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Abstract—Haptic guidance in robot-assisted therapy does
not only relieve the therapist from physical work load and
increase the possible training intensity. Haptic guidance can
also be used to adapt the task difficulty level to the patient’s
abilities, which is assumed to maximize the learning rate.
Hereby, task difficulty can address either the patient’s physical
ability (strength) or his/her coordination ability.

In the current paper, we want to shed light on the
modulation of the task difficulty by guidance with or without
remaining nullspace, i.e. the degrees of freedom that are not
guided by the robot. In two pilot experiments with each a
healthy subject, the influence of the nullspace on the task
difficulty is assessed. A first experiment is performed with an
exoskeleton robot for upper extremity rehabilitation (ARMin),
and a second experiment is performed using a robot-assisted
body weight support system (the FLOAT).

As a first result, remaining nullspace increases the task
difficulty level. Second supporting forces in the nullspace can
decrease the task difficulty level.

I. INTRODUCTION

Haptic guidance is successfully used in robot-assisted
gait and upper limb rehabilitation since years [1]–[6].
Hereby, the benefits of haptic guidance through robot-
assisted therapy go beyond the reduction of physical work-
load for the therapist and increased training duration for the
patients. Robot-assisted therapy with haptic guidance can
lead to significantly higher clinical outcomes than conven-
tional therapy [7], [8]. Importantly, as stated by the challenge
point theory, the success of haptic guidance depends strongly
upon specific features of both the task and of the subject’s
ability level [9], [10]. Hereby, the ability level of patients
may be divided into coordinative ability and physical ability.
Both need to be trained [8]. However, in the current paper,
we want to focus on training the patient’s coordinative ability
by the help of haptic guidance.

Haptic guidance is an umbrella term that unifies a huge
variety of different controllers by one term [11]. Therefore,
being able to understand and also finely tune the level
and type of robotic assistance is essential for therapeutic
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Fig. 1. The rehabilitation robot ARMin. Patients can train tasks of
daily living in three dimensional (3D) task space, in 7D joint space, or
a combination of both. Here, training was performed in 3D task space and
5D joint space. The last two joints in the kinematic chain, i.e. the wrist
joint and the opening/closing of the hand, were not actuated.

success in neurorehabilitation. Assistance can be varied in
intensity, but also in terms of its qualitative relation to task
completion. Within the framework of path control [12]–
[14], this can be formulated in terms of projections of the
generalized assistive force vector, which contains interaction
forces and moments between robot and human. If this vector
of generalized assistive forces has a component tangential to
the movement path, this component functions like a support-
ing “fluid”. These components push the person forward or
provide resistance. Components that are orthogonal to the
movement function like “tunnel walls” or “path walls” are
equivalent to the “virtual fixtures” introduced by [15]. They
mainly provide spatial guidance and facilitate joint coordi-
nation, much like a ruler does for drawing straight lines.
Here, we focus only on the aspect of these components, so
assistance that is orthogonal to a desired path.

A special case within the concept of path control is a
task that involves multiple joints in a redundant fashion,

642978-1-4799-1808-9/15/$31.00 c©2015 IEEE



R
x

y

z

Fig. 2. Body weight supported gait training in the FLOAT. The
FLOAT allows body weight supported gait training in four directions:
forward/backward, left/right, up/down, and rotation around the vertical body
axis. The rotation around the vertical body axis is passive.

such as reaching for an object. Here, the question arises
in which space a path should be implemented: In joint
space or in task space. If it is implemented in task space,
the human subject is left with an uncontrolled nullspace,
and only end-effector movement is assisted. This might
be complicated for subjects with little coordination. If the
path is implemented in joint space, the subject is guided
in the nullspace as well, although this is not relevant for
successful task completion. We hypothesize that guidance
in joint space makes it easier for subjects to exploit the
robot’s assistance, hence completing the task more quickly
and with less peak interaction forces. Our results shed light
on possibilities to manipulate task difficulty via kinematic
mapping of robotic guidance. They also provide insight for
the design of underactuated robots, which intrinsically leave
a nullspace for subjects to move. Therefore, it is important
to be aware of potential limitations concerning assistance of
such underactuated robots.

