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Abstract In many robot-assisted rehabilitation and motor

skill learning applications, robots generate forces that

facilitate movement performance. While there is some

evidence that assistance is beneficial, the underlying

mechanisms of action are largely unknown, and it is

unclear what force patterns are more effective. Here, we

investigate how reaching movements (and their neural

correlates) are altered by ‘assistive’ forces. Subjects per-

formed center-out reaching movements, under the influ-

ence of a robot-generated force, constant in magnitude and

always directed toward the target. The experimental pro-

tocol included three phases: (1) baseline (no forces), (2)

force field (with two different force levels, 3 N and 6 N,

applied in random order), and (3) after-effect (no forces).

EEG activity was recorded from motor and frontal cortical

areas. In both movement kinematics and EEG activity, we

looked at the effects of forces, of adaptation to such forces

and at the aftereffects of such adaptation. Assistive forces

initially induced a degraded performance and in general

alterations in movement kinematics. However, subjects

quickly adapted to the perturbation by improving their

performance. With regard to EEG activity, we found (1) an

increased beta band synchronization just before move-

ments and an alpha band synchronization in the ipsilateral

hemisphere, both proportional to force magnitude; (2) a

gradual decrease in alpha band synchronization with

practice in the contralateral hemisphere; (3) an increase in

theta band synchronization in the later stage of the force

epochs; and (4) an ipsilateral to contralateral shift (from

baseline to aftereffect) of theta band synchronization.

These results point to the need for a careful design of as-

sistive forces to effectively facilitate motor performance

and motor learning. Moreover, EEG signals exhibit distinct

features related to force and adaptation. Therefore, at least

in principle, the latter might be used to monitor the learning

process and/or to regulate the amount of assistance.

Keywords Reaching movements � Sensorimotor

adaptation � Electroencephalography � Upper limb �
Manipulandum

Introduction

Many robot-assisted rehabilitation and motor skill learning

applications rely on the notion that learning can be acceler-

ated if robots provide suitable ‘assistive’ forces, helping

subjects to complete the task or to improve task perfor-

mance—the ‘guidance’ hypothesis. While there is some

evidence that assistive forces may be beneficial to motor

learning or re-learning, at least in some situations (Rein-

kensmeyer and Patton 2009), the underlying mechanisms of

action are still largely unknown. Moreover, even in simple

tasks like reaching movements, it is unclear what form of

assistance would be more effective in facilitating learning.

When subjects are exposed to a dynamic environment

(‘force field’) that systematically perturbs arm motion, they

gradually recover their original movements (Shadmehr and

Mussa-Ivaldi 1994). It has been suggested that such

recovery is caused by a gradual acquisition of the ability to

‘predict’ the disturbance, which is thus incorporated into
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the motor plan. Adaptation studies have provided a large

body of knowledge on the mechanisms underlying the way

the brain reacts to novel dynamic environments (Shadmehr

and Wise 2005) and may provide insights into the way the

nervous system represents information about the body and

the environment (Thoroughman and Shadmehr 2000).

Assistive forces can be seen as peculiar types of

dynamic environments, which induce a ‘slacking’ form of

adaptation (Emken et al. 2007): if forces are helpful in

accomplishing the task, they are quickly incorporated into

the motor plan, and the ‘voluntary’ motor commands are

reduced accordingly. Slacking may have adverse effects on

the ability to perform the same task without assistance. To

prevent this, it has been suggested that assistance should be

kept to a minimum and continuously adjusted as perfor-

mance improves (‘assist-as-needed’). Assistance may be

adjusted in terms of the observed performance (Krebs et al.

2003; Vergaro et al. 2010) or EMG activity (Krebs et al.

2003) or to reduce the human–robot interaction forces

(Riener et al. 2005); see Marchal-Crespo and Reinkens-

meyer (2009) for a review. At least in principle, the neural

correlates of movement could be used as a source of

information about the ongoing adaptation process (Daly

and Wolpaw 2008). However, this requires a precise

characterization of the neural correlates of different aspects

of assisted performance. In particular, the ways EEG

activity before or during movement reflects task difficulty,

the amount of assistance, and the progress of the learning

process have to be identified.

EEG studies in humans have revealed movement- and

force-related brain activity in the sensorimotor and frontal

areas during movement preparation, movement execution,

and motor imagery. Event-related desynchronization

(ERD) in the alpha band (8–12 Hz) has been reported in

the sensorimotor areas during movement preparation,

imagery and execution, in tasks like finger movements

(Pfurtscheller et al. 1997) and cube manipulation (Neuper

et al. 2006). Neuper and Pfurtscheller (2001) review this

effect in a variety of situations: motor imagery of left- and

right-hand movements, self-paced hand/finger movements,

and triggered hand movements. Furthermore, when

movements are triggered by an acoustic stimulus, alpha

ERD was only present just after the sound (Alegre et al.

2003). In summary, many different upper limb movements

induce a decrease in alpha band power, starting before the

movement and finishing during or after the movement.

