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Abstract The human motor system adapts to novel
force field perturbations during reaching by forming an
internal model of the external dynamics and by mod-
ulating arm impedance. We studied whether it uses
similar strategies when the perturbation is superim-
posed on a much larger background force. Consistent
with the Weber—Fechner law for force perception,
subjects had greater difficulty consciously perceiving
the force field perturbation when it was superimposed
on the large background force. However, they still
adapted to the perturbation, decreasing trajectory
distortion with repeated reaching and demonstrating
kinematic after effects when the perturbation was
unexpectedly removed. They also adapted by increas-
ing their arm impedance when the background force
was not present, but did not vary the arm impedance
when the background force was present. The identified
parameters of a previously proposed mathematical
model of motor adaptation changed significantly with
the presence of the background force. These results
indicate that the motor system maintains its sensitivity
for internal model formation even when there are large
background forces that mask perception. Further, the
motor system modulates arm impedance differently in
response to the same perturbation depending on the
background force onto which that perturbation is
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superimposed. Finally, these results suggest that com-
putational models of motor adaptation will likely need
to include force-dependent parameters to accurately
predict errors.

Keywords Motor skills - Learning - Perception -
Arm movement

Introduction

The human motor system has the ability to adapt to
novel environments based on previous experiences. A
number of studies have investigated the strategies used
to improve motor performance with repetitive practice.
One of the essential findings is that the motor system
can form ‘‘internal models” of limb dynamics and
external loads and predictively compensate using these
models in a “feed-forward” control mode. Existence of
internal models has been demonstrated for several
motor tasks, including reaching (Shadmehr and Mussa-
Ivaldi 1994; Gandolfo et al. 1996; Shadmehr and
Brashers-Krug 1997), drawing (Conditt et al. 1997),
and walking (Emken and Reinkensmeyer 2005). A
useful experimental paradigm in these studies has been
to use robot manipulators to generate novel dynamic
environments, or ‘“‘force fields”, during these tasks.
When subjects are first exposed to a force field, their
limb trajectories are distorted in the direction of ap-
plied force compared with the limb path under the
normal dynamic environment. After continuous expo-
sure, subjects gradually adapt to the new dynamic
environment, and the limb movements shift toward the
original trajectories. When the force field is unexpect-
edly removed after the adaptation occurs, movement
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trajectories become distorted in the opposite direction
of the applied force field. Such anticipatory control
based on a model of the field’s action is beneficial for
producing fast and coordinated movements, since
biological feedback loops are slow.

It is currently unknown how the motor system’s
sensitivity for forming internal models of perturbations
varies with the force regime in which the perturbations
operate. Most experiments have been done with an
experimental paradigm in which subjects experience a
sudden switch between no force field (i.e., a “null
field”’), and a novel force field, the strength of which is
small relative to the subject’s strength. The novel force
field is generated by a robot manipulator, and is easy
for subjects to consciously detect. There are known
physiological mechanisms, however, which suggest that
adaptation might be different when the force field is
superimposed on a larger background force. For
example, Weber-Fechner’s law (Weber 1846)
describes how the sensitivity of force perception varies
with the background force: the just noticeable differ-
ence for detecting a weight change varies in proportion
to the weight on the hand. Jones (1989) further showed
that the Weber fraction was 0.07 for force perception,
that small forces were consistently overestimated, and
that the most accurate estimation occurred in the
middle of the force domain (Jones and Hunter 1982).
Internal model formation depends on error sensing,
and computational models of motor adaptation have
been proposed in which errors are expressed as per-
ceived and expected forces (Thoroughman and Shad-
mehr 2000). If the sensitivity of error sensing degrades
with larger background forces according to the Weber—
Fechner relationship, then internal model formation
may be impaired at larger forces. To test this possi-
bility, we studied the ability of subjects to adapt to a
small force field when the force field was superimposed
on a much larger background force

A second strategy used by the motor system to adapt
to novel dynamic environments is impedance control.
The motor system purposely modulates impedance in
the early stages of internal model learning (Milner and
Franklin 2005) and in unstable (Burdet et al. 2001) or
unpredictable environments (Takahashi et al. 2001b).
Evidence also showed that the strategies of internal
model formation and impedance control can be used
simultaneously during adaptation to small force fields
(Takahashi et al. 2001b; Osu et al. 2003; Milner and
Franklin 2005). Further, a computational model has
been proposed to describe how joint torque and
impedance are modulated when adapting to small
force fields, based on kinematic error and sensed
endpoint force (Burdet et al. 2005). A potentially

confounding factor when using impedance control to
adapt to disturbances that are superimposed on large
background forces, however, is that arm stiffness in-
creases with arm force, due to the obligatory coupling
of muscle stiffness with muscle activation related to
crossbridge formation. A stiffer arm will respond with
a smaller error to the same force perturbation. Thus,
we hypothesized that purposeful changes in arm
impedance may not be necessary in the presence of a
large background force.

