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Abstract
Rehabilitation robots are versatile tools for assisting therapists in the rehabilitation of neurologically impaired patients.
To enhance motor learning, current control strategies for rehabilitation robots aim at allowing patient-driven movements,
i.e. movements which patients can initiate and execute on their own account. A widely used mechanism in these patientcooperative control strategies are virtual haptic constraints, which guide the patients spatially without enforcing a specific timing. In this paper, we present an overview about the application of haptic constraints in rehabilitation robotics, illustrated by examples from the rehabilitation robots ARMin and Lokomat. Experience with haptic constraints shows that
they enable patients to move faster and more successfully, thus they increase the number of possible patient-driven task
repetitions per training session. Future research needs to investigate ways to progressively adapt haptic constraints to the
patients’ abilities in order to provide optimal learning conditions for the human nervous system.

1

Introduction

Rehabilitation robots have been developed to reduce the
physical burden of rehabilitation training for physical and
occupational therapists. Current evidence suggests that intensity-matched manual and robot-aided training is equally
effective [1,2], while manual training imposes a higher
work load on therapists than robot-aided training [3].
The first generation of rehabilitation robots alleviated the
work of therapists notably, but at the same time these devices also allowed patients to remain passive during the
training. However, basic research on motor learning has
shown that movements during rehabilitation training
should be patient-driven [4]. Therefore, a variety of control
strategies which aim at allowing and challenging patients
to actively participate in their training are currently being
developed for rehabilitation robots [5].
Moreover, there is a trend toward non-actuated robot-like
rehabilitation devices, which e.g. unload the weight of a
disabled limb by passive spring mechanisms so that patients can practice movements in an environment with reduced gravity [6]. In contrast to actuated robotic systems,
these devices are often more lightweight and less complex,
which makes them well suited for more advanced patients
and better affordable for rehabilitation centers.
However, robots still have many advantages when severely
affected patients with poor remaining motor function and
partially strong spasticity need to be trained. Their capability to produce arbitrary forces in any position of their work
space gives them more flexibility than non-actuated systems can provide. A unique feature of robotic systems is
the ability to render virtual haptic constraints, which – similar to a ruler simplifying drawing straight lines – allow

Figure 1 ARMin and Lokomat upper and lower extremity exoskeletons (Lokomat photo courtesy of Hocoma
AG, Switzerland).
patients to “correctly” initiate and execute movements regardless of limited motor control abilities.
In this article, we will provide an overview about the application of such haptic constraints in the field of rehabilitation robotics. Furthermore, we will illustrate the concept
of haptic constraints and its application with examples implemented with the rehabilitation robots ARMin and Lokomat (Fig. 1).

2

Haptic Constraints

2.1

Original Application

Haptic constraints have originally been proposed by Rosenberg [7] as one realization of “virtual fixtures” intended
to simplify and improve the operability of telemanipulators. When using a ruler to guide the movement of a pen,
the degrees of freedom are coupled in a way that favors
moving along a straight line. Other fixtures can be used to

simplify drawing curved lines. If the degrees of freedom of
an input device for a telemanipulator are restricted to a
task-specific haptic template, performing movements in
accordance with the template becomes very simple.
One of the most important fields of applications for this
technology is in surgery robotics, where hand movements
of the surgeon can be restricted in a way that facilitates
making the desired incisions, while at the same time protecting sensitive structures from lesions by unintended
movements or tremor of the surgeon [8].

2.2

Haptic Constraints in Rehabilitation

In rehabilitation, it is desired to simplify movements for
patients in a way that allows them to perform the movements safely and successfully on their own account.
Reinkensmeyer et al. [9] implemented the concept for the
“ARM Guide” device with a non-virtual, mechanical fixture. The ARM Guide consists of a linear guide which allows patients to train straight line reaching movements by
moving a handle. Along the direction of movement, supportive or resistive forces can be exerted by an actuator.
The disadvantage of a mechanical fixture is apparent:
Training with such a device is limited to one specific
movement (in case of the ARM Guide it is restricted to linear reaching movements). Therefore, the Gentle/S
project, which aimed at developing a more versatile robotaided training tool based on the HapticMaster robot, introduced virtual and thus flexibly reprogrammable haptic
constraints [10]. When the robot is operated in “bead
highway” mode (named with respect to the picture of a
bead moving along a rigid string or wire), the end-effector
of the robot is coupled to a virtual bead via a virtual spring
and damper system. By applying forces to the end-effector,
the patient can pull the bead along the virtual string, which
defines the possible path of the bead. The string is described by a 7th order polynomial, and it can be adapted to
different tasks in virtual training scenarios.
A similar controller has been implemented for the MITManus [11] for linear reaching movements towards varying targets. The robot renders zero impedance in the desired direction and a virtual spring and damper in the direction orthogonal to the desired movement. The spring
and damper push patients back to the desired movement
path if they do not move towards the target. The range of
motion in the desired direction of movement is limited to a
window. The front wall of the window is fixed to the target, whereas the back wall moves from the starting point to
the target. Thus, patients who move actively and faster
than the back wall can perform the movement on their
own, only corrected by the controller which acts orthogonal to the movement. Patients who need more support will
be pushed towards the target by the moving back wall. The
limitation to planar straight line movements allows a
straight-forward implementation of the approach: By rotating the Cartesian coordinate system in a way that aligns
one axis with the desired direction, two independent, orthogonal controllers can generate the desired behavior.