Event-related synchronization has also been observed in

the beta band (18–25 Hz) just after the movement. Beta

ERS is likely due to ‘idling’ of the motor cortex after the

movement (Pfurtscheller et al. 1996) and was found to

depend on the muscle mass activated (Pfurtscheller et al.

1998). In a finger movement task (Pfurtscheller and Lopes

da Silva 1999) observed a high correlation between alpha

and beta band ERS/ERD, and a beta ERD just before the

movement.

With regard to adaptation, changes in movement-related

potentials (MRPs) were reported (Makienko et al. 2005) in

a finger pulling task under different types of loads. A peak

in the Bereitschaftspotential portion of MRPs (600–100 ms

prior to movement onset) in the prefrontal areas appears in

early repetitions and disappears later. In a tool use task,

Gentili et al. (2009) found that phase synchronization

between different electrode sites tends to decrease with

practice. EEG differences between non-skilled and skilled

performers have also been reported. For instance, in a

simple wrist movement task, Del Percio et al. (2010)

reported that non-athletes have greater alpha ERD when

compared to athletes.

Very few studies address the EEG correlates of external

forces. A common observation is that cortical motor areas

are synchronized with muscle activity in the beta band

during a static force task (Rearick et al. 2001; Witte et al.

2007; Chakarov et al. 2009), and in the gamma band during

a dynamic force task (Andrykiewicz et al. 2007). On the

other hand, Slobounov et al. (2002) reported that both force

and end effector movements affect movement-related

potentials (MRP). Particularly, they found that only when

the index finger was used, the level of force affected the

MRP, whereas for the other fingers there were no MRP

changes. However, the effect of force per se was not

reflected in the EEG signal.

Aspects related to task difficulty, like memory, learning,

workload, or attention, have been associated (Klimesch

1999) to theta band activity in the frontal cortex. More

specifically, an increase in the theta band power was

observed during different memory tasks (Klimesch et al.

1996; Gevins et al. 1997; Ishii et al. 1999; Jensen and

Tesche 2002). Learning (Caplan et al. 2003) as well as

attentional processing (Ishii et al. 1999) were also found to

induce a theta power increase.

Here, we investigate how reaching movements are

altered by constant-magnitude forces, directed toward the

target. We look at both movement kinematics and their

EEG correlates in frontal and sensorimotor areas. We

specifically focus on the effects of both force magnitude

and practice (adaptation) and look at the overall effect on

both performance and neural activity when the assistive

forces are finally removed.

Materials and methods

Task and experimental protocol

A planar manipulandum with two degrees of freedom—

Braccio di Ferro; see Casadio et al. (2006) for details—was
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used to generate assistive forces and to record hand posi-

tions. Subjects sat on a chair, with their torso and wrist

restrained by means of suitable holders, and grasped the

handle of the manipulandum with their dominant hand. A

light support allowed the forearm to slide on the horizontal

table surface with a low friction. In this way, movements

were restricted to the horizontal plane, with no influence of

gravity. Seat position was also adjusted so that, with the

cursor pointing at the center of the workspace, the elbow

joint was anteflexed about 90�, and the shoulder was hor-

izontally abducted about 45�, while the arm was kept

approximately horizontal, at shoulder level. A 1900 LCD

computer screen was placed in front of the subjects, about

1 m away, at eye level. The current position of the hand

was continuously displayed, as a yellow circle on a black

background. The target was also displayed, as a green

round circle (diameter 2 cm). The visual scale factor was

1:1. Subjects had to perform center-out reaching move-

ments, under visual control; starting from the same central

position and moving toward four randomly selected

directions (45�, 135�, 225� and 315�). Target distance was

0.1 m from the center (reference) position.

The experiment was organized into epochs, each consisting

of twelve repetitions of each of the four directions (a total of

12 9 4 = 48 movements). During each epoch, the robot

either generated no force (null trials) or a force of constant

magnitude, directed toward the target (‘force’ trials). In force

trials, force started when the cursor was at least 1 cm away

from the start position and ended at 9 cm from the same

position. Therefore, subjects had to start the movement in

order to trigger the force and the force did not interfere with

movement completion. This implied an active involvement of

the subjects, e.g. they could not rely just on the force to move

them from the start position to the end position (target), but

they had to incorporate the force in the motor plan.

The experimental protocol consisted of four phases: (1)

familiarization—the robot generates no force; 1 epoch, i.e.

48 movements; used to familiarize the subject with the

apparatus and not included in the subsequent data analysis;

(2) baseline (BAS)—no force, 1 epoch, i.e. 48 movements;

(3) force—the robot generates a constant force, 2 epochs,

i.e. 96 movements; and (4) after-effect (AE)—no force, 1

epoch, i.e. 48 movements. Therefore, the whole experiment

consisted of five epochs, i.e. 240 movements. During force

trials, we used two different force magnitudes: ‘low’ (3 N)

and ‘high’ (6 N) so that each subject was exposed first to

one level of force and then to the other. Force was kept

constant within one epoch, and the low–high sequence was

randomized across subjects (some subjects had low force

first and high force later; and vice versa) in order to cancel

order effects.

