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Summary 

We have developed a robotic haptic cycle ergometer as a probe 
for coordination in the lower limb and a therapeutic intervention 
for central deficits such as stroke. Here we demonstrate motor 
adaptation and skill learning in leg movement through two 
haptic training tasks. The first shows motor adaptation to a 
virtual spring during foot reaching. The second demonstrates 
skill learning through a novel environment that reverses the 
normal relationship between torque and acceleration - a task 
only achievable in a robotically controlled system. 

Introduction 

Robots are essential tools for the study of motor learning 
because they can control motion and force in precise and 
programmable ways [1]. We have developed a robotic haptic 
cycle to perturb leg movements with the goals of inducing 
motor adaptation and training novel volitional motor patterns. 
The robot creates haptic virtual environments by controlling 
relationships among variables such as foot force, muscle 
activation pattern, and crank angle, speed and torque. The 
human user learns new behaviors by exploring the environment 
with haptic and visual feedback. We explored motor adaptation 
and skill learning in the lower limb to determine whether similar 
phenomena occur as are commonly observed in the upper limb.  

Methods 

Adaptation to a virtual spring: The controller rendered a virtual 
spring by measuring cycle crank angle and commanding motor 
torque. A test subject performed 50 randomized reaching trials 
against springs of different stiffnesses [0.5, 1, 2 N∙m/deg]. The 
1 N∙m/deg condition was most prevalent (40 trials) so that the 
person primarily adapted to this task. The 0.5 and 2 N∙m/deg 
conditions were used as catch trials (5 trials each). The subject 
reached from 0 degrees (top center) to 45 degrees with position 
feedback provided on a computer monitor.  

Learning to pedal a half-reversed bike: The controller rendered 
a virtual flywheel [1 kg∙m2] and viscous brake [.3 N∙m∙s/rad] by 
measuring bilateral pedal force, computing the resultant torque, 
simulating the virtual flywheel’s acceleration, and commanding 
motor velocity. To test the ability of intact subjects to learn a 
highly nonintuitive task, we created an environment in which 
the right pedal behaves normally but the left pedal is reversed: 
pushing into the pedal results in the flywheel accelerating 
backwards (equivalent to negative inertia: 𝜏 = −𝐼𝛼). The 
subject’s goal was to maintain a speed of 20 RPM forward for 
5 minutes. 

Results and Discussion 

Catch trials in reaching indicated that the subject successfully 
tuned motor behavior to the most common spring, leading to 
under- and overshoot errors with other springs (figure 1). This 
result was expected based on studies in the upper limb [2].  

 

Figure 1: Position vs. time trajectory of leg reaching against virtual 
springs of three stiffnesses. Performance appears tuned for the most 
common spring, leading to under- and overshoot with other springs. 

Novices (n=2) interacting with the half-reversed bike struggled 
to coordinate their legs to achieve constant forward pedaling. In 
contrast, an intermediate learner (n=1) was able to proficiently 
pedal both the half-reversed bike, and a normal bike, despite the 
very different coordination requirements [figure IIB].  

 
Figure 2: Torque profiles when pedaling a normal virtual bike and a 
half-reversed bike. Black dots indicate the location of peak power. 
Notice the reversed left foot is adding negative power. 

Conclusions 

Haptic environments can elicit motor adaptation and skill 
acquisition in volitional movements of the lower limb, as is 
commonly observed in the upper limb. Future work will address 
additional principles such as interlimb transfer, long-term 
motor learning and perturbations to motor synergies, as well as 
development of therapeutic tasks for stroke rehabilitation.  
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