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Abstract— Our group recently developed a novel fMRI-
compatible wrist robot, the MR-SoftWrist, to study the neural
correlates of force-field adaptation. Here we present our first
fMRI pilot study on four healthy subjects. Our results validate
the MR-SoftWrist as a tool for investigating motor adaptation
during wrist pointing movements executed during fMRI, and
compare neural activations associated with motor control in
three different dynamic conditions.

I. INTRODUCTION

Neuromotor adaptation is a common framework used to
study motor learning [1]. While the behavioral effects of
motor adaptation have been extensively studied, its neural
correlates are much less understood. An understanding of the
neural correlates of motor adaptation can be derived using
whole-brain imaging techniques such as functional magnetic
resonance imaging (fMRI). Task-based fMRI acquired during
subject interaction with a novel force field can be used to
localize neural activity associated with active motor adapta-
tion processes [3], [4]. Resting state fMRI, acquired pre- and
post-motor learning, enables measurement of functional con-
nectivity between brain areas that is reflective of the neural
processes responsible for motor memory formation immedi-
ately following motor learning [5], [6]. Due to restrictions
imposed by MRI compatibility, most previous studies used
visuomotor distortions to study motor adaptation [3], with
only a few investigating the neural correlates of adaptation
in response to dynamic perturbations applied with tools such
as robots [4], [12]. Moreover, previous studies that combined
robotic devices with neuroimaging used tasks that required
shoulder/elbow rotations that introduce potential confounds
to fMRI through head movements and movement-induced
magnetic field distortion [7], [8].

We have recently developed a novel fMRI-compatible
robot, the MR-SoftWrist, that allows application of fMRI to
the study of motor adaptation to force perturbations during
wrist pointing, a task that can be executed in the MRI
scanner without significant image degradation [9]. Here, we
present the results of our first fMRI pilot study on four
healthy subjects where we establish the neural correlates
of motor adaptation to force perturbations and the ensuing
formation of motor memories following interaction with the
MR-SoftWrist.
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II. METHODS

A. MR-SoftWrist

The MR-SoftWrist (Fig. 1) supports wrist rotations about
two axes, wrist flexion-extension (FE) and radial-ulnar de-
viation (RUD), in a circular workspace with a radius of 20
deg. The MR-SoftWrist has a maximum output torque of 1.5
N·m, an impedance control bandwidth of 5 Hz, and measures
end-effector force, velocity and position at a rate of 100 Hz.
We have recently demonstrated the fMRI compatibility of
the MR-SoftWrist [10]. Force control in the MR-SoftWrist is
obtained using piezoelectric ultrasonic motors and compliant
force feedback provided by phosphor bronze springs placed
in series with the robot legs. For an in-depth description of
its design and control see [11].

B. Experimental protocol

We adapted the standard force-field reaching task [1] to
wrist pointing. Subjects held the handle of the MR-SoftWrist
with their dominant (right) hand to control a cursor displayed
on a monitor that was visible to the subject during fMRI.
FE of the wrist moved the cursor horizontally, while RUDs
moved the cursor vertically. Subjects were cued to make
alternating FE rotations to move the cursor along a straight
path to one of two targets, placed at (±15,0) degrees in FE,
RUD respectively. Subjects performed wrist pointing under
three separate conditions: a no-force (NF) field, a resistive
force (RF) field, and a counter-clockwise force field (CF). In
the NF mode, the robot was used as a motion tracking system
to measure baseline performance with minimal interaction
forces. In the RF and CF conditions, the robot applied a
velocity-dependent torque, τ =Bθ̇ . In these modes, the robot
applies torque perturbations τ = [τFE ,τRUD], proportional to
the measured velocity θ̇ = [θ̇FE , θ̇RUD]. In the RF mode,

Fig. 1. Top: MR-SoftWrist in its operating condition. Bottom: fMRI task
design. Number of trials are listed beneath each active block title.



