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Abstract

Background: Previous studies of learning to adapt reaching movements in the presence of novel forces show that learning
multiple force fields is prone to interference. Recently it has been suggested that force field learning may reflect learning to
manipulate a novel object. Within this theoretical framework, interference in force field learning may be the result of static
tactile or haptic cues associated with grasp, which fail to indicate changing dynamic conditions. The idea that different
haptic cues (e.g. those associated with different grasped objects) signal motor requirements and promote the learning and
retention of multiple motor skills has previously been unexplored in the context of force field learning.

Methodology/Principle Findings: The present study tested the possibility that interference can be reduced when two
different force fields are associated with differently shaped objects grasped in the hand. Human subjects were instructed to
guide a cursor to targets while grasping a robotic manipulandum, which applied two opposing velocity-dependent curl
fields to the hand. For one group of subjects the manipulandum was fitted with two different handles, one for each force
field. No attenuation in interference was observed in these subjects relative to controls who used the same handle for both
force fields.

Conclusions/Significance: These results suggest that in the context of the present learning paradigm, haptic cues on their
own are not sufficient to reduce interference and promote learning multiple force fields.
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Introduction

Motor skill learning is a remarkable feature of the primate
nervous system. While humans are able to learn a large number
of motor skills, how this is accomplished is poorly understood.
To gain a better understanding of motor skill learning,
researchers have explored how humans adapt to novel dynamics.
Using robotic devices that apply forces to the hand (a force field)
and perturb reach trajectories, previous studies have shown that
subjects learn to precisely counteract the novel dynamics,
thereby restoring normal movement [1]. This compensatory
adjustment in motor output is termed “motor learning” and is
thought to reflect an updating of neural representations of the
physical properties of the motor effectors and the environment
[1-6].

Adapting to novel dynamics is prone to interference, in which
the learning of two different force fields is met with difficulty.
Whereas subjects show proficient adaptation to a single force field,
difficulties arise when subjects are confronted with a second,
different force field [7-9]. Studies of interference frequently use
the A1-B-A2 paradigm, which entails training subjects in an initial
force field, followed by training in a second, different field, and
finally retraining in the initial field. Interference is comprised of
two distinct, detrimental effects on motor skill acquisition:
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proactive and retroactive interference. Adaptation to the first
force field proactively interferes with adaptation to the second
field. In addition, adaptation to the second force field retroactively
mterferes with retention of the initial field. This pattern has been
demonstrated in a number of recent studies of motor learning
using the AI-B-A2 paradigm [7-13], and interference in motor
learning has been widely reported not only in the case of force field
learning, but also in the case of learning perturbations of visual
feedback [6,8,10,13].

Interference in force field studies is a puzzling finding, as it
seems to oppose humans’ apparent facility in learning multiple
motor skills. Recently it has been proposed that force field learning
reflects learning the novel dynamics associated with a novel
grasped object [14,15]. This proposal followed the observation
that force field learning does not generalize to arm movements in
free space, in which grasp of the robotic device is released. The
implication is that force field learning is not an updating of a single
neural representation of movement dynamics, incorporating both
the limb and the grasped object, but rather reflects the acquisition
of a distinct neural representation of the dynamics of the grasped
object [14]. Indeed, it has been proposed in previous theoretical
models that cues associated with grasp aid in the acquisition of
novel dynamics by providing distinct signals associated with motor
tasks having different requirements [6].
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In the present study we test the hypothesis that haptic cues
associated with grasp facilitate the acquisition of multiple internal
models of novel dynamics. Specifically, we test the possibility that
interference in motor learning may be reduced when two different
force fields are associated with differently shaped objects grasped
in the hand. Subjects were instructed to guide a cursor to visually
displayed targets while grasping a robotic manipulandum. The
manipulandum applied two opposite force fields in accordance
with the A1-B-A2 paradigm. Subjects were trained extensively in
one force field, followed by training in the opposing field and
retraining in the initial field. If haptic cues associated with grasp
provide a contextual signal that facilitates the learning of multiple
force fields, then interference ought to be reduced when each force
field is associated with a unique grasp-related cue. It was found
that the performance of subjects was not affected by changes in the
shape of the grasped object and that interference persisted. These
findings suggest that grasp-related cues alone are not sufficient for
the learning of two different force fields.

Methods

Subjects

A total of 31 right-handed subjects between the ages of 18 and
22 years (mean = 18.5 years) participated in the present study. All
subjects reported normal or corrected vision, no history of
neurological, or musculoskeletal disorder and gave their written
informed consent prior to participation. All procedures were
approved by the University of Western Ontario Research Ethics
Board.

Apparatus

Subjects grasped the handle of the InMotion” robotic device
(Interactive Motion Technologies, Cambridge, MA) with their
right arm abducted at the shoulder and supported by a custom
made air sled, which cushioned the upper arm with foam padding
and produced a steady flow of air directed beneath the support
system. The air sled allowed subjects to generate movements in a
frictionless environment without fatiguing the arm [16]. Move-
ment of the arm and the robot was restricted to a horizontal plane
containing the shoulder (see Figure 1). Using movements of the
arm, subjects guided the motion of a cursor to a series of targets
which were projected using a computer controlled LCD projector
onto a screen suspended 20 cm above the hand and reflected into
view by a semi-silvered mirror positioned 10 cm below the screen.
This created the illusion that the targets were positioned in the
plane of the subject’s arm movements.