The first virtual haptic constraints for walking movements
were presented by Cai et al. [12]. With their rehabilitation
robot for mice, they investigated the effects of different
control paradigms on the rehabilitation of spinalized mice.
They compared an approach with two independent haptic
tunnels – one for each hind limb – which provided spatial
templates for the movement of the ankle joint, a second
approach with two moving windows for the ankle joints
which allowed a certain amount of movement variability
but kept both hind limbs synchronized, and finally a classical position control approach, which allowed the mice to
remain passive during the training. The two synchronized
moving windows caused better rehabilitation outcome than
the two other approaches.
Inspired by this work, Banala et al. [13] developed a haptic
tunnel for their “active leg exoskeleton” (ALEX), a singleleg device intended to improve the gait pattern of the affected leg of hemi-paretic stroke subjects. Banala et al. implemented their tunnel by a nearest-neighbor search, which
finds the closest point to the actual position on the spatial
reference path and then uses an impedance controller to
bring the leg back to a position within the tunnel if necessary. Within the tunnel, an adjustable flow in the direction
of movement can be used to facilitate moving the leg.
At the same time, our group developed the “Path Control”
strategy, a similar haptic tunnel for the gait rehabilitation
robot Lokomat [14]. As the Lokomat is an exoskeleton for
both legs, we implemented two independent haptic tunnels,
one for each leg, but combined the tunnels with an additional moving window of adjustable size capable of keeping the legs synchronized. With this window, we expected
to exploit the beneficial effect shown by Cai et al. [12] in
the experiment with mice. Furthermore, we were able to
successfully adjust the approach to the individual needs for
guidance of spinal cord injured patients with varying levels
of impairment [15].
For the training of arm movements involved in activities of
daily living (ADLs), we adapted the Path Control strategy
to the arm rehabilitation robot ARMin [16]. In this context,
a special feature of the approach is the dynamic generation
of haptic tunnels based on the patient’s starting position
and different virtual ADL scenarios.
A further improvement of the approach was achieved by
incorporating the method of “Generalized Elasticities”
[17]. In this method, a conservative force field is optimized
based on a family of desired movements, such that it both
renders a haptic tunnel around the spatial path of the
movements and reduces undesired dynamical effects of the
robot. The second aspect allows the patient to move more
freely and more natural within the haptic tunnel than with
other ways of compensation [18]. The conservative force
field used in this “Generalized Elastic Path Controller”
couples all degrees of freedom (in case of the Lokomat,
these are the two hip and the two knee joints) in a way that
implicitly induces a soft synchronization of both legs,
similar to the moving window in some of the approaches
mentioned above.
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Figure 2 Virtual tunnel for a reaching task with ARMin.

3

Examples

3.1

ARMin

To allow for versatile training of ADLs, the ARMin robot
does not statically define haptic tunnels, which would always lead from a defined starting point to a defined goal.
Instead, a haptic tunnel that takes the constraints of the
current ADL scenario into account is calculated dynamically from the position where the patient has moved before
to the goal (Fig. 2). Thus, ADL training can be performed
with maximal variability: The patient does not train a standardized movement but learns to perform a task under various initial conditions. First feedback from an ongoing
multicenter trial shows that patients are able to perform the
tasks considerably faster with the help of haptic constraints
than without, which increases the number of task repetitions achievable within one training session.

3.2

Lokomat

Preliminary data from a pilot trial with two stroke and two
spinal cord injured patients receiving gait training with
haptic constraints in the Lokomat shows results consistent
with the observations with the ARMin robot. During a
training phase of four weeks (with four training sessions of
one hour each per week) where patients trained walking
while the robot was controlled with the “Generalized Elastic Path Controller” [18], the haptic constraints enabled the
patients to train on their own account with a walking speed
similar to their speed when trying to walk as fast as possible in the 10 meter walking test (10MWT). In comparison,
the speed they chose in the 10MWT when asked to walk at
their preferred speed was consistently lower (Fig. 3).