To test the hypothesis, we conduct experiments with two
robotic platforms: First, the ARMin robot, which is an arm
rehabilitation exoskeleton with seven actuated degrees of
freedom (DOFs) [4], [5], [16]. Second, the FLOAT, which
is an underactuated robot for body weight supported (BWS)
gait training [17], [18]. In ARMin, we can choose between a
3D task-space implementation and a 5D joint-space imple-
mentation to assist during three different movement tasks
in 3D (Figure 1). The FLOAT can transparently follow

subjects, provide body-weight support, and also provide
guiding forces in the horizontal plane. These forces are
transmitted to the human upper body via a harness. This
also allows the implementation of virtual walls, e.g. for a
racetrack-like path with U-turns (Figure 2). However, the
FLOAT does not explicitly assist rotation of the body about
the vertical axis. In fact, this rotation around the vertical axis
is free. This leaves an uncontrolled nullspace while subjects
follow paths.

II. FIRST EXPERIMENT: THE INFLUENCE OF THE
APPLIED GUIDANCE DURING ROBOT-ASSISTED ARM

MOVEMENTS ON THE TASK DIFFICULTY LEVEL

A. Setup and Task

In a first experiment on the ARMin rehabilitation robot,
the influence of guidance in 3D task space (end-effector
space) and 5D joint space for execution of the same task
was investigated. Hereby, in 3D task space, the movement
of the end-effector, i.e. the subject’s hand, was controlled. In
5D joint space, the arm elevation (q1), horizontal shoulder
rotation (q2), internal/external shoulder rotation (q3), elbow
flexion/extension (q4), and lower arm pronation/supination
(q5) were controlled by path control. The two remaining
degrees of freedom: hand flexion/extension, and hand clos-
ing/opening were not actuated (joints not explicitly indicated
in Figure 1). In detail, we were interested to assess if
guidance through path control in 3D task space with a
remaining uncontrolled nullspace leads to differences in
execution duration and movement accuracy compared to 5D
joint space control, where no nullspace remains. Such an
assessment of differences in execution duration was possible
since path control does not enforce timing but guides the
subject compliantly along the path walls. For the experiment,
three different movement tasks were assessed: (i) reaching
for a book, (ii) picking something up from the floor, and
(iii) a typical arm motion in swimming (Figure 3).

The experiment was piloted by one healthy subject. First,
the subject was informed to perform one of the three desired
movement tasks according to verbal instructions, e.g. “Move
your arm as if you would reach for a book in a shelf”. This
initial movement was recorded and constituted the reference
path for the following measurements with a path controller.
Accordingly, the subject knew the shape of the desired
movement without necessity for visual feedback during the
task execution. Moreover, this procedure assured that the
subject would be physically able to perform the desired
movement, and that the movement was individualized to
the subject and coordinatively feasible. In the following, the
subject performed ten repetitions of the movement assisted
through path control in 5D joint space and then in 3D task
space. This procedure was repeated for all three desired
movement tasks. Instructions about a desired movement
speed were not given.

B. Performance assessment

We hypothesized that guidance in 5D joint space makes
it easier for subjects to exploit the robot’s assistance, hence
completing the task more quickly. Therefore, the duration
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Reaching for book Picking something up from the floor Swimming movement

Fig. 3. Recorded movement of three different tasks with support in 5D joint space or 3D task space.

for each movement was recorded. As a second performance
measure, the deviation from the desired path in 3D task
space was assessed to reveal if the performance in the task
relevant space was comparable between the different control
spaces. As a third performance measure, the deviation of
the subject in 5D joint space from the desired joint angles
was assessed. This third performance measure should reveal
if the movement controlled in 3D task space differed from
the movement controlled in 5D joint space. Thus, did the
same subject perform the same task differently if there was
a nullspace remaining (3D task space control) or not (5D
joint space control).

C. First experiment: Results

To obtain an impression on the resulting performance in
3D task space, the recordings for the three movement tasks
are provided in relation to the reference path (Figure 3). The
three performance measures: movement duration, movement
deviation in 3D task space, and movement deviation in 5D
joint space are provided in figures 4,5, and 6.

D. First experiment: Discussion

For all three movement tasks, the subject was able to
execute and complete the beforehand recorded movements
(Figure 3).

In terms of task duration, the three movement tasks
required different execution times. The comparison of the
task durations for each movement task indicates that the
task execution takes longer in 3D task space than in 5D joint
space for the reaching and the swimming task. Thus, it seems
as if the remaining nullspace in 3D task space guidance
poses an additional challenge for the subject during task
execution causing increased task execution times. Fatigue or
a training effect can be excluded as factors. First, fatigue can
be excluded, because there were only about 10 task repeti-
tions per condition with about five minute breaks between
the three different movement tasks. Second, a training effect
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Fig. 4. Movement duration. Results of the movement duration for 10
repetitions per guidance condition in three different tasks with guidance in
5D joint space or 3D task space.

can be excluded, because the subject first trained in 5D joint
space before training in 3D task space. However, for the pick
up task the movement durations between 5D joint control
and 3D task control are alike. Maybe this is due to a reduced
use of all five joints during movements with more or less
stretched arms, i.e. the main part of the 3D task movement
results from movements in the shoulder joint (Figure 4).

