone and the upward pulse of force was chosen because it is gretials), and post (50 postexposure trials). As the first peak disappepred

than the reaction time to a tone. The temporal profile of this ford®/ the end of the exposure phase, we examined its disappearan

pulse was identical to that of the noncued condition. performing linear regression over the exposure period. All the stdtis-

The paradigm comprised of three phases of 50 preexposure, 268 are based on an analysis on a trial-by-trial basis. For clarity,
exposure, and 50 postexposure trials: 350 trials in total. In the pre@ksts shown are averages of these trial-by-trial values, averaged a
posure phase the vertical force on the right hand always occurred 3@@ches of 10 trials and over subjects.
ms after the tone. In the exposure phase a delay of 250 ms was
introduced so that the force now occurred 550 ms after the tone. The
additional delay of 250 ms between preexposure and exposure ph&ses UL TS
was the same for the cued and self-generated conditions. Within th
final postexposure phase, this delay was removed so that these trial

were identical to those of the preexposure phase. Catch trials, in Whgi%ﬁerate consistent levels of load force. For the self-gener

the tone sounded but no vertical force on the right object was pre@ndition, subjects produced bell-shaped movement as
duced were interspersed as in the self-generated condition. quired throughout all phases of the experiment (Fig. 3).

Analysis Preexposure

For each trial, the position of the left hand, the load (total force When the load force was noncued, a reactive grip-fo
tangential to the surface) and grip force were recorded at 250 Hz amedulation was seen with an average grip-loadf 0.29. The
then filtered using a Butterworth 5th-order, zero phase lag, low-pgssak grip force lagged the peak load by an average of 73
filter with a 10-Hz cutoff. (Fig. 4A). In contrast, when the load force was self-generat:

As a global_ measure of anticipatory grip forc;e learning, zero lag predictive pattern of grip force was seen with a grip-Io%d
cross-correlations’] were performed between grip and load force fo

each trial. The square of this cross-correlatiof) the coefficient of

o A S 0
determination) was used to quantify the co-variation of the grip an . .
load force. To further quantify the evolution of the grip force regd;crease compared with the noncued conditior 0.05). The

sponse, the amplitude and time, relative to the peak in load force,@f€d _condition showed a grip-force response that was

the first and second (if present) grip force peaks were found for eagighificantly different from the noncued condition with a grif

trial. In addition, the magnitudes of the grip at 0 and 250 ms (the tinkead r® of 0.30 and a peak grip that lagged the peak load by
of peak load force in different phases of the experiment) were calams (Fig. 4°). Therefore anticipatory grip force modulation wa
lated. These measures identify the most important features of thely seen when the load force was self-generated by moven
evolving grip force profile. of the other hand.

These dependent measures were analyzed separately for the catgthe predictive nature of the grip force modulation w4

, , > : essed by examining the modulation during catch triald
roni corrections). First, the subjects’ average of these measures for y g 9

50 preexposure trials were analyzed as a function of condition (se -.Ch there_ was no load force gene rated by the ro_bot on
generated, cued, and noncued). To examine the changes over c.:t held in the r]ght hand. Any grip-force modulathn the
experiment, a repeated measures MANOVA was performed for tH€ is purely predictive because no sensory stimulation of
dependent measures as a function of condition (self-generated HR@ers is generated in the absence of the load. Within
cued) and time as factors. Time was split into four levels: pre (1st 5@lf-generated condition, grip force modulation was seen (
trials before the delay was introduced), early exposure (1st 20 expog the catch trials (Fig.B, — —-). This predictive componen

and noncatch trials using repeated measures ANOVAs (with Bonf%i%

Pre Early exposure Mid exposure
A 4 : B 4 . C 4 ;

wW

Position (mm}
n

* : SN : . Fic. 3. Left hand position averaged over all subjects for t

0o o 200 00 0 200 0 200 400 20 o 200 a0o different phases of t_he self-generated ct_)ndition. Ea_ch plot is

average of 1 catch trial and 9 noncatch trials per subject. The s
vertical line indicates the time of the peak load forée preexpo-

Barty post F . Late post sure, trials 40—508B: early exposure, trials 70—8: mid-expo-

: : sure, trials 150-160D: late exposure, trials 280-29&: early

D Late exposure E

Position (mm)

e

: o h B
—-200 0 200 400 -200 0 200 400 -200 0 200 400
Time (ms) Time (ms) Time (ms)