4

Discussion

Our preliminary results indicate that patients are able to
exploit haptic constraints provided by rehabilitation robots
to facilitate their self-driven movements. Easier movements increase the number of possible repetitions per training session and provide a natural feedback of success.
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Figure 3 Walking speed of a stroke patient in a pilot trial
with the Generalized Elastic Path Controller for the Lokomat at baseline, after two weeks and after 4 weeks of
training (white: preferred walking speed in the 10MWT,
grey: maximal walking speed in the 10MWT, black: tolerable training speed with the Lokomat).
However, the human motor system constantly tries to minimize energy expenditure [23], thus patients will learn
quickly to rely on the haptic constraints, similar to a child
learning to bike with training wheels. Li et al. [24] have
demonstrated such an effect of constant exposure to virtual
fixtures in motor learning tasks.
To prevent the patient from becoming dependent on the
haptic constraints, the width of the presented haptic tunnels
should be progressively increased when the patient’s performance improves. Training schemes where this requirement is taken into account are presented in [11] and [19].
Furthermore, the strength of supportive “flows” inside
haptic tunnels should be reduced as much as possible according to the assist-as-needed paradigm [20] in order to
maximize active participation of patients. Suitable algorithms to automatically adapt such parameters have been
demonstrated in [21] and [22].
Finally, modeling the reaction of the human nervous system to rehabilitation may provide important additional insights regarding the progressive changes to the training
environment. For example, it could be important to have
blocks of constant conditions as opposed to slowly changing haptic constraints and support parameters to allow the
nervous system to optimize its motor outputs [25].

5

Conclusion & Outlook

A variety of haptic constraints has been implemented for
rehabilitation robots for upper and lower extremities.
These constraints provide virtual tunnels and/or moving
windows, which allow patients to execute training movements on their own accord safely, with higher speed and
better performance than without constraints.
Future research needs to clarify how haptic constraints can
be progressively adapted to the patients’ abilities in order
to provide optimal learning conditions for the human nervous system and, thus, maximize the therapeutic outcome in
robot-aided rehabilitation.

6

References

[1] G. Kwakkel, B. J. Kollen, and H. I. Krebs, "Effects
of robot-assisted therapy on upper limb recovery after stroke: a systematic review." Neurorehabilitation
and neural repair, vol. 22, no. 2, pp. 111-121, 2008.
[2] J. Mehrholz, C. Werner, J. Kugler, and M. Pohl,
"Electromechanical-assisted training for walking after stroke." Cochrane database of systematic reviews
(Online), no. 4, 2007.
[3] L. Pignolo, "Robotics in neuro-rehabilitation." Journal of rehabilitation medicine, vol. 41, no. 12, pp.
955-960, 2009.
[4] M. Lotze, C. Braun, N. Birbaumer, S. Anders, and L.
G. Cohen, "Motor learning elicited by voluntary
drive," Brain, vol. 126, no. 4, pp. 866-872, 2003.
[5] L. Marchal Crespo and D. Reinkensmeyer, "Review
of control strategies for robotic movement training
after neurologic injury," Journal of NeuroEngineering and Rehabilitation, vol. 6, no. 1, pp. 20+, 2009.
[6] S. J. Housman, K. M. Scott, and D. J. Reinkensmeyer, "A randomized controlled trial of gravitysupported, computer-enhanced arm exercise for individuals with severe hemiparesis." Neurorehabil.
Neur. Rep., vol. 23, no. 5, pp. 505-514, 2009.
[7] L. B. Rosenberg, "Virtual fixtures: Perceptual tools
for telerobotic manipulation," in IEEE Virtual Reality Ann. International Symposium, 1993, pp. 76-82.
[8] J. Ren, R. V. Patel, K. A. McIsaac, G. Guiraudon,
and T. M. Peters, "Dynamic 3-d virtual fixtures for
minimally invasive beating heart procedures," IEEE
Trans. Med. Imag., vol. 27, no. 8, pp. 1061-1070,
2008.
[9] D. J. Reinkensmeyer, L. E. Kahn, M. Averbuch,
A. McKenna-Cole, B. D. Schmit, and W. Z. Rymer,
"Understanding and treating arm movement impairment after chronic brain injury: progress with the
arm guide." JRRD, vol. 37, no. 6, pp. 653-662, 2000.
[10] F. Amirabdollahian, R. Loureiro, B. Driessen, and
W. Harwin, "Error correction movement for machine
assisted stroke rehabilitation," in Integration of Assistive Technology in the Information Age, M.
Mokhtari, Ed. IOS Press, 2001, vol. 9, pp. 60-65.
[11] H. Krebs, J. J. Palazzolo, L. Dipietro, M. Ferraro, J.
Krol, K. Rannekleiv, Volpe, and N. Hogan, "Rehabilitation robotics: Performance-based progressive
robot-assisted therapy," Aut. Robots, vol. 15, no. 1,
pp. 7-20, 2003.
[12] L. L. Cai, A. J. Fong, C. K. Otoshi, Y. Liang, J. W.
Burdick, R. R. Roy, and V. R. Edgerton, "Implications of assist-as-needed robotic step training after a
complete spinal cord injury on intrinsic strategies of
motor learning." J. Neurosci., vol. 26, no. 41, pp. 10
564-10 568, 2006.
[13] S. K. Banala, A. Kulpe, and S. K. Agrawal, "A powered leg orthosis for gait rehabilitation of motorimpaired patients," in Proc. IEEE Int. Conf. Robot.
Autom., 2007, pp. 4140-4145.