In addition to movement kinematics and its changes, we

also looked at changes in EEG activity. Since many of the

previous studies suggest that motor planning and execution

mostly involve the frontal and sensorimotor areas of brain

cortex, eight gold electrodes, arranged on an electrode cap

(g.EEGcap, g.tec, Guger Technologies OEG, Graz, Aus-

tria), were placed in the following sites (International

10–20 electrode system) on the subject’s scalp: central (C3,

C1, Cz, C2, C4) and frontal (F3, Fz, F4) lobe. The left

earlobe was used as a reference. The handle of the robot

was electrically isolated to reduce noise in EEG recordings.

EEG signals were band-pass filtered (0.1–100 Hz) and

amplified by means of a multi-channel EEG amplifier

(g.BSamp, g.tec, Guger Technologies OEG, Graz, Austria).

To allow monitoring, both motor preparation and

movement start, target onset and movement start were

separated by a 3-s interval. Each trial started when subjects

moved the yellow hand cursor to the center of the screen

(green circle); see Fig. 1 (top left). At this point, a ‘cue’

signal appeared (an arrow showing the direction of the next

target)—see Fig. 1 (top middle)—which lasted for 3 s

(‘‘preparation’’). Then, the arrow was turned off, the target

appeared (GO signal) and subjects could initiate the

movement (‘‘movement’’); see Fig. 1 (top right). During

the ‘‘preparation’’ interval, subjects were instructed to look

at the arrow with their peripheral gaze and when the cue

was not on, a small rectangle was shown to reduce eye

movements. When the target appeared, subjects were

instructed to perform fast and accurate movements toward

it.

The experiment involved a total of ten subjects

(9M ? 1F) with no signs of neurological problems. The

average age was 24 ± 4 years. All subjects were right-

handed. Subjects were randomly assigned to two groups

(low–high and high–low) that only differed in the order of

presentation of force magnitudes. The research conforms to

the ethical standards laid down in the 1964 Declaration of

Helsinki that protects research subjects. Each subject

signed a consent form that conforms to these guidelines.

Data analysis

Movement trajectories were sampled at 100 Hz and stored

for subsequent analysis. Kinematic data were smoothed

using a 4th order Savitzky–Golay filter, with a 270-ms time

window (equivalent cut-off frequency: 7.5 Hz). We used

the same filter to estimate the velocity as the first derivative

of the trajectory. We identified the time instants corre-

sponding to movement start and the first stop as the instants

when the speed went, respectively, above and below a

0.02 m/s threshold. For each trajectory, we computed the

linearity index (percent increase in the actual trajectory

length with respect to the straight line from the center to

the target), the endpoint error (distance between the target

center and the hand position at stop), the peak speed
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(maximum of the velocity norm during the movement), and

the movement duration (time interval between movement

start and stop). Similarly, we defined the durations of the

acceleration and the deceleration portions of the move-

ment. Analysis of the kinematic data was conducted using

MATLAB (Mathworks Inc.).

The EEG signals were sampled at 256 Hz (National

Instruments NIDAQ 6040-E) through a separate computer

and stored for later analysis. Synchronization of the two

acquisition systems was achieved by using a direct con-

nection between the two computers’ I/O cards. The robot

PC generated a TTL synchronization signal (on during

CUE period, off otherwise), which was acquired by one of

the analog channels of the I/O card of the computer used to

acquire EEG signals.

Offline processing of the EEG data was conducted using

the EEGLAB package (sccn.ucsd.edu/eeglab/) based on

MATLAB. The recordings were low-pass filtered with a

20th order two-way least-squares FIR filter, with a cut-off

frequency of 35 Hz—based on the EEGLAB function

‘eegfilt()’—and pre-processed by removing mean and lin-

ear trends. Corrupted data from individual movements

were identified by visual inspection. These trials were

completely removed from further analysis. Likewise, we

eliminated from analysis all the trials that were performed

incorrectly: anticipated starts (when subjects moved before

the target appeared), late starts (when subjects did not start

the movement within the given time frame of 600 ms) and

abnormally long durations (when subjects moved very

slowly or were distracted in general causing unusually long

movements). Overall, we eliminated an average 20 ± 5%

of all trials. However, 10 ± 5% were in the initial phase of

the experiment (familiarization), which was not taken into

consideration for analysis. Hence, only 5–10% of the

analyzed trials were discarded.

Independent component analysis (ICA)—‘‘runica’’ (Bell

and Sejnowski 1995) and ‘‘fastica’’ (Hyvarinen 1999)

algorithms—was then applied to the signals within each

individual epoch to remove muscular or eyeblink artifact-

related components. ICA was used iteratively, by identi-

fying components associated to artifacts and removing

them until the signal appeared to be artifact free. Individual

trials were then aligned to the GO signal (Fig. 1) into 5-s

intervals (-4 s \ t \ 1 s).