To examine these issues, we compared how people
adapted to the same small force field when it was
superimposed on either a zero background force or a
much larger background force that was applied in the
same direction as the force field’s action. We quantified
internal model formation using catch trials to reveal
aftereffects of adaptation. We assessed changes in arm
impedance by unexpectedly changing the force applied
to the arm, and measuring the resulting trajectory
deviation. Finally, we analyzed whether the parameters
of a previously proposed mathematical model of motor
adaptation (Liu and Reinkensmeyer 2004; Emken and
Reinkensmeyer 2005) varied with the level of back-
ground force. Portions of this work have been reported
in conference paper format (Liu and Reinkensmeyer
2004).

Methods
Experimental protocol

Twelve subjects (10 M, 2 F, ages 23-37) with no known
sensory motor impairments participated in the study,
which was approved by the U.C. Irvine Institutional
Review Board. Subjects sat in a chair with a harness to
constrain trunk motion. The subject held the tip of a
lightweight robot arm (PHANToM 3.0, SensAble
Technologies, Inc.) that was free to move in three
dimensions with the right hand (the dominant hand for
each subject) and reached between a ‘‘start” target,
positioned two hand widths out from the sternum, and
a “finish” target, positioned just inside the boundary of
the reaching workspace and aligned with the start
target directly in front of the subject at the same height
(Fig. 1a). In each trial, the subject tried to reach at the
same speed. A pre-test consisted of 20 fast-as-possible
reaches, and the desired time was set to be 118% of the
mean of the reach times of the fastest three trials (i.e.,
85% of mean speed). Feedback of the reach duration
(just right = desired reach time + 5%; too fast; or too
slow) was provided after each movement to help
subjects maintain a constant speed. Thus, subjects
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reached briskly, but not as fast as possible. Typical
movement lengths were about 30-35 cm, and typical
movement durations about 1 s.

While performing this reaching task subjects adap-
ted to a viscous curl field, with and without a side load
applied to the arm. The viscous curl field was:
F=k-bxv, (1)
where k € {-1, 1} (force field direction), v = [v, v,
v.]" m/s (velocity of subject’s hand), and b = [0 3.65
0]' N's/m (in this case, force is perpendicular to
velocity), with x being to the right, y straight up, and z
toward the subject in the forward-backward direction
(Fig. 1a). The resulting force, applied only during the
outward reach, was either leftward (k = 1) or right-
ward (k = -1). The peak magnitude of the force field,
averaged across subjects was 3.3 + 0.8 N. This velocity-
dependent force field, which has been used in many
previous adaptation experiments (e.g., Shadmehr and
Mussa-Ivaldi 1994; Gandolfo et al. 1996; Goodbody
and Wolpert 1998), was used here because it guaran-
tees zero force before subjects begin to move, and
prevents them from predicting whether the force field
will be “on” for the next reach. Since the subjects tried
to keep their speed constant, the forces applied were
similar between trials.

We desired to measure adaptation to the force field
when it was superimposed on a much larger back-
ground force that operated in the same direction. The
robot was too weak to produce the desired large load,
so a side load was provided by an elastic band (Medi-
cordz). The band was attached between a wrist strap
and a pedestal in front and to the left of the subject at
approximately the same height as the targets (Fig. 1a).

Fig. 1 Experimental
protocol. a Subjects moved a
lightweight robotic
manipulator between a start X
and finish target with or
without a side load created by
an elastic band attached to
their wrist. The targets were
positioned at the same height,
typically 30-35 cm apart. b
Reaching error was defined as
the spatial average lateral
deviation away from a
straight line between start and
finish target. ¢ Subjects C
adapted to a viscous curl field,
applied by the robot, with or
without the side load

12 subjects
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The stiffness of the elastic band was approximately
105 N/m at the lengths it was used. The side load was
leftward directed at approximately the vertical level of
the reach. For reaches in a straight line from the start
to finish targets, the magnitude of the side load varied
from 30 to 60 N, with the minimum value near the end
of the reach. Thus, the side load was approximately 10—
20 times stronger than the force field perturbation. The
strength of the side load was chosen to be as large as
possible while still allowing subjects to complete the
reaching task with a level of fatigue that was man-
ageable with periodic, short breaks. These side forces
were approximately 30% of the average adult strength
in this direction, as measured in a previous experiment
with a similar experimental set-up (Takahashi et al.
2006). Subjects were able to see the elastic band when
it was attached. They were given 40 reaches to
accommodate to reaching with the side load before
they adapted to the force field.

Subjects adapted to the viscous force field with the
side load absent or present, and within each of these
conditions, they adapted once with the force field di-
rected leftward and once with it directed rightward.
There were 140 reaches for each of the resulting four
adaptation tests (Fig. 1c). The order of the four adap-
tation tests was randomized. For tests with a side load,
the side load was set up at the beginning of each test
and stayed either present or absent for the entire
duration of the test.