[14] J. von Zitzewitz, A. Duschau-Wicke, M. Wellner, L.
Lünenburger, and R. Riener, "Path control: A new
approach in patient-cooperative gait training with the
rehabilitation robot lokomat," in Joint Meet. of German, Austrian, and Swiss Soc. Biomed. Eng., 2006.
[15] A. Duschau-Wicke, J. von Zitzewitz, A. Caprez, L.
Lünenburger, and R. Riener, "Path control: A method for patient-cooperative robot-aided gait rehabilitation," IEEE Tran. Neur. Syst. Rehabil. Eng.,
vol. 18, no. 1, pp. 38-48, 2010.
[16] Guidali, M., Duschau-Wicke, A., Büchel, M., Brunschweiler, A., Nef, T. and Riener, R. Path control - a
strategy for patient-cooperative arm rehabilitation,
Proc. AUTOMED, Berlin, Germany, (2009)
[17] H. Vallery, A. Duschau-Wicke, and R. Riener, "Optimized passive dynamics improve transparency of
haptic devices," in IEEE Int. Conf. Robot. Aut.,
2009, pp. 301-306.
[18] H. Vallery, A. Duschau-Wicke, and R. Riener, "Generalized elasticities improve patient-cooperative
control of rehabilitation robots," in IEEE Int. Conf.
on Rehabilitation Robotics, 2009, pp. 535-541.
[19] S. K. Banala, S. H. Kim, S. K. Agrawal, and J. P.
Scholz, "Robot assisted gait training with active leg
exoskeleton (ALEX)," IEEE Trans. Neural Syst. Rehabil. Eng., vol. 17, no. 1, pp. 2-8, 2009.
[20] J. L. Emken, J. E. Bobrow, and D. J. Reinkensmeyer,
"Robotic movement training as an optimization
problem: designing a controller that assists only as
needed," in IEEE Int. Conf. on Rehabilitation Robotics (ICORR), Chicago, 2005, pp. 307-312.
[21] E. T. Wolbrecht, V. Chan, D. J. Reinkensmeyer, and
J. E. Bobrow, "Optimizing compliant, model-based
robotic assistance to promote neurorehabilitation,"
IEEE Trans. Neural Syst. Rehabil. Eng., vol. 16, no.
3, pp. 286-297, 2008.
[22] A. Duschau-Wicke, T. Brunsch, S. Felsenstein, H.
Vallery, and R. Riener, "Patient-cooperative control:
Adapting robotic interventions to individual human
capabilities," in World Congress on Medical Physics
and Biomedical Engineering, 2009.
[23] D. J. Reinkensmeyer, O. Akoner, D. P. Ferris, and K.
E. Gordon, "Slacking by the human motor system:
computational models and implications for robotic
orthoses." in Ann. Int. Conf. IEEE EMBS, vol. 2009,
pp. 2129-2132.
[24] Y. Li, V. Patoglu, and M. K. O'Malley, "Negative
efficacy of fixed gain error reducing shared control
for training in virtual environments," ACM Trans.
Appl. Percept., vol. 6, no. 1, pp. 1-21, 2009.
[25] D. J. Reinkensmeyer, M. A. Maier, E. Guigon,
V. Chan, O. Akoner, E. T. Wolbrecht, S. C. Cramer,
and J. E. Bobrow, "Do robotic and non-robotic arm
movement training drive motor recovery after stroke
by a common neural mechanism?" in Ann. Int. Conf.
IEEE EMBS, 2009, pp. 2439-2441.