The robot was programmed to apply forces to the hand during
reaching movements to targets. Force magnitude varied with the
velocity of the handle (and thus the hand). The direction of the
applied forces was perpendicular to the direction of hand
movement. The force fields were designed to perturb movement,
creating curved reach trajectories. The direction of the forces
perturbed movements in a counterclockwise (CCWIF) or
clockwise (CWFT) direction. The force fields are described by
the following equation:

F 0 d][x

[ 1=+ % o]l ®

F, —d 0]y
where and are robot generated forces in the left/right and
forward/backward direction, respectively, and and are hand
velocities, k=25 Ns/m, and d=+1.0 (CWFF) or d=-1.0

(CGCWEFF). Forces were zero at movement start and movement
end when the robot was still and were maximal at peak hand
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Figure 1. Experimental setup. Subjects grasped the handle of the
InMotion robotic device (Interactive Motion Technologies, Cambridge,
MA) with their right arm abducted at the shoulder and supported by a
custom made air sled. Subjects produced horizontal-plane arm
movements involving shoulder and elbow rotation to guide the motion
of a cursor to a series of visual targets, projected using a computer
controlled LCD projector onto a screen suspended 20 cm above the
hand and reflected into view by a semi-silvered mirror positioned 10 cm
below the screen. This created the illusion that the targets were
positioned in the plane of the subject’s arm movements.
doi:10.1371/journal.pone.0001990.g001

tangential velocity. Force magnitude was at maximum at peak
hand tangential velocity. Forces were controlled using custom
software running under the RT Linux operating system on a
Pentium 4 CPU. Robot handle positions, velocities and applied
forces were sampled at 200 Hz and stored on a digital computer
for analysis.

Experimental Task

Subjects were instructed to move the cursor quickly, accurately
and in a straight line towards the targets. Movements were made
between a start target (corresponding to shoulder and elbow joint
angles of 45 and 90 degrees) and three equidistant targets aligned
on the circumference of a circle. Targets were 24 mm in diameter
and were located 10 cm away from the start target. The middle
target was located directly in front of the start target, and the left
and right targets were located 30 deg to the left and right of the
middle target, respectively. Subjects were asked to complete each
movement within a timing window of 300400 ms. Feedback
about movement time was given on each trial by changing the
color of the target, indicating that the movement was too slow, too
fast, or completed within the appropriate window of time.

The manipulandum and the subject’s arm were completely
hidden from view and the experiments were run in darkness.
Consequently, the subject was provided only with visual feedback
of the position of the targets and the position of the cursor (and
thus the hand), as well as haptic feedback from manipulation of the
robot. Each subject was told that he/she would be manipulating
“objects”. After the subject was properly positioned, the handle of
the manipulandum was placed in the hand by the experimenter, in
a position that followed that of the start target.

Subjects were first familiarized with the robot and the speed
requirements of the task by completing 24 movement trials in the
absence of a force field (null field). All subjects then were told that
the task would be completed with a new object. Subjects
completed three blocks of 180 movements. Each trial was a
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Figure 2. Movement perpendicular distance is shown over the course of movements in the CWFF, CCWFF and CWFF. Data plotted in
dark grey represent subjects who grasped the same handle in all three sessions. Data plotted in light grey represent subjects who grasped a given
handle shape for the CWFF and a different handle shape for the CCWFF. Each data point represents the mean perpendicular distance over 6

movements, averaged over subjects.
doi:10.1371/journal.pone.0001990.g002

movement from the start target to one of the three targets, or a
movement from one of the three targets to the start target.
Subjects were thus required to move in one of six directions, along
three axes of movement. The axis was randomized every two trials
(out and back to the start). The first and third blocks of movements
were completed in a CWFF and the intervening block of
movements (the second block) was completed in a CCWFF. The
experiment thus followed the Al-B-A2 paradigm. Between each
block, subjects rested for five minutes in a separate room.
Subjects were randomly assigned to one of two groups. Seven
subjects performed the task while the handle of the manipulandum
remained the same (a cylindrical handle). For another group of 7
subjects, each force field was associated with a differently shaped
handle. The CWIFIT was transmitted through the cylindrical
handle and the CCWFF was transmitted through a spherical
handle (see Figure 2). The cylindrical handle was 88 mm tall,
24 mm wide and 84 mm in circumference. These dimensions are
in line with those of a previous study using a robotic
manipulandum [18]. The spherical handle measured 88 mm in
height, 78 mm in width and 250 mm in circumference. Subjects
were instructed to use the same grip for both handles, with full
contact between the glabrous skin (of the fingers and palm) and the
handle. The configuration of the arm was also held constant. To
ensure that our results were not due to the particular handle shape,
the experiment was repeated using two other groups of subjects,
for whom the association between handles and force fields was
reversed. Handle shape was counterbalanced in these two groups
in order to rule out the possibility that any effects due to handle
shape are an idiosyncrasy of the order in which the handles are
presented. One group (n = 5) grasped only the spherical handle for
all three force fields, and the other group (n=235) grasped the
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spherical handle when exposed to the CWFF and the cylindrical
handle when exposed to the intervening CCWIF.

Another 7 subjects were assigned to a group in which all three
blocks of movement trials were completed in the CWFF, while
grasping the cylindrical handle. This group was conceived as a
means to investigate how subjects retain their learning of a single
force field. By comparing performance in this group with
performance in the Al-B-A2 paradigm we can also explicitly
demonstrate the interfering effects of the intervening force field (B).