The 140 reaches for each adaptation test were di-
vided into three phases (Fig. 1c). We will refer to the
first phase of 40 reaches as the ““baseline” phase during
which subjects practiced reaching, accommodating to
the background load condition. The robot force field
was turned “off” most of the time during the baseline

A
Reach
length
Y
Disturbed
hand path
(S = Start Target
) = Finish Target
Attach or remove Null Field Viscous Field Null Field
Bungee cord (40 trials) [ (60trials) [~] (40 trials)
A\ A A

Random Catch Trials
(average of 1 per 5 reaches)
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phase, except for “catch trials” during which the force
field was unexpectedly toggled on for the reach. These
catch trials were interspersed with an average period of
five trials through the whole experiment. Subjects then
performed 60 reaches in the viscous force field to
measure adaptation (the ‘‘adaptation phase’). They
then performed 40 reaches in a ‘“‘washout phase”
during which the robot force field was again “‘off”
except for catch trials.

To manage fatigue in the side loaded condition,
subjects rested after every 20 trials for 40 s, starting at
trial 10. These rests breaks were also given during the
non side-loaded condition to keep the adaptation test
the same except for the side load. The spacing of the
rest breaks was chosen so that there were no rest
breaks immediately before or after key transitions in
the protocol (e.g., the transition from baseline phase to
adaptation phase was not interrupted by a rest break.)

Subjects had difficulty perceiving the force field
when the side load was applied. We quantified this
effect in a second experiment with the same subjects by
randomly modulating the force field gain used for each
reach by a multiplier chosen from the set {-1.0, 0.5, 0.0,
0.5, 1.0}, and asking the subjects to identify whether the
robot pushed them full strength right, half right, not at
all, half left, or full left. The subjects reached 50 times
in this paradigm, with and without the side load, and
always with vision of the arm. We measured the field
perception for all 12 subjects, but recorded reaching
trajectories from only five of the subjects during this
experiment.

Data analysis

A computer sampled the three-dimensional position of
the robot tip (and thus the subject’s hand position) at
200 Hz, as inferred from rotational sensors at the robot
joints. The force field was designed to push the hand to
the left or right, so disturbances to the reaching tra-
jectory were mainly in the horizontal plane. Thus, we
quantified reaching errors as the area between the trial
path and a reference path projected onto the hori-
zontal plane (x—z-plane, Fig. 1a), divided by the dis-
tance between the start and finish targets (Fig. 1b). The
resulting geometric measure of error is a spatial aver-
age lateral deviation away from the reference path
(Takahashi et al. 2001b), which we will refer to as
“average lateral deviation” or ‘‘reaching error”. We
chose this measure to quantify error instead of maxi-
mum deviation because it is influenced explicitly by the
whole trajectory, rather than by just the peak deviation
point of the trajectory, and thus has averaging prop-
erties that reduce trial-to-trial noise. We chose it

instead of time-averaged deviation because the hand
spends more time near the start and end of the reach,
biasing time-averaged error measures to these early
and late parts of the trajectory that are less sensitive to
the effect of the velocity-dependent force field. We
gave reach paths that were to the left of the reference
path positive values, and those to the right negative
values. We selected the reference path to be a straight
line between the start and finish targets.

To characterize adaptive performance, we calcu-
lated several measures based on reaching error. Base-
line reaching error was defined as the mean of the error
on the last 15 non-catch trials in the baseline. The error
was approximately constant during the last part of the
baseline phase, as subjects had adapted to the presence
or absence of the elastic band (Fig. 3). Initial error
(Fig. 4a) was defined as the reaching error for trial 41
(i.e., at the start of the 60 trials with the force field)
minus the baseline reaching error. Final error (Fig. 4a)
was defined as the average reaching error of the last
five non-catch trial reaches in the force field, refer-
enced to the baseline error. We calculated after-effect
size (Fig. 4b) as the reaching error on catch trials
during the later part of force field exposure (reaches
60-100), again referenced to the baseline reaching
error. Statistical analysis of the adaptive performance
measures was done primarily using paired t-tests,
comparing loading conditions, with a significance level
of 0.05, adjusted with the Bonferroni correction in the
case of multiple comparisons.

Previous research has indicated that internal models
are rapidly updated in response to changing environ-
ments (Thoroughman and Shadmehr 2000). To exam-
ine any rapid de-adaptation due to catch trials, we
calculated the change in reaching error on the 4 trials
following each catch trial, relative to the reaching error
on the trial immediately before the catch trial
(Aeerri = €i— e, i =1, 2, 3, 4, Fig. 4d). We included
catch trials from the baseline phase, the force field
phase, and the washout phase, starting with the fourth
catch trial in each section to eliminate the effects of the
changing baseline due to adaptation/de-adaptation.