%Subjects found the task easy to perform and were ablg to

)
bf 0.73 (Fig. 8). In this condition, the peak grip force Iaggedg
ly 26 ms (Fig. 8) behind the peak load, a significar

postexposure, trials 300—-311. late postexposure, trials 320-33d.
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Non-cued Self Cued

[e:]
o
©

A C all subjects for the preexposure phase (trials 20—
50) for normal (—) and catch trials (— —-). Tracep

26 26 are aligned to the peak in load force at 0 ms

8 Q nonc_u_ed A), self-generated E() and cued @)

E 4 E 4 conditions. Average tangential load forces afe

o a shown by dotted lines. Note that the small peaks jn

& 5 Do the load force after the main peak in the noncugd
2 2 R and cued conditions, which occur at the same tinhe

e as the peak in grip, are due to the grip force t

o 0 0 to the grip surfaces.
—-200 0 200 400 —-200 0 200 400 -200 0 200 400 grp

Time (ms) Time (ms) Time (ms)

had a peak that was significantly  0.05) earlier at-1 ms To characterize how this learning occurs, we examined
compared with the 26-ms lag of the noncatch trials. The peraiagnitude and timing of the first and second peaks in the [the

of grip force in the catch trial was also significantly smallegrip force response. In addition, the magnitudes of the grig

than in the noncatch trialsP(< 0.05). This suggests that0 and 250 ms, the time of the peak load force during fhe

sensory feedback of load acts to delay and amplify the pepleexposure and exposure phases, respectively, were e
grip-force response. During the catch trials in the cued condited. These measures identify the most important featureg

tion, the grip-force modulation was erratic and of low amplithe evolving grip force profile. During the exposure phase the

tude and was not consistent with a predictive strategy. amplitude of the grip force modulation at the first peak deo
creased significantlyq( < 0.05, Fig. 8\) as did the magnitude| 2

3 " at 0 ms. However, the time of the first peak did not changg
Self-generated condition significantly (not shown). The height of the second grip pga®
In the preexposure phase of the self-generated conditisi¢creased by 16% over the exposure phase. The time of| tfis

peak grip force lagged an average of 26 ms behind the lod@cond peak (Fig.@ shifted significantly toward the time of
force (Fig. 5. On the introduction of a 250-ms delay betweeflaximum load forceR < 0.01) so that over the last 50 trial
the motion of the left hand and the load force generated on tethe exposure period lagged an average of 28 ms behind
object held in the right, two peaks in grip force modulatiol@d peak as in the preexposure phase. This represents a
were seen (Fig.B). As expected the first peak corresponded tdecrease in the average lag of the second peak compared

o7

FIG. 4. Grip force modulation averaged ovef

e
subjects generated not being perfectly orthogorjal

/ﬁfdig[ wou}

an
off

— S

the grip force response seen in the preexposure catch trif¥8 first 20 trials of the exposure phase. This temporal adv
(because the 1st part of the trial is equivalent to a preexposuje

catch-trial). The second peak initially lagged an average of

ms (average over the subjects’ 1st exposure trial) behind the

peak load force. This represents a reactive grip-force modulass

Pre B Early exposure C Mid exposure

5 5
tion to the unexpectedly delayed load force. Catch trials in thg
early exposure trials showed a single peak at around 0 ms. £ 4 4 4
As exposure to the novel temporal arrangement continuet}, N

the amplitude of the first peak slowly decayed, eventuallys 3
becoming the nondominant modulation (Fig. 5, C and D). By : :
mid-exposure, modulation began to appear close to the time of2 : 2 : 2 :
actual load force, with this eventually becoming the predomi- -200 0 200400  -200 0 200400  -200 0 200 400
nant grip force peak (Fig.®. Late in the exposure, the catch

trials produced a single grip force peak, predictive of th® Aleexposue | Early post | Late post
delayed load force (Fig.®). Removal of the delay in the 6 : 6 : 6 :
postexposure phase resulted in grip force modulation quickl%5 : 5 5
returning to the preexposure response (Figz &ndF). These < :
features can also be seen in the individual subject's traces, : 4 4
shown in Fig. 6 A-C(—) for the preexposure, early exposure, : /\\
and late exposure phases. &3 \ 3 3