Data Analysis

Performance was characterized by measuring the curvature of
each movement trajectory using perpendicular distance (PD), the
maximum orthogonal deviation between the hand and the line
segment connecting the start position and the target [12,17-19].
PD reflects a subject’s skill in adapting to the force field. The
extent of learning was measured not only by observing changes in
PD but also by observing performance during catch trials when
the force field was suddenly and unexpectedly removed. Each
block contained 15 catch trials, scattered throughout the block.
Catch trials during force field learning result in perturbed
movements called “after-effects”. When first adapting to a force
field, catch trials result in no after-effects [1] and as adaptation
progresses, after-effects appear on catch trials. In the case of
CWFEFF or CCWFTF training, after-effects look like mirror images of
the perturbed hand paths seen during early exposure to the force
field [12]. Catch trials show that adaptation to novel dynamics is
marked by movements that precisely counteract the force field.
The steadily increasing magnitude of after-effects indicates the
learning of novel dynamics [1]. To ensure that the present results
were not an artifact of the chosen dependent measure (PD), we
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Table 1. Mean perpendicular distance (mm) for null field movements and for initial and final performance in each force field, for
subjects who grasped the same handle in all force fields and those who grasped a different handle for each force field.

Experimental Group Different

Force Field Movements Control Group Same Handle Handles
Null 1-12 4.4 (1.9) 5.2 (3.0)
CWFF (A1) initial 12 —27.2 (4.4) —273(5.2)
final 12 —11.3 (3.5) —11.6 (2.9)
CCWFF(B) initial 12 36.7 (5.8) 37.9 (6.7)
final 12 13.7 (3.6) 134 (3.3)
CWFF(A2) initial 12 —3238(7.2) —31.0 (6.6)
final 12 —10.8 (1.9) —12.8 (5.3)

Values in parentheses indicate one standard deviation.
doi:10.1371/journal.pone.0001990.t001

also computed a second measure of movement curvature, the area
enclosed by the path of the hand (AREA) from movement start to
movement end. Movement start was defined as the point at which
hand velocity first reached 10 cm/s; movement end was defined as
the point at which hand velocity first dropped below 10 cm/s. For
all tests presented below, similar patterns were observed for PD
and AREA measures.

Individual PD and AREA scores were collapsed across bins of

six movements, and differences between group means were tested
using analysis of variance (ANOVA) and Tukey post hoc tests.
Data analyses were carried out using custom software routines in

Matlab (The Mathworks, Natick MA).

Results

Force Field Adaptation

Differences between groups” PD scores were tested using an
ANOVA, in which 3 factors were included. Assignment to either
the control group (in which handle shape remained constant) or
the experimental group (in which handle shape varied with the
force field) was included as a between-subjects factor. The subjects’
movements over time comprised a within-subjects factor. A third
factor was included to address the issue of counterbalancing in the
experiment. Recall that handle shape was counterbalanced in the
experimental and control groups. In one case, the control group
grasped only the spherical handle for all three force fields and the
experimental group grasped the spherical handle when exposed to
the CWFF and the cylindrical handle when exposed to the
mtervening CCWEF. In another case, the control group grasped
only the cylindrical handle, while the experimental group switched
to the spherical handle during the CCWFF. To examine whether
or not the assignment of a given handle shape to a force field was
of any consequence, counterbalancing was included as a between-
subjects factor. It was found that the main effect of counterbal-
ancing and all interaction effects involving counterbalancing failed
to reach significance (p>.05 in all cases), indicating that the
assignment of handle shape to either CWFF or CCWFT did not
affect PD. In the following analyses, counterbalancing was ignored
and groups were combined, leaving only one control group and
one experimental group.

All subjects were able to adapt to the force fields. Figure 2 shows
that initial exposure to the CWFT resulted in curved movements.
For both the control group and experimental group, mean PD
over the first 12 trials was significantly higher than mean PD in
null training (Control F(1,78) = 96.3; Experimental F(1,78)=99.7,
p<<.001 in both cases). With training, subjects decreased
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movement curvature. For both control and experimental groups,
mean PD over the last 12 trials was significantly lower than in the
first 12 trials (Control F(1,78) = 24.4, Experimental F(1,78)=23.8,
p<<.00l in both cases). Similarly, subjects in control and
experimental groups were able to adapt to the CCWFF. Mean
PD over the last 12 trials was significantly lower than in the first 12
trials  (Control:  F(1,78)=50.6; Experimental: I(1,78)=62.1;
p<<.001 in both cases). Likewise for the second CWFF, both
control and experimental groups showed a significant decrease in
mean PD over the last 12 trials compared to the first 12 trials
(Control: F(1,78)=48.6; Experimental: F(1,78)=32.9; p<.001 in
both cases). Table 1 gives means and standard deviations of PD for
all conditions.

Catch trial data also showed that adaptation to the force fields
took place, as each field was characterized by after-effects that
steadily increased in magnitude as a function of training and
opposed the direction of the force field (see Figure 3 and Table 2).
For both control and experimental groups, after-effects during
initial exposure to the CWFF were relatively small, whereas after-
effects at the end of the block were large, and were significantly
larger than those at the beginning (Control F(1,65)=6.9, p<<.05;
Experimental F(1,65)=28.2, p<.01). The same pattern was also
observed in the other two blocks of force field training (see
Table 2).