To quantify limb impedance, we measured the
change in reaching error that resulted during catch
trials. Since the change in force during a catch trial was
always a constant magnitude, then the change in
reaching error due to this change in force is a gross
measure of the limb impedance throughout the reach.
This measure includes the effects of muscle stiffness
and, later in the reach, reflex contributions to arm
impedance. We used the reaching error on the most
recent reach as the reference value for calculating the
change in reaching error due to a catch trial on the next
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reach (Aeg, Fig. 5). That is, we analyzed the differen-
tial change in movement trajectory caused by a dif-
ferential change in force, as a gross measure of
impedance throughout the movement.

Computational model of motor adaptation

We were also interested in whether current modeling
approaches to force field adaptation are effective in
modeling error evolution under the disparate force
regimes studied here. Previous studies have shown how
the evolution of kinematic error during motor adap-
tation is well described by a simple, linear difference
equation (Thoroughman and Shadmehr 2000; Scheidt
et al. 2001a; Emken and Reinkensmeyer 2005):

Xit1 = aoX; + b1 F; + boFip1 + co, 2)

where x; is the kinematic reaching error on the ith
reach, F; is the average lateral force from the viscous
force field on the ith reach, and aq, by, by, and c¢q are
constant coefficients. The parameters of this equation
can be identified using multiple linear regression on the
sequence of forces applied and errors experienced
during adaptation. We compared the ability of this
equation to model adaptation to the force field with
and without the side load.

Equation 2 does not separate out the mechanical
effects of the force field and limb impedance from the
neurocomputational mechanisms that underlie motor
adaptation. We recently showed how Eq. 2 can be
viewed as arising from the interaction of an error-
based learning law with the limb/force field dynamics
(Liu and Reinkensmeyer 2004; Emken and Reinkens-
meyer 2005). We assume that the arm behaves like a
spring in response to external and muscle forces in the
medial-lateral directions, when movements in these
directions are limited to a small range, so:

Xj — Xd :%(Fi+”i)v (3)
where x; is the average lateral deviation from a straight
line on the ith reach, x4 is the average lateral rest-
length of the spring, F; is the average lateral force from
the viscous force field on the ith reach, u; is the average
lateral force from the arm on the ith reach, and K is the
arm stiffness. The variables x;, F;, and u; are all defined
positive to the right. The assumption of spring-like
behavior is supported by the observation that reaching
error varied approximately linearly with field strength
during catch trials when the viscous curl field was ap-
plied, for reaching with and without the side load
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(Fig. 6¢). When the side load was applied, we also use
Eq. 3 to model the error dynamics of the task, because
in this situation the arm produced a “‘tonic” force equal
and opposite to the side load in order to move toward
the target again. In this situation, u; is the change in
arm force, referenced to this tonic arm force that is
created to compensate for the viscous force field per-
turbation F;. For the following derivation, we also as-
sume K is constant.
The proposed learning law is:

ui1 = fu; — g(x; — xa), (4)

where f< 1 is a “forgetting factor”, g is the “learning
gain”, and x4 is the desired kinematic performance,
which we assume is constant for the entire section of
140 movements. One way to view this learning law is
that the nervous system increments the motor
command in proportional to the previous error, in
the direction that will reduce the error. If f < 1, then
the nervous system increments a decremented version
of the previous motor command due to “forgetting”.
The learning gain g determines how much the internal
model is adjusted based on the previous movement
error, and influences the speed and stability of
convergence of the algorithm. This learning law can
also be expressed equivalently using force errors to
drive it by substituting the expression for x; from Eq. 3
into 4:

Ui = fu; — g"(Fi — ua), (5)

where g+ = £ is a unit-less learning gain. Here, F; is the
external force applied, and uy = —u; is the external
force expected to be applied to the arm on the ith
reach. This formulation is similar to recently proposed
learning models (Thoroughman and Shadmehr 2000;
Donchin et al. 2003), except that it includes a forget-
ting factor, similar to (Burdet et al. 2004).

Combining Egs. 3 and 4 (see Emken and Rein-
kensmeyer 2005), the evolution of the lateral deviation
x;, measured with respect to the straight line, s:

Xit1 = (f*%)xi *%Fi +%Fi+1 + (1 - (f*%))xd,
(6)

which is of the same form as Eq. 2. The learning
parameters f, g, K, and x4 can be calculated from the
regression coefficients from Eq. 2 as follows:
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We examined how the parameter K, which is the
limb/environmental stiffness, and the parameters f,
g+ =%, and xq4, which are the parameters of the puta-
tive error-based learning law, varied during motor
adaptation with and without the side load.