These changes and subsequent learning of the new temporal A N I :
delay are reflected in the grip-load (Fig. 7A). On the intro- 2f=": 2r ./ : 2=~ :
duction of the delayr? fell from 0.73 to 0.33 (average of 1st  —200 ©0 200400 -200 0 200 400  -200 O 200 400
10 exposure trials). Over the exposure phageincreased Time (ms) Time (ms) Time (ms)

significantly @ < 0.05), rising to 0.58. With the removal of the re. 5. Grip force modulation averaged over all subjects for the differént
temporal delayr? transiently dropped to 0.51 (1st 10 postexphases of the self-generated condition. Each plot is the average of 1 catcH] trial
posure trials) before returning to a value of 0.72 (last Ap—-) and 9 noncatch trials (—) per subject (—). Traces are aligned to|the

- . k in load force (solid vertical linep: preexposure, trials 40-58: early
postexposure trlals) similar 'tO the preequsure (0'73)' The%?gosure, trials 70—80C: mid-exposure, trials 150-16M: late exposure,
changes reflect that there is learning taking place over tfigis 280-290E: early postexposure, trials 300—-31®. late postexposure,
exposure phase. trials 320-330.
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coupled with a decreasing amplitude kept the grip force coB-ms in advance of the time of peak load. In summary, altho
stant at the peak of the load force (250 ms), while allowing thke first grip peak only decreased in amplitude, without
total force exerted to decrease. Thus the grip force at 250 ofsange in timing, the second grip peak systematically ¢le-
did not change significantly during the exposure period. Howreased in both amplitude and lag, consistent with a chahge
ever, when a second discernible peak appeared in the cdtom a reactive to a predictive grip force modulation.
After the removal of the delay between the motion of the Igft
exposure phase this peak in the catch trials grip was on averbged and the load force generated on the right, grip fofce

trials, its time did not change significantly (FigCB Over the
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FIG. 6. Grip force modulation for each subjeato{lumns
S1-Sp for the different phases of the self-generated (—) apd
cued condition (——-). Each plot is the average of 10 noncajch
trials. Traces are aligned to the peak in load force (solid verti
line). A: preexposure trials (40-50B: early exposure trials
(70-80). C: late exposure trials (290-300). For clarity th
cued-condition traces have been offset by 4 N.
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Fic. 7. Coefficient of determinationrq) of grip with load force
against trial number averaged over batches of 10 trials and subjects
for the self-generated conditiod) and cued conditiong). Error
bars are 1 SE. The vertical solid line indicates the start and end of
the exposure phase.
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modulation quickly reverted to being comparable to that grip the right hand, the grip force immediately shifted to lag thg
force modulation during the preexposure phase. The peaknafw delayed load force by 81 ms (average of subjects’ 1§t
the grip force lagged the load force by 35 ms, a value nekposure trial, Fig. B). This lag did not significantly decreasp
significantly different from the 26-ms lag in peak grip forceover the exposure batch, (Fig. B;-D). Removal of the delay| =
modulation within the preexposure phase. in the postexposure phase resulted in grip force modulafi@n
returning to the preexposure response (FigE@&ndF). The 3
Cued condition lack of anticipatory2 behavior is reflected in the low and upg
. changing grip-load“ of around 0.32 (Fig. B). &3
¢ In tlhe przexposure phasfe of thebCl;]gddc?]ndlltlog,fpeak 9MPTo characterize the effects of the delay on grip force mgd
orce lagged an average of 70 ms behind the load force (Fifiation, the cued condition was analyzed in the same way 8s
9A). On the introduction of an additional 250-ms delf_;\y bene self-generated condition (FigByVand (Fig. 8,D-F). In |3
tween the tone and the load force generated on the object eral, these plots, which are shown for completenes%
. showed no systematic changes. There was no signifi¢eht
Earl Mid g . o X
A Fre : B ay e C ! _exmsure change in either the amplitude or timing of the grip for¢e
7 7 : 7 modulation during the exposure phase. In particular, the seco%d
= peak did not become earlier over this period. Although th(alg
<5 6 3 . . . .
g : were discernible peaks in the catch trials, they occurred it
S5 5 : 5 random times with a standard deviation in the exposure pHéase
24 4 : 4 ; of 88 ms, compared with a standard deviation of 49 ms for {@
'G] ﬂ - //J - self-generated condition (compare the exposure catch trials in
3 3= Sle=" Fig. 8,C andF) and had very small amplitude compared with
== ’ ; : the noncatch trials (compare the exposure catch and nondatch
-200 0 200400 -200 O 200400  -200 O 200 400 R e
trials in Fig. 8,B andE). For all phases of the cued condition,
D |lateexposure Early post = Late post the grip force showed a purely reactive modulation.
, ; , ; , ,
= DISCUSSION
<6 6 6
35 5 5 In this experiment we compared the grip force responges
LE seen when an object held in a precision grip is pulled on either
& 4 14 4 by the action of the other hand (self) or externally by a rohot
3t 17 3 3/J unpredictably (noncued) or predictably (cued by a tone). An-
= == ticipatory grip force modulation was only seen when the lopd