Patterns of adaptation did not differ between control and
experimental groups. Mean PD over the first 12 trials in the first
exposure to the CWFF did not differ significantly between the two
groups (F(1,78)=.02, p>.05). Performance during the null field
was also similar, ruling out the possibility of a pre-existing
difference in the ability to generate straight movements while
grasping the robot (F(1,78)=.10, p>.05). Finally, mean PD over
the last 12 trials in the CWFT did not differ significantly between
the two groups, indicating an equal extent of adaptation in the two
groups (F(1,78)=.01, p>.05).

Catch trial data also suggest that adaptation did not differ
between the two groups. Mean PD of the first catch trial for the
Control Group did not differ significantly from that of the
Experimental Group (F(1,65)= 1.0, p>.05). In addition mean PD
of the last catch trial for the Control Group did not differ
significantly from that of the Experimental Group (F(1,65)=2.7,
p>.05).

Interference

Force Field Trials. A decrement in performance was seen in
both Control and Experimental groups when subjects were faced
with the CCWFT and subsequent retraining in the CWFF. During
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Figure 3. Catch-trial performance in the CWFF, CCWFF and CWFF for subjects who grasped the same handle in all three sessions
(dark grey) and subjects who grasped a different handle for each force field (light grey). Each data point represents mean perpendicular

distance averaged over subjects for single movements.
doi:10.1371/journal.pone.0001990.g003

early exposure to the CCWFF, PD was greater than that observed
during early exposure to the CWFF (see Figure 2 and Table 1).
For the Control Group PD was significantly greater during the first
12 trials in the CCWEFF than in the CWFF (F(1,78) = 8.2, p<<.01).
In addition mean PD over the first 12 trials in the CCWFT was
significantly higher than mean PD over the last 12 trials of the
preceding CWFF (F(1,78) =60.8, p<<.001). For the Experimental

group, the data also suggested a decrement in performance upon
exposure to the CCWFF. Mean PD over the first 12 CCWFF trials
was significantly greater than the corresponding trials in the
preceding CWFF (F(1,78) = 12.1, p<.05) and the final twelve trials
in the same CWFT (F(1,78)=69.9, p<<.001).

A decrement in performance was also observed during
retraining in the CWFF. Notwithstanding previous training in

Table 2. Mean perpendicular distance (mm) for catch-trials in each force field, for subjects who grasped the same handle in all
force fields and those who grasped a different handle for each force field.

Experimental Group Different

Force Field Catch-trial Control Group Same Handle  Handles
CWEFF (A1) first 10.1 (6.9) 5.4 (84)
last 21.3 (6.5) 23.2 (9.6)
CCWFF (B) first 13.2 (9.9) 14.7 (10.5)
last —12.7 (10.1) —10.4 (9.2)
CWEFF (A2) first —8.7 (9.3) —0.0 (11.8)
last 16.0 (10.7) 21.0 (16.7)
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Values in parentheses indicate one standard deviation.
doi:10.1371/journal.pone.0001990.t002

April 2008 | Volume 3 | Issue 4 | e1990



40

Distinct Haptic Cues

10 20 30 40 50 60

Movement

70 80 90 100

Figure 4. Movement perpendicular distance for subjects who grasped the same handle in three consecutive blocks of the CWFF.
Each data point represents the mean perpendicular distance over 6 movements, averaged over subjects.

doi:10.1371/journal.pone.0001990.g004

the CWEFT, retraining was characterized by performance that was
no better than that observed during initial training in the CWFF.
In the case of the Control Group, any differences in mean PD over
the first 12 trials of the first and second CWFF were not
statistically reliable (F(1,78)=3.1, p>.05). Similarly, for the
Experimental Group, differences between mean PD over the first
12 trials of the first and second CWFT failed to reach statistical
significance (F(1,50)= 1.3, p>.05).

The performance of control and experimental groups during
the second CWFT is a marked departure from that of the group
that trained exclusively in the CWFF (see Figure 4). In this
retention control group, each of the three blocks of movement
trials was performed in the CWFT. The point in the experiment at
which subjects in the other groups encountered the second CWFF
corresponds to a point at which retention control subjects began
their third block of training in the CWFF. Their performance
during the early portion of this block surpasses that of the other
two groups — mean PD over the first 12 trials of this block was
significantly lower than that of the control and experimental
groups during their retraining in the CWFF (F(1,78)=38.7,
p<<.01). It should be noted that this comparison includes the
retention control group’s third exposure to the CWFT; in the case
of the other groups, training in the CWFT occurred only twice.
When the performance of the control and experimental groups
during their second exposure in the CWFF is compared to the
performance of the retention control during their second exposure
to the CWFT (which, for them, is their second block of movement
trials), the retention control group is again found to be superior.
During the retention control group’s second exposure to the
CWFF, mean PD over the first 12 trials of this block was
significantly lower than that of the control and experimental
groups during their retraining in the CWFF (F(1,78)=27.5,
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p<<.01). Following a full block of training in the CWFF, the
movements of the retention control group were less perturbed
during subsequent retraining in the CWEFF, indicating retention of
learning. These findings lend credence to the notion that the
experimental and control groups showed interference during
retraining in the CWFF.