Results

Subjects adapted to the robot-generated, viscous, curl
field while reaching to a target in two conditions: with
or without a background, elastic, side load that was
about ten times larger than the viscous field itself.
Figure 2 shows typical reaching trajectories from one
subject for the case in which the force field pushed to
the right (the elastic bands, when present, always
pulled to the left). The reaching trajectory was roughly
straight during the baseline phase when the force field
was not applied, with and without the side load. When
the viscous field was applied, it perturbed the reaching
trajectory significantly to the right. In both loading
conditions, the subject adapted to the force field during
the adaptation phase, and the reaching trajectory
shifted back to the left toward the baseline trajectory
(gray continuous lines in Fig. 2). The subject exhibited
an aftereffect when the viscous field was unexpectedly
removed during catch trials in both conditions, moving
to the left of the original baseline trajectory (gray
broken lines in Fig. 2).

Fig. 2 Hand trajectories in
horizontal plane from one
subject. Black continuous line:
baseline, last 5 non-catch
trials in baseline phase; black
broken line: direct effect, last
5 catch trials in baseline -50 |
phase; gray continuous line:
following adaptation, last 5
non-catch trials in force field 0t
phase; gray broken line: after
effect, last 5 catch trials in
force field phase; left: side
load absent condition; right:
side load present condition.
Please note that the scales in 100 |
the x and y directions are
different to make the
trajectory curvature more 150 |
visible

-100 |

50 +

z [mm]

200 +

Side Load Absent

To quantify the distortion of reaching trajectory
during adaptation, we examined the average reaching
error across the 12 subjects. In both loading conditions,
when the field was turned on at trial 41, subjects
exhibited a significant initial error (Figs. 3, 4a). This
initial error was smaller in the side-loaded condition
(Fig. 4a), as would be expected since the elastic bands
added stiffness to the arm, and also since muscle
stiffness increases with activation level (Mclntyre et al.
1996; Gomi and Osu 1998). The subjects adapted to the
force field and reduced their reaching error with
practice in both loading conditions, but the final
reaching error was significantly smaller during side
loading (Figs. 3, 4a, P < 0.01, paired z-test).

The subjects also generated significant after-effects
when the field was unexpectedly removed following
adaptation during catch trials in both conditions, sug-
gesting that they had learned to predict the field
(P < 0.01, t-test comparing after-effect size to zero,
Fig. 4b). The after-effect sizes were smaller during side
loading (P < 0.01, paired r-tests), again likely due to
the stiffness increases arising from the elastic bands
and the muscle force-stiffness dependence. The ratio of
the after effect size to the direct effect size were not
significantly different between conditions (Fig. 4c).

The subjects responded differently during the
reaches that immediately followed the catch trials,
depending on the loading condition. During reaching
without the side load, catch trials caused a partial
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Fig. 3 Average reaching
error across 12 subjects. Four
loading conditions are
presented: side load absent/
present; force field to the left/
right. Positive error is defined
as moving left to the
reference line. Catch trials are
presented by circles, and
other trials are presented by
dots. Bars are standard
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de-adaptation followed by a rapid re-adaptation, as has
been observed before (Fig. 4d) (Thoroughman and
Shadmehr 2000). For example, if a catch trial was given
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Fig. 4 Measures of adaptation. The means in panels a—c are
across subjects, and the error bars show + one standard deviation
across subjects. a Initial and final reaching errors, without (open
circle) and with (crosses) the side load for the leftward (top lines)
and rightward force fields (bottom lines). **P < 0.001, *P < 0.01,
+P < 0.1, one side paired t-tests. b After effects during catch
trials after adaptation were significantly different from zero for
all four loading conditions (P < 0.05, t-test, 12 subjects). After
effects were significantly smaller with side loading (P < 0.001). S,
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Trial # Trial #

during adaptation to the viscous force field (i.e., the
force field was unexpectedly turned off), then the
reaching error on the first trial after the catch trial was

1)
-
o

L4

&

L

N-L S-L N-R SR

After Effect [mm)]
o

-
o

O'E 0 "\%ﬂﬁb
q
4
1 2 3 a

i=Trial # After Catch Trial

N side load, no side load; L, R left force field, right force field. ¢
The after effect ratio was not different between loading
conditions. The after effect ratio is calculated by

%m d Change in reaching error following a catch

trial (Aec,;) without (open circle) and with (crosses) side load,
relative to reaching error immediately prior to the catch trial.
The sign of Ae.,; was referenced to the direction of the force
change for the catch trial

www.manaraa.com



Exp Brain Res (2007) 178:402-414

409

larger than the reaching error on the trial just before
the catch trial, with the error decaying rapidly with
further practice. During side loading, however, catch
trials apparently did not cause a transient de-adapta-
tion (Fig. 4d).