~200 0 200400  -200 0 200400  -200 O 200 400 force was self-generated, grip force lagged load by only 26 s,

Time (ms) Time (ms) Time (ms) consistent with the previous finding of an anticipatory gi

FIG. 9. Grip force modulation averaged over all subjects for the differefiorce response when a perturbation is self-generated (Joh
phases of the cued condition. Each plot is the average of 1 catch trial (--sgn and Westling 1988). In contrast, in both the cued 4

and 9 noncatch trials (—) per subject. Traces are aligned to the peak in I(ﬁ’gncued conditions grip force modulation was Solely react
force (solid vertical line)A: preexposure, trials 40-5B: early exposure, trials

70—80.C: mid-exposure, trials 150~16D: late exposure, trials 380208 N response to the imposed load force, with a grip force lag
early postexposure, trials 300—31R. late postexposure, trials 320-330. 69 and 73 ms, respectively. This lag in grip force modulati
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is consistent with those previously measured for an externallyln the present study, examination of grip force responges
generated load (Flanagan and Wing 1993; Johansson etdaking catch trials, in which there was no load force generafted
1992; Johansson and Westling 1988). When a temporal detay the right hand object in any of the conditions, further
was artificially introduced between the pull exerted by onelucidates the differences between the cued and self-genefate
hand and the consequential production of the load force on ttenditions. Because there is no sensory stimulation of the
object held in the other hand (self), a grip force profile with twéinger tips in these trials, any response must be a puifely
peaks was initially seen. This comprised an early grip forgeedictive one. Differences in these trials between the condi-
peak, appropriately timed for a nondelayed load, followed bytens can therefore be associated with corresponding differ-
grip force reactive to the now delayed load force. Over thences in prediction. Within the cued condition, there was [no
course of 250 trials, the grip force became anticipatory whitmnsistent grip force modulation during the catch trials. This
the early, and now inappropriate, grip force peak decreasediimding is consistent with the grip force modulation being

amplitude. Conversely, when a temporal delay was introducsdlely reactive to the imposed load force. However, in
between the tone and the load force produced by the robot mélf-generated condition, grip force modulation was seen dur-
(cued), the grip force remained purely reactive in responseitmy the catch trials (Fig. B). The peak of this grip force
the load force. modulation, on average, led the peak load force by 1 ms.

Performance in the absence of a delay sensory stimulation, demonstrates that in this self-genergted