Catch Trials. Catch trial data also showed a decrement in
performance in the CCWFLF and retraining in the CWFF (see
Figure 3). As described above, the progressively increasing
magnitude of after-effects indicates that both groups learned to
compensate for the force fields. However, the initial direction of
after-effects during training in the CCWFT and retraining in the
CWEFF more closely followed that of the preceding training
session. This was observed in both groups. Figure 3 depicts PD in
the catch trials as a function of training in all three blocks. PD was
measured in both the opposite direction of the force field (the
anticipated direction of after-effects) and in the same direction as
the force field.

For the Control Group, mean PD in the first catch trial of the
CCWTFT did not differ significantly from the last catch trial in the
preceding CWFF (F(1,65) = 2.9, p>.05). This shows that the after-
effects observed during early training in the CCWFF were in the
same direction of the force field and thus similar to catch trials in
the preceding block, which were also characterized by after-effects
in the counter-clockwise direction. This does not match the catch
trial performance in the preceding force field. In the first CWFF
block, after-effects were chiefly in the opposite direction to the
force field, whereas the first catch trials in the CCWFF were in the
same direction of the force field (see Figure 3). A similar pattern
was seen for the Experimental Group. Mean PD in the first catch
trial of the CCWFF did not differ significantly from the last catch
trials in the preceding CWIT (I(1,65)= 3.4, p>.05). Again, this
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does not match the catch trial performance in the preceding force
field, where after-effects opposed the direction of the force field.

The pattern of catch trials during the CCWYFF, specifically, that
the initial direction of after-effects more closely followed that of the
preceding training session, was also observed during the second
CWFF. Here the early catch trials were characterized by after-
effects that were in the clockwise direction (see Figure 3). Mean PD
in the first catch trial of the second CWFF did not differ
significantly from the last catch trial in the CCWFF, for both the
Control Group (F(1,65)=3.9, p>.05) and the Experimental
Group (F(1,65)=3.9, p>.05).

Comparison Between Groups. While both groups showed
evidence of interference, there was no difference between control
and experimental groups in the amount of interference. No
significant difference was observed between groups in mean PD
over the first 12 trials in the CCWFF (F(1,78) = .22, p>.05). In
addition no significant difference was observed between groups in
mean PD over the last 12 trials in the CCWFF (F(1,50)=0.13,
p>.05). This shows that the two groups did not differ in their
ability to adapt to the CCWFF. Performance during retraining in
the CWFF was similar across the two groups. No significant
difference was observed between groups in mean PD over the first
12 trials in the second CWFF (F(1,50) = 0.10, p>.05). Likewise, no
significant difference was observed between groups in mean PD
over the last 12 trials in the second CWTT (IF(1,78) = .07, p>.05),
showing that the two groups did not differ in their ability to adapt
to the second CWFF.

Similarly, no differences were observed between control and
experimental groups in catch trial performance. Mean PD for the
first catch trial was not significantly different for the Experimental
versus Control groups (F(1,65)=.28, p>.05). Likewise, in the
second CWFF mean PD for the first catch trial was not
significantly different for the two groups (F(1,65)=2.5, p>.05).

Believers vs Non-Believers. The goal of this study was to
assess whether the addition of distinct haptic cues associated with
different force-fields would promote the independent acquisition of
different internal models, and correspondingly, whether a
reduction in interference would result. One possibility is that no
statistically reliable differences were observed between control and
experimental conditions, because of inter-subject variability in the
extent to which the haptic cues were successfully integrated by the
motor system. To test this possibility at an explicit level, we
interviewed subjects at the end of the experiment to assess their
subjective impression of the nature of the motor learning tasks.
Each subject was asked “Did you have the impression that you
were handling different objects in each session, or did you believe
you were handling the same object, which was behaving differently
in each session?” We then partitioned both the control and
experimental groups according to their responses — “believers”
who believed they were handling different objects (control group
n=4, experimental group n=3), and “non-believers”, who had
the impression that they were handling a single object (Control
group n =3, experimental group n=4). We repeated all of the
statistical tests reported above, and in all cases the same patterns
were observed. In no case were statistically significant differences
observed between “believers” and “non-believers”™ (see Figure 5).

Statistical Power. To measure statistical power in the
analyses, an estimate of effect size was used based on previous
studies of motor learning [10,20] in which sample size and number
of trials was roughly equivalent to the present study. A reduction in
interference was observed in these previous studies, as a result of
other experimental manipulations not related to the current study.
Power in the present experiment is estimated to be above 0.90.
Moreover, visual inspection of Figures 2, 3 and 4 suggests that
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Figure 5. Believers versus non-believers. a: Mean perpendicular
distance for movements in the CWFF, CCWFF and CWFF are shown for
subjects who reported believing that they were grasping two different
objects in the CWFF and CCWFF sessions (“believers”, indicated by
traces marked with triangles), and those who reported believing that
they were grasping the same object in all sessions (“non-believers”,
indicated by traces marked with open circles). For each group data are
further decomposed into subjects who grasped the same cylindrical
handle for all three sessions (dark traces), and those who grasped the
cylindrical handle for CWFF sessions and a spherical handle for the
CCWFF session (light traces). Each data point represents the mean
perpendicular distance over 6 movements, averaged over subjects. b:
Catch-trial performance for believers and non-believers. Each data point
represents mean perpendicular distance averaged over subjects for
single movements.

doi:10.1371/journal.pone.0001990.g005

there is no trend of a reduction in interference. Performance in the
motor task appears equal across groups. When reporting
differences in means that fail to reach statistical significance, it is
crucial to ensure that the results did not arise as a consequence of
low statistical power. In the present study, it is unlikely that the
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analyses failed to detect real differences between the experimental
and control groups, given the apparent similarity in performance
across groups and high estimated statistical power.