Arm impedance was modulated differently during
the two conditions also, as quantified by the kinematic
error incurred during catch trials, measured relative to
the reach path from the reach immediately preceding
the catch trial (Fig. 5). The magnitude of this differ-
ential kinematic error (lAel) is dictated by the arm
impedance throughout the movement; a stiff arm
would allow only a small |Ael, in response to the
changed force on the catch trial. During reaching with
no side-load, |Ael., decreased significantly over the first
60 reaches (P < 0.001; paired t-test across subjects
comparing |Ael. for first catch trial to its mean across
last ten catch trials), indicating an increase in arm
impedance with practice (Fig. 5). During side loading,
|Ael.; was smaller due to the increased stiffness of the
limb and the elastic cords, and did not change signifi-
cantly (P = 0.15; Fig. 5).

Presence of the side load also reduced the subjects’
ability to perceive the force field. Subjects reported
that they were not aware of the robot-generated per-
turbation most of the time in the side load condition.
We quantified this effect in a second experiment in
which subjects verbally reported the field strength as it
varied randomly from reach to reach, although they
were not confident in side load condition. They accu-
rately estimated the field strength when there was no
side load (Fig. 6a), but inaccurately guessed that the

la el [mm]

0 20 40 60 80 100 120 140
Trial #

Fig. 5 Magnitude of change in reaching error (lAel.) caused by
catch trials without (dot) and with (crosses) side load. Data for
the left and right force field directions for all subjects are
combined for each loading condition. The best-fit exponential
curves are shown

field was not applied about 50% of the time when the
side load was present, for the viscous field strengths
used in the adaptation experiments (Fig. 6b). They
accurately guessed both the force field strength and
direction 18% (+23% SD across subjects) of the time
for the full strength field (i.e., about chance level: 1 in
5).

We used multiple linear regression across 140
movements in each condition to fit a previously-de-
scribed mathematical model of motor adaptation (i.e.,
Eq. 2) to the experimental data. The linear regressions
were highly significant for both conditions across the
task (P < 0.0001 for all regressions). The r* value was
lower in the side-loading condition (mean r* = 0.51
across subjects) compared to no load (mean 7* = 0.83).
This drop was caused at least in part by greater ran-
domness in the reach trajectories in the side-loaded
condition, as the mean trial-to-trial variability in
reaching error was 2.9 cm + 0.9 SD during free
reaching and 4.8 cm = 0.7 SD during side loading, a
significant difference (P < 0.01, paired #-test).

The regression constants ag, by, and b, decreased
significantly in the side loaded condition (z-test,
P < 0.0001 for both by and by, Fig. 7). Significant dif-
ferences were also found in the parameters of the er-
ror-based learning model (Eq. 6, Fig. 8), which were
calculated from the regression coefficients using Eq. 7.
Specifically, the forgetting factor f decreased signifi-
cantly with side load (P < 0.01). The modeled limb/
environment stiffness K increased significantly with
side load (P < 0.0001) as would be expected.

Discussion

A primary finding of this study was that subjects re-
tained the ability to form an internal model of a small,
force field perturbation when that perturbation was
unexpectedly superimposed on a much larger back-
ground force. They retained this ability even though
conscious awareness of the force field was severely
impaired by the much larger background force. Thus,
the core adaptation mechanism of internal model for-
mation was operational within a force regime very
different than the one that has been examined in pre-
vious research studies, even though force perception
changed dramatically in this regime. Another key
finding was that the subjects’ use of impedance control
(i.e., how they modulated arm impedance throughout
the course of the repeated exposure to the force field)
differed depending on the presence of the background
force. Finally, the parameters of two mathematical
models used previously to describe motor adaptation
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Fig. 6 Perception of the force field in unloaded and side-loaded
conditions. a Perception without side load. Each column of dots
represents data from a single subject, and each dot a single reach.
b Perception with side load. ¢ Average perturbation size for
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Fig. 7 Regression constants for the motor adaptation model
described by Eq. 1. Each panel shows average regression
constants and standard deviation across subjects in the four
loading conditions. S, N side load, no side load; L, R left force
field, right force field. The parameters b; and b, decreased

changed significantly when the background force was
present.

Internal model formation in the presence of a large
background force

The motor system was still able to adapt to the small
force field when it was unexpectedly superimposed on
the large, elastic force: subjects exhibited an initial
error when the force field was first applied, then
movement error decreased with repeated training, and
then subjects generated an opposite kinematic error
when the force field was unexpectedly removed after
the adaptation occurred. The presence of the after
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different field strengths for five subjects with (sold line) and
without (dashed line) side load. Here, the error bars are the mean
across subjects of the 95% confidence intervals for the reaching
error
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significantly in the side loaded condition (paired t-test,
P < 0.0001 for by, P < 0.006 for by), while the decrease in ag
neared significance (P < 0.1). ***P < 0.0001, **P < 0.001,
+P < 0.1