Finally, the EEG signals were band-pass filtered to

identify the contributions in the theta (4–8 Hz), alpha

(8–12 Hz), and beta (18–25 Hz) bands. As in Pfurtscheller

and Lopes da Silva (1999), we then estimated the relative

event-related synchronization (ERS) or desynchronization

(ERD) as the percent change of the signal power P, relative

to that of the signal recorded during a reference period, R:

ERD ¼ 100� P� Rð Þ
R

ð1Þ

As reference period for each trial, we took the 0.75-s time

interval immediately before the CUE: tcue-0.75 s \
t \ tcue, where tcue = -3 s. We then calculated ERS/ERD

for three 1-s intervals starting from -3 s and finishing with

movement start, namely from -3 s \ t \ -2 s (T1, after-

CUE), -2 s \ t \ -1 s (T2), -1 s \ t \ 0 s (T3, before-

GO), as well as for a 1-s interval just before movement

start (T4, before-MOV); see Fig. 1.

CUE=3s MOV

BL=0.75s T1=1s T2=1s

GO

T4=1sT3=1s

Fig. 1 Structure and timeline of one individual trial. To start a trial,

subjects had to move the yellow cursor to the center of the screen (top
left). Then, a CUE signal appeared (an arrow showing the direction of

the next target) (top middle). The cue lasted for 3 s (preparation), then

the target appeared (GO signal, top right) and subjects were instructed

to move. For purposes of analysis, the trial was divided into four 1-s

time intervals (T1–T4). A 0.75-s interval just before the CUE was

used as baseline (BL) to calculate relative EEG power changes. Note

that, depending on the subject’s reaction time, T3 and T4 could partly

overlap
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Statistical analysis

A four-way ANOVA was performed on the kinematic data.

More specifically, we tested the influence of force magnitude

(0 N, 3 N and 6 N), target direction (45�, 135�, 225�, 315�)

and phase (early and late) on the linearity index, endpoint

error, peak speed and movement duration, for the two groups

of subjects (low–high and high–low). Phase was defined as

the first half (early) and the second half (late) of each epoch,

i.e. first and second 24 trials within a 48-trial epoch.

With regard to EEG recordings, we performed a four-

way ANOVA on the ERS/ERD values for each band (theta,

alpha and beta) with EEG channels, phase (early and late)

and force (3 N and 6 N) as factors for different groups

(low–high and high–low). Direction dependence was not

taken into consideration (the number of trials was too low

to allow reliable test of the direction effect). Instead, we

focused on force and adaptation effects.

In addition, we ran a three-way ANOVA to test the

ERD/ERS changes between the BAS and AE epochs.

Phase (BAS vs. AE), group (low–high and high–low), and

channel were the factors. In this case, for each phase we

took the whole epoch, i.e. 48 trials.

Post hoc statistical analysis was conducted using Tukey

Honest Significant Difference (HSD) test.

Results

Kinematic analysis

For a typical subject (from the high–low group), Fig. 2

depicts the observed trajectories, the speed profiles and the

time course of the endpoint error.

The results of statistical analysis are summarized in

Table 1 for all parameters.

Table 1 Statistical analysis on kinematic indicators

Effect Linearity index Endpoint error Peak speed Movement duration Deceleration duration Acceleration duration

Force 0.0033** 0.009** \0.00001** \0.00001** 0.0002** 0.0005**

Phase 0.23 0.0008** 0.02* 0.2 0.27 0.21

Direction \0.00001** 0.06 \0.00001** \0.00001** 0.00002** \0.00001**

Force 9 phase 0.0002** 0.98 0.4 0.32 0.52 0.08

Force 9 direction 0.11 0.009** \0.00001** 0.001** 0.0003** 0.18

Phase 9 direction 0.002** 0.58 0.0001** 0.51 0.54 0.79

Force 9 phase 9 direction 0.008** 0.23 0.02** 0.51 0.44 0.052

Significant (P \ 0.05) and highly significant (P \ 0.01) effects are denoted with * and **, respectively. The effect of group (and the related

interactions) is never significant and has been omitted for simplicity
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Fig. 2 Movement kinematics for a typical subject in the high–low

group. a Typical hand trajectories during four different epochs: 0 N

(BAS), 3 N, 6 N, and 0 N (AE). b Trial-by-trial evolution of the

endpoint error (light and dark areas correspond to the ‘low’- and

‘high’-force magnitudes, and white areas correspond to 0 N (BAS

and AE) epochs. c Speed profiles for 0 N (BAS; dotted line), 3 N

(dashed), and 6 N (solid)
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The group effect and all group-related interactions are

not reported as they were never significant. In other words,

the effects of force and adaptation do not depend on the

order of presentation of the force levels.

Path curvature

The linearity index is commonly assessed in force adap-

tation tasks, because alterations in path curvature are

expected when force is perpendicular to movement direc-

tion. However, Fig. 2a suggests that even in this experi-

ment, in the force trials the trajectories tend to be more

curved.