Discussion

We found that pairing two opposing force fields with distinct
haptic cues associated with grasp did not lead to a reduction in
interference. While subjects learned to counteract both force fields
(this was revealed in subjects’ ability to reduce movement
curvature, as well as in the increasing magnitude of after-effects
during catch trials over the course of training), the same
magnitude of interference was observed in both control and
experimental groups. Following adaptation to a CWFF, training in
a CCWFF was marked by a decrement in performance relative to
that in the initial CWFF. The same decrease in performance was
observed in both groups. Retraining in the CWFF was also met
with difficulty. Performance was no better than that during initial
CWFT training. Again, the same pattern was observed for both
control and experimental groups. Regardless of subjects’ reported
beliefs about whether the two force fields (and in the case of
experimental group subjects, the two handle shapes) corresponded
to distinct objects, the same magnitude of interference was
observed. This suggests that in the learning paradigm tested here,
haptic cues on their own are not sufficient for the learning of two
different force fields.

The role of haptic cues in force field learning has received
relatively little attention. In a recent study, interference was
examined during the learning of two equal and opposite force
fields, one of which was applied to the hand and the other directly
to the arm [9]. As in the present study, the two force fields were
associated with different sensory cues and interference was not
reduced. The researchers argued that the brain does not
independently represent loads applied to either the hand or the
arm. However, their study was not an explicit simulation of two
distinct handheld objects. Hwang and colleagues report that
conscious awareness of a force-field perturbation had a small, but
significant positive effect on motor skill acquisition [21]. Similarly,
Imamizu and colleagues showed that explicit prior cognitive
knowledge about the nature of visuomotor rotations facilitated the
ability of subjects to switch between two opposing rotations, and
also improved asymptotic performance [22]. Previous studies
suggest that force field learning may reflect the acquisition of a
neural representation of a grasped object [14,15] and so may share
some features with object manipulation. Guided by these recent
findings, the present study is a systematic examination of the
effectiveness of haptic cues in promoting learning and retention of
two motor skills.

Persistent interference during the learning of two equal and
opposite force fields has been observed in previous studies using
similar A1-B-A2 paradigms and the findings of the present study
are consistent with these [7,8,12]. However, the specific nature of
the impediment is not entirely clear. In particular, it is unknown if
the observed impediments to learning were the result of both
proactive and retroactive interference, or proactive interference
alone. When training in one field is set amid training sessions in
the other field, performance in both fields is impeded. The first
training session (Al) is followed by hindered performance in the
second intervening training session (B). It is most likely that these
impairments are due to an effect of previous learning (proactive
interference). In previous studies it has been argued that a neural
representation of initial learning persists and inhibits performance
during subsequent learning [4,12,23]. In the present study,
following the second, intervening training session performance in
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the third training session (A2) was also negatively affected. Despite
having learned the force field previously during Al, retraining in
A2 was marked by performance at the level of naives, or worse.
The intervening field seemingly led to a complete unlearning of
the initial field. Poor performance in A2 can be attributed to
proactive interference due to previous learning in B. Alternatively,
poor performance in A2 can be attributed to retroactive
interference, in which the learning of B interferes with previous
learning (namely, Al), disrupting skilled performance when field A
is introduced a second time during A2.

The introduction of “washout” periods in which subjects train
in the absence of a perturbation appears to be relevant for studies
of force field learning. When subjects adapt to a perturbation (A)
and then to a counter-perturbation (B), a washout period between
the two training sessions is thought to prevent proactive
interference [8,10]. Previously, it has been demonstrated that
even with washout periods in place, performance during A2 is no
better than that during initial training in Al, indicating that the
effect of an intervening training session, B, is retroactive
interference [8]. Washout periods were not used in the current
study as they are at odds with the spirit of the experimental design,
which was in part to simulate the manipulation of two distinct
objects. The progressively increasing magnitude of after-effects
indicates that both groups learned to compensate for the force
fields. However, the initial direction of after-effects during training
in the CCWFF (B) and retraining in the CWFF (A2) matched that
of the preceding training session. This pattern of after-effects is
consistent with the notion that poor performance during both the
CCWTFT and the second CWFF block were due to proactive
interference. It should be noted that the present results are not
inconsistent with the idea that both proactive and retroactive
interference contribute to deficits in performance during retraining
in the CWFF.

The causes of interference and the question of whether
interference can be attenuated remain controversial. Several
candidate explanations of interference have been proposed.
Previous studies of interference explored the idea that introducing
a delay between training in Al and B may ameliorate interference.
These studies tested the possibility that motor learning undergoes a
process of consolidation, whereby memories become resistant to
interference with the passage of time (for a review of consolidation
and interference in a broader context, see [24]). It has been
asserted that a 4- or 5-hour delay between initial training in a force
field and training in an equal and opposite force field reduces
interference, and that during this time motor skill learning
undergoes consolidation [7,12]. However, Caithness and col-
leagues showed in a rigorous set of experiments that interference is
observed regardless of the length of the delay separating training
sessions [8]. Krakauer and colleagues argued that the learning of
visuomotor rotations undergoes consolidation, as long as initial
training in task A is extensive, there is a sufficiently long delay
between tasks A and B, and there are washout periods between
tasks [10]. Clearly, there are a number of unresolved issues
surrounding the idea of consolidation in force field learning.