effect is evidence that the motor system used antici-
patory control based on the immediately preceding
experience of the superimposed force field. Thus, the
motor system adjusted its internal model of the overall
environment in response to a differential change added
to or subtracted from an already large force; i.e., it was
sensitive to small force changes away from the larger,
continuous forces that it was required to generate.
Subjects had difficulty judging the force field
strength during the side-loaded condition. Thus, this
study showed that force perception during movement
in a force field is consistent with Weber—Fechner’s law,
which is typically studied in isometric conditions, and
which posits a linear relationship between perception
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Fig. 8 Identified parameters of the motor adaptation model
described by Egs. 2 and 3. Each panel shows average identified
parameters and standard deviation across subjects in four
loading conditions. K limb/environment stiffness, f forgetting
factor, g* learning gain, x4 desired trajectory. S, N side load, no

of a change of force and the overall force applied.
More recent studies pointed out that the relationship is
not linear when the force is small, but that there was
always a positive correlation between the change in
force required for perception and the overall applied
force (Jones 1989). In previous studies of force field
adaptation (e.g., Shadmehr and Mussa-Ivaldi 1994;
Gandolfo et al. 1996; Conditt et al. 1997; Shadmehr and
Brashers-Krug 1997; Takahashi et al. 2001b), the
presence of the force field was consciously detectable
because it was always introduced following reaching
with no external forces. The results of this study sug-
gest that precise, conscious error sensing and aware-
ness of the perturbation are unnecessary to form an
internal model. Thus, we propose that the process of
internal model formation is dissociated from conscious
awareness of the force field.

It is well known that motor systems respond to
subconscious sensory information, for example, to
maintain balance in response to visual and vestibular
inputs. Skilled motor actions have also been shown to
respond to subconscious perception in healthy and
brain-damaged subjects (Goodale et al. 1991; Rossetti
et al. 1995; Imanaka et al. 2002; Brewer et al. 2005;
Johnson and Haggard 2005). In a classic example of
dissociation of motor performance and perceptual
awareness, subjects were asked to make rapid pointing
movements toward a small visual target, without vision
of the hand (Pelisson et al. 1986). The target was

AN
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side load; L, R left force field, right force field. The forgetting
factor f decreased significantly with side load (paired t-test,
P < 0.01). The limb/environment stiffness K increased signifi-
cantly with side load (P < 0.0001). ***P < 0.0001, **P < 0.001,
*P < 0.01

unexpectedly moved slightly during a saccade, which
suppressed visual information processing (Shioiri and
Cavanagh 1989). Without noticing the target location
had been changed, subjects smoothly adjusted their
reaching movement corresponding to the new target.
Another example is the adaptation of motor response
of finger tapping to the unperceived frequency change
of a metronome (Thaut and Kenyon 2003; Repp 2004).
Motor adaptations without perceptual awareness dur-
ing reaching movements were demonstrated when
subjects adapted to slowly shifted vision feedback of
each reach by shifting their actual arm trajectory
without awareness (Goodbody and Wolpert 1999), or a
slowly changing force field (Klassen et al. 2005). These
findings imply that motor processes and conscious
perceptual processes often take place in parallel rather
than in series (Willingham 2001). Consistent with these
previous findings, our results suggested a dissociation
between motor adaptation and conscious perception
for the task of learning an internal model of a novel
force field.

It is possible to draw an analogy between the present
experiments and masking experiments, which suppress
the perception of a small testing stimulus by a large
masking stimulus. For example, a backward mask
consists of a weaker or shorter testing stimuli imme-
diately followed by a stronger masking stimulus of the
same type. The stimuli types include visual inputs such
as LED flash (Taylor and McCloskey 1996), target’s
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shape (Klotz and Wolff 1995), tactile/somatosensory
inputs such as electrical shock (MacIntyre and McCo-
mas 1996) and auditory inputs (Kallman and Massaro
1979). Studies agreed that although subjects were not
aware of the masked testing stimuli, their motor reac-
tion time response (RT) to the masking stimuli were
significantly shorter than RT response to the strong
stimuli alone. Early neural activation has also been
recorded from backward masking stimulus without
awareness of the masked stimulus (James and Gauthier
2005; Noguchi and Kakigi 2005). In our study, per-
ception of small perturbations was masked by a large
background force, and our results were consistent with
these previous masking studies that suggest that the
motor response does not necessary rely on conscious
perception.

Under the large background force condition, sub-
jects responded differently to catch trials while they
gradually adapted to the viscous force field. They de-
adapted quickly in response to catch trials when there
was no background force, but not when there was a
background force. This suggests that the subjects were
not rapidly updating an internal model of the force
field during side loading. We speculate that weaker
perception in the side load condition impaired the
confidence of the underlying error estimate. Alter-
nately, the increased variance between consecutive
trials related to the larger background force might have
reduced the rate of internal model formation, although
arguing against this possibility are previous studies that
found that subjects adapt quickly to force fields with a
randomly varying component (Scheidt et al. 2001b;
Takahashi et al. 2001a, 2003).