Regarding the deviations in 3D task space between 5D
joint space control and 3D task space control, no differences
can be found. Accordingly, the tasks are solved successfully
in 3D task space to a similar degree of accuracy (Figure 5).

The results from deviations in 3D task space are in strong
contrast to the results from deviations in 5D joint space.
Even if the end-effector movements are very similar between
both control methods, the same subject performs the same
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Fig. 5. Movement deviation in 3D task space. Results of the movement
deviation in 3D task space for three different tasks with guidance in 5D
joint space or 3D task space. Only the most extreme outliers are depicted
in form of a cross in the color of the respective group.
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Fig. 6. Movement deviation in 5D joint space. Results of the movement
deviation in 5D joint space for three different tasks with guidance in 5D
joint space or 3D task space. Only the most extreme outliers are depicted
in form of a cross in the color of the respective group.

movement tasks in a different way. It is not surprising that
5D joint control reaches low values in deviation. But the
joints during 3D task space guidance deviate by a factor 10
more than in 5D joint control and have higher variability
(Figure 6). This result additionally supports our hypothe-
sis that a remaining nullspace seems to be a challenging
factor for coordination training with patients. However, this
challenging factor of a remaining nullspace could be used
voluntarily as a natural way to challenge patients during
training. So, simple rehabilitation devices, or devices that
are controlled in a way to have a remaining nullspace could
be used e.g. for patients with better coordination and higher
clinical scores. In contrast, devices without a remaining
nullspace or devices that are controlled in a way that there

is no remaining nullspace, reduce the task difficulty for
patients with a high degree of disability while ensuring task
completion. Task completion is important since it provides
intrinsic motivation for the patient to continue with the
rehabilitation training on the long term.

E. First experiment: Conclusion

Remaining nullspace constitutes an intrinsic challenge
of the task. This nullspace can be used as a factor to adapt
the task difficulty level for the patient during coordination
training.

III. SECOND EXPERIMENT: UNDERACTUATED ROBOTIC
GUIDANCE IN A LOCOMOTION TASK

A. Setup, task, and performance measures

In a second experiment, we wanted to investigate which
factors in the nullspace can further influence the task diffi-
culty level. We chose a system where the task dimensions
and the nullspace are very intuitive: The FLOAT body-
weight support system. The FLOAT provides BWS in ver-
tical direction as well as additional support and guidance in
the horizontal movement plane. Important for this experi-
ment is that the FLOAT has a passive degree of freedom:
the rotation of the patient around his/her vertical body
axis. In human curve walking, horizontal translations and
vertical rotations are strongly coupled, for example due to
biomechanical constraints. So, although the vertical rotation
lies in the nullspace of a horizontal movement task, we
expect that guidance in the vertical rotation would simplify
walking of curves in the horizontal plane. However, we
cannot directly manipulate this rotational DoF in the FLOAT
via actuation. Therefore, we would like to investigate if
the missing guidance in the vertical rotation (the nullspace)
leads to effects in the horizontal guidance along a curved
path. In particular, we hypothesize that a smaller radius in a
curved path leads to stronger haptic interaction effects in the
horizontal plane between a human subject and the horizontal
guidance forces than for paths with a larger curvature radius.
In other words, we expect that a task with narrow curved
paths without orientation information along these paths is
likely more difficult to perform without visual guidance than
a less curved path. As a task, we chose walking U-turns
with guidance by path control (Figure 2). Again, the path
controller allowed free timing along the path. We hypothe-
sized that a varying radius of the U-turn would influence the
task difficulty level measurable by movement duration and
maximal value of the horizontal interaction forces between
the human subject and the virtual path walls. Additionally,
we were interested to investigate the influence of applied
BWS on the task difficulty level. BWS is oriented in the
vertical direction that has no projection into the horizontal
task space. Also, the vertical movement is not so strongly
coupled with the task-relevant horizontal dimensions in
human movement. Therefore, one would expect that BWS
has no influence on the task difficulty level.