Another potential explanation of humans’ poor ability to learn
two motor skills focuses on the issue of task similarity. The learning
of one motor task 1s thought to generalize to similar tasks [1,17,25—
30]. When successtul completion of a second task requires a
strategy or action that differs from the first, generalization is
detrimental [31]. This sort of generalization could be the basis of
interference in motor skill learning. One possibility is that
mnterference 1s caused by a lack of informative cues to signal the
requirements of two motor tasks, such as two force fields. Several
different contextual cues have been explored, including joint
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configuration [25], visual signals [32,33], and using different
effectors for each motor task [31].

The present experiment was a principled examination of haptic
teedback on its own. Our results suggest that haptic cues alone are
not sufficient for the learning of two force fields. However this does
not preclude the possibility that haptics are important cues when
associated with other object-related and environmental signals. In
this study all other contextual cues such as arm posture, the
training environment and the movement task remained identical,
and in that sense the learning of both the CWFF and the CCWFTF
remained very similar. It is possible that haptic cues aid in the
learning of two force fields if they are accompanied by a host of
additional contextual cues that normally follow switching between
motor tasks that are less similar. Previous studies that relate force
field learning to object manipulation [14,15] show that force field
learning does not generalize to movements made in free space. It is
possible that release of the robotic device involves the removal of
subtle dynamic cues inherent to the device and that this may
provide an additional signal to aid in switching between motor
tasks, namely, force field learning and homologous reaching
movements in free space. Recent studies have shown that
interference when learning two force fields is at a maximum
when the direction of applied forces in one field opposes the other
[34,35], as in the present study. This raises the possibility that the
effectiveness of haptic cues on their own may be limited in the
present study by the relatively challenging task of learning two
opposite force fields.

One possibility is that haptic cues on their own are not sufficient
for the learning of multiple force fields because haptic cues are not
directly informative in terms of dynamics. Lederman and Klatzky
found that when vision of objects is obscured, subjects engage in
manipulative actions with the hands called “exploratory proce-
dures” or EPs to ascertain defining features of the object [36].
Different EPs communicate different features of grasped objects.
For example lateral motion of the fingers across an object’s surface
chiefly provides information regarding texture. EPs vary in terms
of the breadth of information they provide. Some EPs yield narrow
information while others are broader in terms of their informa-
tiveness. Lederman and Klatzky found that the sequence of EPs
always begins with a grasp followed by a lift [36]. While these two
EPs provide the most coarse information, dynamically they
communicate little, aside from texture and weight, both of which
could be afforded by unsupported holding. Without clear vision of
grasped objects, EPs are most effective for providing the nervous
system with information regarding the surface properties of
objects. Unimpeded vision is optimal for providing the nervous
system with information regarding the spatial and geometric
features of objects [36] and perhaps information about dynamics
[18]. The present experiment did not entail lifting as movements
were restricted to the horizontal plane, and so it could be argued
that haptic cues alone could not provide any direct information
about dynamics.
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Another possibility is that the sort of haptic cues tested here
could facilitate learning opposite force fields, but may require
more extensive training. In one way, the A-B-A paradigm tested
here is essentially a single-trial learning paradigm, because subjects
are only exposed to a single transition between fields and handles.
Given that subjects are required to learn not only two different
force fields, but also how to switch between them given an
arbitrary cue (handle shape), more extensive training including a
greater number of switches between force fields may be required
to successfully learn to associate handle shape with force field
direction. Indeed, a number of studies have shown that given
extensive training, subjects can learn to use contextual cues such as
color to switch predictively between two motor skills [22,32,33].

The inability of subjects to learn both force fields in the present
experiment may be due to a number of factors specific to curl
fields. First, when learning to manipulate grasped objects in more
naturalistic settings the arm is not restricted to a horizontal plane
and objects are more akin to simple inertial loads. In the case of
different grasped objects, the associated dynamics are typically not
in direct opposition to one another as they are in the curl fields
used here. Moreover the direction of imposed forces when moving
in a curl field is perpendicular to the direction of hand motion. In
the case of inertial loads forces are along the movement direction
of the hand. Curl fields are dependent on the velocity of the hand,
while inertial loads are dependent on acceleration. Curl fields also
differ from inertial loads in terms of kinematics and resulting
movement errors. Curl fields produce curved movement trajecto-
ries, while grasping and lifting unfamiliar objects do not alter the
direction of movement trajectories in the same dramatic manner.
Finally forces are applied in two opposite directions in an inertial
load - initial acceleration is met with a force that opposes motion
and deceleration is met with a force that assists motion, or rather,
resists deceleration. These forces are commensurate with hand
acceleration and the mass of the grasped object. In the case of curl
fields, forces are applied in only one direction, with a magnitude
that is commensurate with hand velocity only.

Future studies of interference in motor learning may focus on
associating two force fields with a combination of cues, including
haptic cues. Additionally, future studies may further probe the
question of whether or not haptics is diagnostic of dynamics by
using different motor paradigms in which the relationship between
haptic cues and dynamic properties is experimentally manipulat-

ed.

Acknowledgments

The authors thank L. Brown for comments.

Author Contributions

Conceived and designed the experiments: PG. Performed the experiments:
NC. Analyzed the data: NC. Contributed reagents/materials/analysis
tools: JW. Wrote the paper: PG NC.

5. Gribble PL, Scott SH (2002) Overlap of internal models in motor cortex for
mechanical loads during reaching. Nature 417: 938-941.