In fact, statistical analysis revealed a significant effect of

force (F(2,16) = 4.16, P \ 0.0033) and a significant for-

ce 9 phase interaction (F(2,16) = 8.91, P \ 0.0002). On

the other hand, the effect of phase was non-significant,

which indicates that curvature did not systematically

change with repeated practice. Post hoc analysis revealed

that all pairwise differences for different forces were sig-

nificant: 0 N versus 3 N (P \ 0.05), 0 N versus 6 N

(P \ 0.001), and 3 N versus 6 N (P \ 0.03).

Moreover, the same force effect is significant in both

early and late phases, taken separately, with an exception

for the early 0 N case that did not differ significantly from

the 3 N case. However, in the case of 0 N force, we found

that path curvature in the early phase is significantly greater

than that observed in the late phase (P \ 0.005). Overall,

these results suggest that curvature increases with force

magnitude; see also Fig. 3a).

Furthermore, the directional patterns of curvature

observed in the force trials are a magnification of those

observed in baseline trials. This observation is confirmed

by the examination of the directional patterns of peak

acceleration (i.e. the maximum acceleration observed in the

first half of the movement). Figure 3b shows that all

movements exhibit the same directional patterns of peak

acceleration and assistive forces only have a scaling effect.

In other words, assistive forces tend to amplify the natural

trend of baseline movements to accelerate the arm away

from target direction.

In addition, we found statistically significant effects of

direction, phase 9 direction and force 9 phase 9 direc-

tion (see Table 1). These effects are likely due to differ-

ences in arm inertia and/or geometry and will not be

discussed in detail for this and all subsequent parameters.

The interested reader is referred to Table 1 for a complete

account of these results.

Endpoint error

Endpoint error can be taken as a measure of the subjects’

reaching performance. Figure 4a suggests that this quantity

changes with both force magnitude and practice.

Statistical analysis confirmed these observations: a sig-

nificant effect of force (F(2,16) = 6.14, P \ 0.01) and a

significant effect of phase (F(1,8) = 24.2, P \ 0.001):

endpoint error increases with force magnitude and

decreases with practice.

Post hoc analysis only showed significant differences

between 0 N versus 6 N comparison (P \ 0.009). On the

other hand, the 3 N versus 6 N comparison was just above

the significance level (P [ 0.05), whereas 0 N versus 3 N

was non-significant (P [ 0.55). Moreover, phase was sig-

nificant for all the force levels: 0 N (P \ 0.02), 3 N

(P \ 0.05), and 6 N (P \ 0.05).

Peak speed

Figure 4b displays the effects of force and adaptation on

peak speed. While there is a clear effect of force, the effect

of adaptation is only visible in ‘low’ forces.
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magnitude. a Path curvature,

quantified by the linearity index

(mean ± SE for all subjects) for

the three phases: 0 N (BAS),

3 N, and 6 N. Solid and dashed
lines correspond to early and

late phase, respectively. b Peak

acceleration for one typical

subject, for all four directions

and all levels of force: 0 N

(light-gray), 3 N (dark-gray),

and 6 N (black). Dashed lines
indicate the directions

corresponding to straight line

movements toward each of the

four targets. Scale 6 m/s2
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Statistical analysis confirmed a significant effect of force

(F(2,16) = 39.09, P \ 0.000001). The effect of phase was

significant as well (F(1,8) = 8.53, P \ 0.02).

Post hoc analysis showed that all the pairwise differ-

ences for different forces were significant: 0 N versus 3 N

(P \ 0.0003), 0 N versus 6 N (P \ 0.0001), and 3 N ver-

sus 6 N (P \ 0.006). On the other hand, the effect of phase

was non-significant when the different force magnitudes

were taken separately.

Movement duration

Movement duration also exhibited a strong dependence on

force, confirmed by statistical analysis (F(2,16) = 22.76,

P \ 0.000001). Post hoc analysis clarified that movement

duration is significantly different in 0 N versus 3 N

(P \ 0.00015) and 0 N versus 6 N (P \ 0.00014), but not

in 3 N versus 6 N conditions.

In contrast, we observed no consistent effect of adap-

tation, even though Fig. 4c suggests that some effect of

adaptation, at least in ‘high’-force epochs.

Further data analysis confirmed that the changes

observed in total duration occur in both the acceleration

and deceleration portions of the movements.

Overall, the above results suggest that movement kine-

matics is heavily affected by constant forces (greater end-

point error, curvature and peak speed; decreased movement

duration). However, movements quickly adapt to these

perturbations (endpoint error decreases).

EEG analysis

We focused on changes in event-related synchronization

(ERS) or desynchronization (ERD) in the theta, alpha, and

beta bands, for different force levels and for different

phases. In particular, we compared force epochs in terms of

force magnitude (high, low) and phase (early, late). The

analysis was performed for four different time intervals:

after-CUE (T1), T2, before-GO (T3), and before-MOV

(T4). In addition, we compared the baseline versus after-

effect epochs (again, in intervals T1–T4) to look for effects

of ‘assisted’ practice.