the object, to anticipate the resulting load force and therebgnd, which is only present in the noncatch trials. In the ¢
adjust grip force appropriately. In both the cued and noncuedndition, sensory stimulation in these noncatch trials resu
conditions the load force is not self-produced, therefore thisa reactive grip force peak. However, in the catch trials in t
strategy cannot be employed. Whereas in the noncued corsdime condition, no grip force modulation is seen. In the s
tion, anticipation is impossible; anticipatory responses couigtnerated condition, however, the effect of sensory feed
have been seen in the cued condition as the load followed thas twofold. First, the peak of the grip force was now dela
tone at a predictable time. The lack of anticipatory responsesctmmpared with the catch trials and occurred on average 2
the tone suggests that this purely sensory cue or contex@after the peak load force. Second, the amplitude of the
insufficient to allow prediction of the load force. force modulation was amplified over that of the catch trials
These results are in agreement with previous studies #13% (Fig. 48). The differences between the grip force mo
which the position of a subject's arm was measured in aation in the catch and noncatch trials in this self-gener
unloading task (Dufosse et al. 1985; Paulignan et al. 198@pndition can be viewed in two ways. First, the grip force sgeh
When the load supported by a subject on their hand wams the noncatch trials could be made up of a mixture [0®
removed, a differential effect occurred dependent on the natgredictive and reactive processes. This would indicate that|tke
of the unloading. When the load was removed with the cogfip force modulation seen in the catch trials is only t1§
tralateral hand, there was associated anticipatory control of @n&icipatory component of the grip force response. An aIterlg—
position of the load-bearing forearm that acted to minimize thize view is that the grip force modulation seen in the nonca
effects of the perturbation. However, no corresponding anticials represents a purely anticipatory response that is quB-
ipatory action was found when unloading was performed egressed if there is no confirmatory sensory feedback signalgd
ternally, even if it was preceded by a warning tone, or triggerdxy load on the finger pads. For example, if the expected lpad
by the subject themselves. Duffose et al. (1985) concluded tlatce is not experienced, as in the catch trials, then the preflic-
temporal cues regarding the precise time that the unloaditign is judged inaccurate and further anticipatory grip forcelis
occurred is, by itself, inadequate information for anticipatiorturtailed leading to a smaller and earlier peak in grip force
Blakemore et al. (1998) have shown that efference copy ambdulation as observed. Such a view is consistent with the
sensory feedback must be consistent with a specific contexitaltiple internal model approach (sktodularity and internal
see predictive modulation. In their experiment predictive grimodel$.
force modulation was present when the feedback experienced
by_two hands was consistent with an mtgrnal model of a sing& rformance in the presence of a delay
object. Here we have shown that an internal model can be
learned in which the consequences of a motor action areDuring the exposure phase of both the self-generated and the
delayed, but cannot be learned for a sensorimotor contextcimed conditions, a temporal delay of 250 ms was added to|the
which a tone determines the consequence, within the time scakpected time of the load on the right hand. When this dejay
of this experiment. Although the action of one hand oftewas added to the cued condition, the time between the tone|anc
influences objects held in the other it is less clear that tones e production of the load increased, but the peak of the grip
everyday life, influence objects held in the hand. Thereforefidrce lagged the now delayed load force during exposure by an
may be that internal models for grip force modulation caaverage of 74 ms (Fig.R. As in the preexposure phase of th
adapt to new dynamics relating the motion of one hand to tkendition, this is consistent with grip force modulation in the
other, but arbitrary pairings such as tone with load force (cueded condition being purely reactive to load force.
condition) cannot be incorporated into a new internal model. When this delay was added to the self-generated conditjon,

[
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the pull of the left hand did not immediately produce a load adifference between predicted and actual outcome. In fhe
the right hand, which would be consistent with the expectgaiesent study we have shown how the CNS adjusts for a sygten
forces for a solid object held between the hands. Instead thevhich a delay of 250 ms is introduced between the actior] of
load was delayed by 250 ms. Initially, two peaks in grip forcene hand and its effect on an object held in the other.
were seen in the noncatch trials (Figd)5 This conforms to ~ We can consider two alternative ways in which this could pe
what was expected (Fig.B). The first peak appeared at theachieved. The first assumes a single internal forward mddel
time of the anticipatory grip force of the preexposure phase,timat adapts to the new delay. Such an internal model wquld
which there was no delay between the pull of one hand and thave to readapt to every object, even when the object has
load on the other. The second peak is identified as a reactpreviously experienced, leading to transient errors in grip fofce
peak, to the now delayed load force. In these first exposypeduction. However, it is known that when handling multipje
trials, this peak lagged the load force by 59 ms. objects anticipatory grip force modulation is seen even on the
The evolution of the double-peaked grip force profile ovdirst trial (Gordon et al. 1993). Alternatively, a modular ajp-
the course of the exposure phase allows us to select betwpesach can be used. We have proposed such a modular syfstem
the two possible hypotheses described in kobucTion. for object manipulation in which multiple internal forwar
These two hypotheses both propose that the second peak mitidels coexist (Blakemore et al. 1998; Wolpert and Kaw@to
become predictive, but differ as to its origin. The first hypotht998).
esis suggests that this peak could be caused by the first grig\ specific modular architecture known as the multiple pai
force peak moving to the time of the peak load force, with tHerward-inverse model (Wolpert and Kawato 1998; Wolpert|et
later reactive peak decaying, consistent with adaptation of thle 1998) has been proposed for motor learning and control.
existing internal model (Fig. @, Migration of peak ). The The switching process between modules is determined by
second hypothesis is that a new predictive peak to the delayhstinct processes. The first uses sensory contextual cugs
load force could develop, implying the development of a nedetermine which module to use before movement initiati
internal model, appropriate for the novel situation. This woulBor grip force, contextual cues include object weight and sh
be reflected by a migration of the second grip force peas judged visually (Jenmalm and Johansson 1997; Johan
caused by the new predictive component becoming increasd Westling 1988), experience from previous lifts (Gordon, %
ingly predominant, coupled with a decrease in the reactia¢ 1993), and perceived friction from the objects’ surfafe-
component of the response. (FigC,IMigration of peak 3. (Johansson and Westling 1984, 1987). Once the movemenBis
Analysis of the changing amplitude and time of the peaks oviaitiated the second process uses the forward model's prefic:
the 250 exposure trials showed that the second peak sigrifins. As each forward model captures a distinct dynamij
cantly shifted toward the time of peak load force (Fi€)8 behavior of the limb or object, their prediction errors can
while the first peak remained at its original time and decreasesed during movement to determine in which context the mdt&r
in amplitude (Fig. ), thereby supporting the latter hypothesystem is acting. The signal derived from the forward modg®
sis. This hypothesis proposes that the second grip force peakds be used to adjust the prior selection of the modules P@t
formed from two components. The first is a reactive compoecurs before the movement is initiated and sensory feedhagk
nent that decreases in amplitude with learning. The secosdavailable. For example, for an object that appears hed\y,
component is a new predictive component that can be seerpiior selection will predict that a large grip force is needed|te
isolation in the catch trials. When this predictive grip forcéft the object. However, feedback processes, based on ¢ 31
peak is seen in the catch trials, it has almost no lag with respeating the predicted (from the forward model) with the act
to the load force. As the predictive modulation grows and tfmnsequences of action (such as hand acceleration) can indicate
reactive component declines, the peak of the total grip fortieat the object is in fact light thereby using a module app
migrates to a predictive location. priate for a lower grip force. These feedback processes are
to adjust the predictive feed-forward control and are sepafate
from the feedback control processes, which can provide rgac-
tive responses.
To produce an appropriate grip force response in one handWe propose that multiple forward models are in operationjin
in response to the motion of the other hand, it has begrip force modulation. The changes during the exposure phase
suggested that a forward internal model is used. A forwadl the self-generated condition were consistent with two inter-
internal model (Jordan 1995; Jordan and Rumelhart 1998l forward models coexisting. The first is a model suitable for
Kawato et al. 1987; Miall and Wolpert 1996; Wolpert 1997handling a real physical object in which there is no delpy
Wolpert et al. 1995) captures the forward or causal relationstbptween the action on it and its response, and we would expec
between actions, as signaled by efference copy (Jeannerothiet model to have been acquired early in life by the subjgct.
al. 1979; Sperry 1950; von Holst 1954), and predicts outcomeswever, subjects would have to learn a new model for