Impedance control and the loading environment

Another key finding was that impedance control de-
pended on the loading environment. To estimate limb
impedance for each reach, we used catch trials in which
the force field was unexpectedly toggled on or off. This
differential change in force caused a differential
change in the reaching trajectory, the magnitude of
which must logically be governed by the limb imped-
ance in the direction of the force field throughout the
reach. Thus, the change in reaching trajectory is a
marker for the limb impedance in the direction of the
force field. Early in the reach, the change in trajectory
is dictated primarily by the intrinsic muscle stiffness
component of limb impedance, while later, reflex
contributions to limb impedance may have occurred.
During reaching without the side load, limb imped-
ance slowly increased with reaching practice. This slow
increase may have been due to the unpredictable
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errors caused by the frequent application of randomly
spaced catch trials. Previous research has suggested
that the motor system increases its impedance in re-
sponse to unpredictable or unstable force environ-
ments (Takahashi et al. 2001b; Franklin et al. 2003; Osu
et al. 2003). In contrast, when impedance was already
high during side loading due to the added stiffness
from the elastic cords and the muscle stiffness/force
dependence, the nervous system did not increase it
further despite experiencing an identical catch trial
protocol. Refraining from further increasing imped-
ance in this condition makes sense from an energetic
perspective: kinematic errors were relatively small due
to the combined impedance of the elastic bands and
loaded muscles, so that further voluntary increases in
limb impedance would have a small effect though still
being energetically costly. Thus, the nervous system
appeared to wuse impedance control selectively
depending on the background loading environment, in
a way that likely contributed to the overall energy
efficiency during adaptation.

The viscous force field we applied in this study was
small, producing a peak magnitude perturbation of
3.3 N, and it might be argued that this small force led
to the decreased perception or the failure to detect a
change in impedance in some cases. However, the
force field gain was large enough to produce signifi-
cant direct effects and after effects with and without
the background force, and to be perceived with a high
degree of reliability without the background force. It
was only when the background bungee force was
added that perception became impaired; but in this
case, the force field gain was the same, so this
implicates the background force rather than a low
force field gain as the reason for the decreased per-
ception. Likewise, we detected a slow, trial-to-trial
change in impedance when the background force was
not present, indicating that the force field gain was
large enough to cause such changes. The lack of such
changes when the background force was present again
implicates the background force for the change in
impedance control properties, not the small force field
gain.

Implications for mathematical models motor
adaptation

Finally, we found that the parameters of two previ-
ously proposed mathematical models of force field
adaptation changed significantly with the presence of
the background force. The first model (Thoroughman
and Shadmehr 2000; Scheidt et al. 2001a; Emken and
Reinkensmeyer 2005) expressed motor adaptation in
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terms of a linear difference equation that relates the
kinematic error on one reach to the current force field
(via coefficient by), previous error (via ag), and pre-
vious force field (via by). The observed decrease in by
was consistent with the increase in limb/environment
impedance experienced when the elastic cord was
attached to the arm. However, the changes in ay and
bo were more difficult to interpret: did they represent
changes in the way that previous movement experi-
ences affect future ones, or were they obligatory
changes due to the altered mechanics of the reaching
environment? We attempted to address this question
by mapping the model parameters into a second
model (Liu and Reinkensmeyer 2004; Emken and
Reinkensmeyer 2005). This second model separated
limb/environment dynamics from neural computations
by assuming that the neural computation responsible
for adaptation was an error-based learning law with a
forgetting factor. We found that the forgetting factor
decreased significantly during the side-loaded condi-
tion. Thus, the motor system acted as if it were
seeking to more quickly decrease the force it applied,
when the force regime in which it operated was more
demanding.

We recently showed how the error-based learning
law with a forgetting factor could be viewed as
implementing an optimization procedure, in which
the cost function to be minimized was the weighted
sum of force and kinematic error (Reinkensmeyer
et al. 2004). In other words, motor adaptation to a
force field can be modeled as a tradeoff between
allowing some ongoing kinematic error and generat-
ing enough force to cancel the force field. The for-
getting factor determines the relative weighting of
kinematic errors and exerted force in the cost func-
tion, with a smaller forgetting factor corresponding to
a greater penalty for exerting more force. Within this
framework, the decrease in forgetting factor with
greater net loading observed in the present study
would be viewed as an environmentally-triggered
shift in the underlying cost function that can describe
motor adaptation.

To summarize and conclude, then, the modeling
results demonstrated how the model parameters vary
significantly between the disparate force regimes
studied here. Thus, comprehensive computational
models of motor adaptation will likely need to in-
clude force-dependent parameters to accurately
reproduce error dynamics. The need to consider
force regimes in models of motor adaptation is
consistent with the viewpoint that energy or effort
considerations play a key role in shaping motor
behavior.
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