Theta band (4–8 Hz)

Theta band activity exhibited no significant force effects.

The only significant effect was a force 9 group interaction

(F(1,8) = 17.57, P \ 0.002) in the after-CUE (T1) period.

Post hoc analysis clarified that theta synchronization

increased (from ERD to ERS) in the second force epoch,

in both low–high (P \ 0.05) and high–low (P \ 0.03)

groups, see Fig. 5. In other words, theta activity increases

with practice, irrespective of the magnitude of the force.

A similar trend was also found in T2 (significant for-

ce 9 group interaction; P \ 0.05). However, post hoc

analysis showed that such increase was not significant in

neither of the groups when taken separately. No significant

effects were found in the remaining time intervals (T3, T4).

Alpha band (8–12 Hz)

With regard to the after-CUE (T1) interval, we found a

significant effect of channel (F(7,56) = 2.11, P \ 0.05), as

well as significant channel 9 phase (F(7,56) = 2.22,

P \ 0.05) and channel 9 force 9 phase (F(7,56) = 2.27,

P \ 0.04) interactions.

Post hoc comparisons revealed a significant phase effect

(from ERS—early—to ERD—late) in contralateral (C1)

motor areas (P \ 0.05). Moreover, we observed a signifi-

cant force effect (greater synchronization for ‘low’ forces)

in ipsilateral (C2) motor areas (P \ 0.04). Other channels

showed no statistically significant changes.

We additionally found a significant (P \ 0.005) channel

effect in the before-MOV (T4) interval. However, post hoc

analysis revealed no significant differences among indi-

vidual recording sites. In all other time intervals (T2, T3),

no significant effects were observed.
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Beta band (18–25 Hz)

Figure 6 shows the power changes in the beta band in the

before-MOV (T4) time interval. These results suggest a

significant effect of force (ERD for low force, ERS for high

force).

Statistical analysis confirmed that the effect of force

was, in fact, significant (F(1,8) = 51.08, P \ 0.0001). In

contrast, we found no significant phase effects. Further-

more, significant effects of force were observed in the other

time intervals (T2, T3). These effects follow the same trend

as in T4, but the P-values were higher (P \ 0.05 and

P \ 0.01, respectively). In T1, these same effects were

non-significant.

Post hoc analysis confirmed the significance of the force

effect: 0 N versus 3 N (P \ 0.05), 0 N versus 6 N

(P \ 0.00012) and 3 N versus 6 N (P \ 0.0002) in the T4

interval. Overall, these results indicate that beta activity

just before the movement is directly related to force

magnitude.

In summary, EEG recordings exhibited a gradual

increase in theta activity during the ‘force’ epochs, irre-

spective of phase or force magnitude, in the after-CUE

interval. In this same interval, alpha activity exhibited a

decrease with practice in contralateral motor areas (C1),

and an increase in ipsilateral motor areas (C2) with lower

forces. With regard to the before-MOV (T4) time interval,

we found that beta activity was significantly greater at

‘high’-force levels.

In relation to inter-subject variability, each of the above

effects was observed in at least 8 individual subjects (out of

10).

In order to assess whether and how EEG activity was

modified by ‘assisted’ practice, we analyzed the differences

between baseline and after-effect phases.

Theta band (4–8 Hz)

In the after-CUE (T1) interval, significant changes were

observed between the activities of the left (contralateral)

and right (ipsilateral) hemisphere. ANOVA confirmed that

interaction channel 9 phase was significant (F(7,56) =

2.91, P \ 0.01). Post hoc analysis revealed that in the

after-effect phase, synchronization increased in the
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contralateral hemisphere (C1, C3, and F3) and decreased in

the ipsilateral hemisphere (C4 and F4). No significant

effects were observed in the other time intervals (T2–T4).

Alpha band (8–12 Hz)

In the alpha band, we found a significant decrease in ERS/

ERD in both T3 (F(1,8) = 6.92, P \ 0.03) and T4

(F(1,8) = 5.59, P \ 0.05) intervals, but not in T1 and T2.

Post hoc analysis showed that the effect of phase was

present overall, while looking at the activity at the indi-

vidual sites no significant differences were observed.

Beta band (18–25 Hz)

Beta band activity after-CUE (T1) exhibited a greater

activity in the after-effect period as compared to the

baseline. Statistical analysis confirmed the significance of

this effect (F(1,8) = 6.39, P \ 0.035). As in alpha band,

we found no significant effect of phase when each channel

was separately analyzed. The other time intervals showed

no significant changes.

In summary, the comparison of baseline and after-effect

phases revealed a significant increase in activity in the beta

band after-CUE and a significant decrease in activity in the

alpha band before-GO and before-MOV (both effects

present in all the subjects).

Moreover, in the theta band the contralateral and the

ipsilateral hemispheres seem to ‘switch’ their roles (from

ERD to ERS in contralateral hemisphere, from ERS to ERD

in ipsilateral). Only one subject exhibited an overall non-

localized increase in synchronization (from ERD to ERS).