go
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Modularity and internal models

rienced, forward models must be adaptable. The training siglay. The multiple model predicts the pattern of changes
nals required to update such a model are readily available, thethe second hypothesis described in therobucTion, the
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formation a new internal model allowing predictive grip forcé&orpon, A. M., WESTLING, G., GoLE, K. J., AND JoHANSSON R. S. Memory
modulation appropriate for the novel situation, with both the representations underlying motor commands used during manipulatio
first peak and the later reactive peak decreasing in amplitude g£™™" a,\;‘d ’&"E‘;‘ﬂE‘;Sleﬁg' R‘i“r&‘lr(‘;ﬁ'h‘o'ﬁlaz gfr%ﬁég%islciﬁée_ "
thef predictive response grows (FigC,IMigration of peak 3. . possible7 imp‘lications ir’1 vis’ual and oculo}mﬁotor interactioNsuropsycho-
This pattern of change was observed. Furthermore, the differygia 17: 241-258, 1979.

ences seen between the catch and the noncatch trials canefa@iv, P. anp JoHansson R. S. Visual and somatosensory informatio
attributed to the feedback process, which is a comparison of thebout object shape control manipulative fingertip forcesNeurosci.17:
predicted (from the forward model) and actual sensory feed#486-4499, 1997. _ , _
back curtailing the feed-forward response due to the absencd®fNsson R. S. Somatosensory signals and sensorimotor transformatior)
the predicted sensory feedback. The rapid change back to th fnﬂgsgﬁgm g;rggzﬁé(;nsyogefgﬁnagd thﬁar':lses“(;gb:’r']?jgz CT’ferte
preexposure pattern in the postexposure phase may reflect g5 gasel: Birkauser, 1996, . 217282 ' '

fast switching process back to a previously learned modulejonansson R. S.anp CoLE, K. J. Sensory-motor coordination during graspiry
In summary, these results suggest that the internal model ignd manipulative action€urr. Opin. Neurobiol 2: 815-823, 1992.

able to learn new temporal relationships between actions algansson R. S.anp Cotg, K. J. Grasp stability during manipulative actiong.

their consequences, and such learning may involve generat\_i}ré?a” J. Physiol. Pharmacof2: 511-524, 1994.
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