B = [−2.5,0;0,−2.5] mN·m·s/deg, effectively increasing the
impedance in the direction of movement. In the CF mode,
B = [0,2.5;−2.5,0] mN·ms/deg, resulting in lateral perturba-
tions to the direction of movement.

MR images of all patients were acquired with a 3-T
Siemens scanner using a 64-channel head coil. Functional
images were collected (2 mm isotropic resolution, 1 sec. TR)
during both resting and task execution (Fig. 1, Bottom). All
three active conditions were executed sequentially, with rest-
ing state scans interleaved. Each active condition comprised
6 blocks of 24 trials each, with 15 s. breaks between blocks.

C. Data Analysis

1) Behavioral measures: Subject performance during task
execution was quantified via the analysis of movement ve-
locity profiles and trajectory error. For each trial, movement
onset was defined as the first time that the velocity of the
hand movement exceeded 1 rad/s for 200 ms consecutively
in the cued direction [13]. Movement end was defined
as the time after peak velocity when the hand velocity
dropped below 1 rad/s. This choice excluded any corrective
movements at the end of the trial that are not associated with
feed-forward motor adaptation.

Consistent with previous motor adaptation studies, we
defined trajectory error as the angle between the position
of the cursor at 180 ms after movement onset and the
target relative to the starting cursor location [13]. Counter-
clockwise aiming errors were defined as positive. Single-
subject one-way repeated measures ANOVA were run to
assess the effects of control mode (NF, RF, CF) on trajectory
error. The presence of after effects was quantified by a t-test
between trajectory error measured in the NF block following
the CF mode and the final block of the initial NF mode.

2) fMRI data: fMRI data were preprocessed using the
standard SPM preprocessing pipeline: realignment, segmen-
tation and normalization into MNI space for group analysis.
We used a simple block design to investigate the effect of
each active condition (NF, RF, and CF) on neural activity,
and included head motion parameters as regressors of no
interest. Head movement for all subjects was confirmed
to be less than 1 mm. To investigate the neural activity
associated with adaptation to the lateral force field, we
preformed contrasts between conditions CF and NF. The
contrast between the CF and RF served as a secondary
control for neural activity associated with force. Analysis
of resting state data is pending.

III. RESULTS

A. Behavioral measures

Analysis of trajectory error showed characteristic effects of
motor adaptation, which included decreased trajectory error
in the CF block, as well as after effects in the subsequent
no-force condition that follow an exponential trend (Fig.
2). The one-way ANOVA shows a significant effect of CF
mode on trajectory error (p < 0.001 for all subjects), with
errors progressively increasing in the NF, RF, and CF mode
respectively (eRF = 0.11±0.11 deg, eNF = 0.34±0.97 deg,

Fig. 2. Trajectory error in all active conditions for a representative subject.

Fig. 3. Axial sections of positive CF-NF contrast map (pFWE < 0.05)

eCF = 8.77±2.52 deg). Pairwise comparison of error in the
NF block following training in the CF condition showed sig-
nificant increase in trajectory error in the opposite direction,
indicative of after-effects (p < 0.001,epostCF =−5.67±3.38
deg).

B. fMRI Analysis

During the NF, RF, and CF conditions, activations were
localized predominantly in the left motor cortex, left parietal
cortex, left thalamus and right cerebellum V, and VIII, in line
with current knowledge on motor control. For our specific
paradigm, however, bilateral activation was detected in the
motor and parietal cortex, as well as in the cerebellum.
The contrast between CF and NF conditions highlights
that the CF mode elicits a greater activation in both the
left and the right primary motor cortex, as well as in the
right and the left cerebellum V and VIII, suggesting that
greater involvement of bilateral motor areas is used for task
execution under lateral perturbations (Fig. 3). The contrast
between CF and RF conditions, which is meant to isolate
the effects of adaptation under matched force conditions,
shows greater activity in the right motor cortex and the left
cerebellum, which suggests a greater involvement of the non-
dominant cortico-cerebellar pathway for lateral perturbations
as opposed to resistive forces.
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