Discussion

The aim of this study was to investigate how movement

kinematics and movement-related EEG activity during

reaching movements are altered by changes in the dynamic

environment. The dynamic environment consisted of a

force of constant magnitude, directed toward the movement

target: an ‘assistive’ environment commonly used in robot-

assisted rehabilitation protocols, see for instance (Casadio

et al. 2009).

More specifically, we looked at how movement kine-

matics and EEG activity change with force magnitude and

at kinematic and neural correlates of adaptation to such

forces.

Movement kinematics

From the kinematic point of view, the main findings were

that (1) constant-magnitude ‘assistive’ forces substantially

alter movement kinematics, in a way that depends on force

magnitude and (2) a prolonged exposure to assistive forces

elicits adaptation, in the sense that movements tend to

revert to the unperturbed situation.

Constant-magnitude assistive forces alter movement

kinematics

When reaching movements are performed under the action

of a constant-magnitude assistive force, trajectories

become more curved, and endpoint error and peak speed

are greater than in no-force conditions. Both effects

increase with force magnitude.

These results can be simply explained by the fact that

attractive forces result in an extra acceleration of the hand,

so that the latter achieves a greater speed; see Figs. 3 and 4.

Likewise, at the end of the movement the hand is more

difficult to stop; see Fig. 2.

These phenomena (extra initial acceleration, greater

difficulty to stop) have opposite effects on movement

duration: at lower forces, the facilitating (acceleration)

effect prevails and the overall movement duration decrea-

ses. In contrast, at high forces the difficulty to stop prevails,

and duration tends to be greater (but still less than in the no

force situation); see Fig. 4.

A less obvious effect is observed in trajectory curva-

ture—trajectories are more curved when force is present. A

look at trajectories (see Fig. 2) suggests that forces tend to

amplify the directional error that was already present in

unperturbed trajectories (Gordon et al. 1994b), but do not

change its peculiar direction-dependent pattern. Moreover,

the effect increases with force magnitude; see Fig. 3.

One possible explanation relates to the anisotropy of

hand inertia (Hogan 1985; Gordon et al. 1994a; Tsuji et al.

1995). Because of such anisotropy, an external force

accelerates the hand in a direction that is not the same as

that of the force itself. As a consequence, assistive forces

end up in a greater directional error.

Subjects adapt to a constant forces

We found that movement kinematics under the effect of

constant forces changes gradually with practice. More

specifically, the endpoint error decreases (see Fig. 4). This

suggests that the adapted movements are different from

those observed in absence of perturbing forces.

Moreover, a closer look at individual subjects suggests

that they use different strategies to adapt to the perturbing

force (data not shown). To deal with forces, some subjects

increase peak speed, others decrease movement duration,

others do both.

These results can be interpreted in the sense that sub-

jects gradually learn to predict the external force. This
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leads to an improved performance (e.g. the decrease in

endpoint error). In this, the results are consistent with the

findings of (Shadmehr and Mussa-Ivaldi 1994).

EEG recordings

In terms of EEG correlates, the main findings were the

following: (1) during force epochs, just before movement

beta band activity increases in proportion to force magni-

tude. A similar effect was observed in after-CUE alpha

band activity in the ipsilateral motor areas; (2) after-CUE

alpha band activity in contralateral motor areas decreases

with practice; (3) after-CUE theta band activity increases

with practice during force trials, irrespective of force

magnitude; and (4) theta, alpha, and beta band activity

during the after-effect phase changes with respect to the

baseline phase.

All the above findings were observed in either T1 or T4

intervals. Some of these effects were also present in the

other intervals (T2, T3), but with a lower significance level.

A possible explanation lies in the fact that T1 and T4 were

the closest to the events ‘‘CUE’’ and ‘‘GO’’. Hence, the

highest event-related power changes occurred in these

intervals, while there was still some residual (or anticipa-

tory) modulation in the T2 and T3 intervals.

Beta band activity before movement and after-cue alpha

activity reflect force magnitude

In motor tasks involving force exertion, correlations have

been reported between brain activity in beta band and

muscle activation. In monkeys performing a precision grip

task, Baker et al. (1997) reported a coherence between

cortical activity and muscle activation, which reached a

maximum in the 20–30 Hz range. In a tonic contraction

task, Mima et al. (1999) reported a synchronization

between cortical (beta) and muscle activity, but no relation

of beta band activity and force magnitude. In an isometric

force compensation task (Chakarov et al. 2009), observed a

similar cortico-muscular coherence. In this study, coher-

ence, but not EEG activity, was found to increase at higher

force levels.

In contrast, we found that during the force epochs, beta

activity before movement increased in proportion to force

magnitude; see Fig. 6. It should be noted that in our case,

force is a (predictable) perturbation, not a target outcome.

Hence, this particular trend may be associated with the

prediction of the force needed to complete the movement.

An increased beta synchronization suggests a reduced

movement-related cortical activity. In particular, our find-

ing may reflect a decreased need for muscle activation

(reduced effort) in the presence of assistive forces (greater

reduction for greater forces).