6. Kawato M (1999) Internal models for motor control and trajectory planning.
Curr Opin Neurobiol 9: 718-727.

7. Brashers-Krug T, Shadmehr R, Bizzi E (1996) Consolidation in human motor
memory. Nature 382: 252-255.

8. Caithness G, Osu R, Bays P, Chase H, Klassen J, et al. (2004) Failure to
consolidate the consolidation theory of learning for sensorimotor adaptation
tasks. J Neurosci 24: 8662-8671.

9. Davidson PR, Wolpert DM, Scott SH, Flanagan JR (2005) Common encoding
of novel dynamic loads applied to the hand and arm. J Neurosci 25: 5425-5429.

April 2008 | Volume 3 | Issue 4 | e1990



20.

21.

22.

23.

. Krakauer JW, Ghez C, Ghilardi MF (2005) Adaptation to visuomotor

transformations: consolidation, interference, and forgetting. J Neurosci 25:

473-478.

. Krakauer JW, Ghilardi MF, Ghez C (1999) Independent learning of internal

models for kinematic and dynamic control of reaching. Nat Neurosci 2:
1026-1031.

Shadmehr R, Brashers-Krug T (1997) Functional stages in the formation of
human long-term motor memory. J Neurosci 17: 409-419.

. Tong C, Flanagan JR (2003) Task-specific internal models for kinematic

transformations. ] Neurophysiol 90: 578-585.
Cothros N, Wong JD, Gribble PL (2006) Are there distinct neural
representations of object and limb dynamics? Exp Brain Res 173: 689-697.

. Lackner JR, DiZio P (2005) Motor control and learning in altered dynamic

environments. Curr Opin Neurobiol 15: 653-659.

. Mattar A, Ostry D (2007) Neural Averaging In Motor Learning. J Neurophysiol

97: 220-228.

. Malfait N, Gribble PL, Ostry DJ (2005) Generalization of motor learning based

on multiple field exposures and local adaptation. ] Neurophysiol 93: 3327-3338.

. Mattar AA, Gribble PL (2005) Motor learning by observing. Neuron 46:

153-160.

. Thoroughman KA, Shadmehr R (1999) Electromyographic correlates of

learning an internal model of reaching movements. J Neurosci 19: 8573-8588.
Opverduin SA, Richardson AG, Lane CE, Bizzi E, Press DZ (2006) Intermittent
practice facilitates stable motor memories. J Neurosci 26: 11888-11892.
Hwang EJ, Smith MA, Shadmehr R (2006) Dissociable effects of the implicit and
explicit memory systems on learning control of reaching. Exp Brain Res 173:
425-437.

Imamizu H, Sugimoto N, Osu R, Tsutsui K, Sugiyama K, et al. (2007) Explicit
contextual information selectively contributes to predictive switching of internal
models. Exp Brain Res 181: 395-408.

Cothros N, Kohler S, Dickie EW, Mirsattari SM, Gribble PL (2006) Proactive
interference as a result of persisting neural representations of previously learned

@ PLoS ONE | www.plosone.org

10

28.

29.

30.

31

Distinct Haptic Cues

motor skills in primary motor cortex. Journal of cognitive neuroscience 18:

2167-2176.

. Wixted JT (2004) The psychology and neuroscience of forgetting. Annual review

of psychology 55: 235-269.

. Gandolfo F, Mussa-Ivaldi FA, Bizzi E (1996) Motor learning by field

approximation. Proc Natl Acad Sci U S A 93: 3843-3846.

Ghahramani Z, Wolpert DM, Jordan MI (1996) Generalization to local
remappings of the visuomotor coordinate transformation. J Neurosci 16:
7085-7096.

Goodbody SJ, Wolpert DM (1998) Temporal and amplitude generalization in
motor learning. J Neurophysiol 79: 1825-1838.

Pine ZM, Krakauer JW, Gordon J, Ghez C (1996) Learning of scaling factors
and reference axes for reaching movements. Neuroreport 7: 2357-2361.
Roby-Brami A, Burnod Y (1995) Learning a new visuomotor transformation:
error correction and generalization. Brain Res Cogn Brain Res 2: 229-242.
Witney AG, Wolpert DM (2003) Spatial representation of predictive motor
learning. J Neurophysiol 89: 1837-1843.

Krakauer JW, Mazzoni P, Ghazizadeh A, Ravindran R, Shadmehr R (2006)
Generalization of Motor Learning Depends on the History of Prior Action.
PLoS Biol 4: e316.

Osu R, Hirai S, Yoshioka T, Kawato M (2004) Random presentation enables
subjects to adapt to two opposing forces on the hand. Nat Neurosci 7: 111-112.

. Wada Y, Kawabata Y, Kotosaka S, Yamamoto K, Kitazawa S, et al. (2003)

Acquisition and contextual switching of multiple internal models for different
viscous force fields. Neurosci Res 46: 319-331.

. Davidson PR, Wolpert DM (2004) Scaling down motor memories: de-

adaptation after motor learning. Neurosci Lett 370: 102-107.

. Mattar AA, Ostry DJ (2007) Neural averaging in motor learning. ] Neurophysiol

97: 220-228.

. Lederman S§J, Klatzky RL (1990) Haptic classification of common objects:

knowledge-driven exploration. Cognitive psychology 22: 421-459.

April 2008 | Volume 3 | Issue 4 | e1990