Similar to the first experiment, one healthy subject was
measured. First, the subject was informed to perform U-
turns along two marked paths on the floor. The first path
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Fig. 7. Recording of U-turn movements in the FLOAT. Two U-turn
patterns with a different radius were recorded. The influence of different
amounts of body weight support and visual feedback were investigated on
the performance of the U-turn motions.

with U-turn had a curve radius of 0.5m and the second path
had a curve radius of 0.25m (Figure 7). The marked path
on the floor served as a visual guidance/feedback for the
baseline measurement. In the following, the subject had to
perform the path without visual guidance. Importantly, the
subject was informed that the U-turn along the path would
no longer remain in the same location, i.e. the path was
shifted in x-direction and did not coincide with the visual
marks anymore (condition without visual feedback). Also,
the subject was not informed about the current curve radius.
The baseline measurement and this first measurement with-
out visual feedback was performed with 4kg BWS. In total,
the subject performed 4 baseline movements, 8 movements
without visual feedback and 4kg BWS. In addition, a third
measurement was performed (8 movements) with no visual
feedback and 10kg BWS to assess the influence of BWS
on task difficulty and task performance. The subject could
perform the U-turns at a self-selected speed.

B. Second experiment: Results

The subject could perform the U-turn task with and
without visual feedback and at different levels of BWS with-
out any difficulties. In addition to the measured movement
along the path, the measured horizontal interaction forces
are depicted additionally for the movements with the worst
performance (Figure 7).

Results of the duration of the U-turns in the different
conditions as well as the maximal measured horizontal
interaction forces are illustrated in figures 8,9.

C. Second experiment: Discussion

The curvature radius of the U-turn path did not have an
important influence on the movement duration during the
baseline measurement. However in the conditions without
visual feedback, the U-turn with a larger curvature resulted
in increased movement duration. Possibly, this effect resulted
from the fact that the distance is longer on the U-turn with
the larger radius. Thus, without visual guidance, the subject
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Fig. 8. Duration for U-turns with different radius. Additionally, the
influence of different amounts of body weight support and visual feedback
were investigated on the duration of performing U-turns.
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Fig. 9. Maximal horizontal interaction force for U-turns with different
radius. Additionally, the influence of different amounts of body weight
support and visual feedback were investigated on the maximal horizontal
interaction force during performing U-turns.

cannot compensate for the longer path anymore. Perhaps the
two-thirds power law could provide more insight into this
effect, e.g. estimating the expected movement speed for the
U-turns with different curvature [19]. However, an important
effect of the BWS seems to apply for both curvatures:
at higher BWS, the subject seems to find her way faster
along the path (Figure 8). Possibly because the desired path
direction can be remarked easier. So, apparently higher BWS
decreases task difficulty, but the underlying mechanisms are
not entirely clear yet.

In contrast to our hypothesis, the radius of the U-turn did
not have a remarkable impact on the maximal horizontal
interaction forces along the path. For both U-turns with
different curvature radius, the forces were comparable. More
importantly, the increase of the BWS from 4kg to 10kg
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resulted in higher horizontal interaction forces (Figure 9).
Most likely, the higher horizontal interaction forces resulted
from the increased BWS. The increased BWS allowed a
more direct transfer of deviations from the subject to the
FLOAT due to increasingly tightened straps between harness
and the FLOAT. Inversely, when the BWS was low, the straps
of the harness to the FLOAT were less tight and smaller
forces were enough to keep the FLOAT on the correct path
while the subject might have deviated to a similar extent
from the desired path as during the condition with 10kg
BWS. To assess this discrepancy between subject position
and FLOAT position, additional motion tracking would be
necessary in future measurements. Additionally, the recorded
horizontal interaction forces were not fully orthogonal to the
path (Figure 7) due to force tracking errors, and this might
also have influenced the difficulty level of finding the path.

D. Second experiment: Conclusion

Higher BWS resulted in decreasing task difficulty due to
a more direct transfer of horizontal guidance forces between
the FLOAT and the subject. However, the radius of the U-
turn did not seem to have an influence on task difficulty.

IV. OVERALL CONCLUSION

In a first experiment with one healthy subject inside the
upper extremity rehabilitation robot ARMin, we found indi-
cations that the nullspace seems to be useful to modulate the
task difficulty level in robot-assisted rehabilitation training:
No remaining nullspace leads to a low task difficulty level,
while a high-dimensional nullspace leads to an increased
task difficulty level. In a second experiment with one other
healthy subject, we found indications that higher BWS
reduces the task difficulty level. However, the mechanisms
behind this coupling between BWS in nullspace and per-
formance in task space are not directly clear from biome-
chanical considerations. Even if both experiments were only
carried out with one healthy subject, results indicate that
guidance in the nullspace seems to be a promising factor for
modulating the task difficulty level during arm rehabilitation
and gait training also for patients.
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