We additionally observed an inverse correlation

between force magnitude and alpha band synchronization

in ipsilateral motor areas: alpha band activity was greater

with low forces and smaller with high forces. Similar

findings were reported by (Mima et al. 1999) during a tonic

contraction task, but in contralateral sensorimotor areas.

Event-related rhythm changes in ipsilateral activity have

been reported before, but are hard to interpret in this par-

ticular context. One possible explanation is that the

observed increase in ipsilateral alpha activity reflects co-

contraction of the muscles in the resting arm (Waldvogel

et al. 2000; Perez and Cohen 2008).

After-cue alpha activity in contralateral motor areas

decreases with practice

EEG correlates of force field adaptation are not well doc-

umented in the literature. In the present task, the changes in

movement kinematics with practice are small and relatively

quick, so no major effect was expected in EEG signals.

Nevertheless, we observed a decrease in alpha band syn-

chronization with practice in the contralateral motor area:

ERS in the early phases of the force epochs, ERD in later

trials. This would suggest a gradual increase in cortical

activity. As the effect occurs in the after-CUE interval, it

may be related to the gradual development of a capability

of predicting the effect of the external force. This is con-

sistent with the observations of (Knyazev et al. 2006) that

alpha ERD in the preparation period may be due to an

augmented alertness.

It has been suggested that alpha ERS may be due to

short-term memory demands (Klimesch et al. 1999) and

cortical inhibition preceding the subsequent activation

processes (Klimesch et al. 2000). In light of these findings,

alternatively, the observed alpha ERS in the early phases of

the force epochs might reflect initially higher cognitive

demands, which decreased with practice.

After-cue theta activity increases during assisted practice

It is generally accepted that theta band oscillations reflect

performance. More specifically, effective performance has

been associated with a phasic increase in theta band

activity (Klimesch 1999). It has been suggested that theta

ERS may be induced by cognitive processing, especially

high memory demands (Klimesch et al. 1996; Jensen and

Tesche 2002).

Our results indicate that in the force epochs, theta band

synchronization during after-CUE increases in the later

force trials, irrespective of the order of presentation of

force magnitudes. This observation is consistent with those

of (Gevins et al. 1997) who reported that, in a working

memory task, theta ERS increases with practice. These
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authors suggested that focusing attention may require more

effort after an extended test session. Augmented theta ERS

was also reported during exploratory learning in a senso-

rimotor integration task (Caplan et al. 2003).

In our case, changing forces led subjects to a new sit-

uation, thus forcing them to keep attention high. During the

second force epoch, subjects might have tried to combine

the two previously acquired motor plans (no force and first

force) to derive an optimal strategy for the second force,

thus the higher theta ERS.

No additional theta ERS increase was observed in the

after-effect phase. With force cancelation, subjects might

have found themselves in a familiar situation, thus making

task execution more automatic and less demanding.

Alpha, beta and theta activity change from baseline

to after-effect

To assess the long-term consequences (after-effects) of

force perturbations, we compared the EEG activity during

the baseline and after-effect phases. During the after-CUE

interval, in the theta band, we observed an increased

activity in the left (contralateral) hemisphere and, con-

versely, a decreased activity in the ipsilateral hemisphere.

Moreover, in the same interval, we observed a significant

increase in beta band activity over all areas. Finally, in the

before-MOV interval, we observed a decrease in alpha

band activity over all areas.

The increased theta band activity in the contralateral side

denotes a reduced cortical activation after assisted practice.

These results may reflect an increased cortical efficiency, or

exercise-induced facilitation, in the neural circuitry related

to the processing of information about the next target.

In contrast, we found that theta activity decreases in the

right (ipsilateral) hemisphere. This result is somewhat

consistent with the observation of Gualberto Cremades

(2002) that skilled subjects exhibit a greater activity in the

alpha band in the left hemisphere as compared to the right,

and vice versa for novices. Therefore, this shift of activity

from ipsilateral to contralateral might be related to learning

and/or a greater expertise.

Conclusions

Our findings indicate that target-directed, constant-magni-

tude assistive forces tend to increase extent and directional

errors. This finding points to the need that in robot-assisted

motor skill learning and rehabilitation applications, the

schemes of assistance are carefully designed in order to be

effective.

In exercise protocols, an EEG-based BCI could be used

to control a robot in order to supplement insufficient

muscle control (Buch et al. 2008). However, at least in

principle, EEG brain signals could also be used to monitor

the current state of patients’ brain activity during exercise,

as biofeedback to enable patients to modify their abnormal

activity, or to modulate the amount of assistance provided

by a robot. A pre-requisite is that neural signatures of as-

sistive forces, mental fatigue, and recovery and/or learning

must be identified. We found neural signatures for the

perceived task difficulty, the progress of adaptation and the

magnitude of assistive forces (or, conversely, the amount

of voluntary effort). In conclusion, this study is a first step

toward extending EEG-based brain–computer interfaces

(BCI) from assistive to therapeutic applications (Daly and

Wolpaw 2008).
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