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Abstract






Locomotor training can greatly improve walking ability in humans with spinal cord injury or stroke.  When therapists provide manual assistance to patients as they step on a treadmill, locomotor-related sensory feedback promotes task specific motor learning and facilitates gait rehabilitation.  Major drawbacks of locomotor training are that it is labor intensive and variable from therapist to therapist.  We propose to build powered exoskeletons that can act as a tool to aid therapists in locomotor training.  The exoskeleton would enable the therapist to provide appropriate stepping movements without undue physical exertion and would facilitate consistent stepping practice while monitoring patient progress.  The exoskeleton will be constructed from carbon fiber (or polypropylene) shells, titanium fittings, and artificial pneumatic muscles (i.e. McKibben muscles).  This construction will make it light enough to aid locomotor training without being cumbersome.  The Christopher Reeve Paralysis Foundation and the University of Michigan are providing funding for this project.   

Background and Significance

Substantial evidence indicates that locomotor training can greatly improve human walking ability after spinal cord injury [3-5, 13, 14, 19, 26-28, 30, 70-72].  When therapists provide partial body weight support and manual assistance to spinal cord injury subjects during treadmill stepping, task-specific motor learning improves gait control and mechanics.  The National Institutes of Heath have recently funded a large scale clinical trial on subjects with acute incomplete spinal cord injury to validate the results from these studies [15].  As the rehabilitation technique becomes more accepted in clinical settings, locomotor training will be implemented on a widespread basis.  When scientists discover how to repair lesions to the human spinal cord, the number of patients that will benefit from locomotor training will greatly increase.  
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Figure 1. Spinal cord injury subject undergoing locomotor training.  Typically two trainers are required to assist a subject's lower limbs while a third trainer stabilizes the pelvis and trunk.  The locomotor-specific sensory feedback helps to stimulate muscle activity patterns and promote activity-dependent plasticity [16, 39, 50].  The negative aspects of manual assistance are that it is labor intensive and highly variable from therapist to therapist.  Mechanizing locomotor training with robotic devices would eliminate these negative aspects.  It would also provide a means to objectively quantify the progress of patients during the rehabilitation process.  A number of research groups have begun work on lower limb robotic devices to aid therapists in locomotor training on a treadmill [11, 17, 29, 61].  Although preliminary results have been positive, none of these devices would allow patients to practice walking overground.  Development of different types of robotic locomotor trainers that allow overground walking would facilitate the transition to functional recovery.  

Methods and Experimental Design

Exoskeleton Construction 

We propose to build robotic exoskeletons to assist locomotor training after spinal cord injury.  In the past, there have been a number of attempts at building powered lower limb exoskeletons for humans with neurological injury [33, 51, 54].  Their metal frames and electrical motors made them heavy and impractical.  Our robotic exoskeleton will be a bilateral hip-knee-ankle-foot orthosis with a carbon fiber shell that is powered by artificial pneumatic muscles.  The advantages of using carbon fiber orthoses powered by artificial pneumatic muscles are that 1) it would be lightweight, 2) it would build on currently existing technology in clinical rehabilitation settings, 3) it would allow comfortable and safe transmission of large joint torques, 4) it would mimic natural musculoskeletal mechanics, and 5) it would permit overground walking as well as treadmill walking. 

The disadvantages of using pneumatically powered carbon fiber orthoses are that 1) a separate orthosis has to be custom made for each subject/patient, and 2) they are relatively expensive.  These disadvantages are likely to be attenuated in the future with improvements in design.  The current design relies completely on commercially available parts adapted for the orthosis.  Using custom machined fittings in future versions would likely lead to signficant cost reductions as the commercially available parts are overbuilt for our purposes.  It is also conceivable that the design will eventually progress so that an orthosis could be used for more than one subject/patient by adjusting parts of the orthosis.  

Artificial pneumatic muscles were invented and studied extensively as power sources for upper extremity orthoses during the 1950’s and 1960’s [20, 40, 52].  In recent years there has been a resurgence in their use in robotics [6-10, 21-24, 31, 35-37, 45, 46, 48, 62, 63, 67, 68, 77].  Their high power to weight ratios and natural compliance make them particularly well-suited for human-machine interactions such as virtual reality force feedback [64], human power augmentation [65, 66], and rehabilitation [34, 41, 44, 47].  

Recent studies have quantified the force-length, force-velocity, and force-activation properties of artificial pneumatic muscles in detail [35-37].  Their force-length properties are similar to human muscle with the exception that their resting length is the maximum length.  Unlike human muscle, their force is virtually independent of velocity.  The amount of force it takes to stretch them eccentrically is almost identical to the amount of force they produce when shortening.  This characteristic increases their safety for rehabilitation because it does not take exceedingly large forces to drive them backwards during human interaction.  In engineering terms, they are 'back-drivable'.  
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Figure 2.  Hip-knee-ankle-foot orthosis.  The powered exoskeleton will be based on existing designs for hip-knee-ankle-foot orthoses with hinge joints at the hip, knee, and ankle.  The shell will be made from carbon fiber to provide adequate strength while decreasing weight.  Titanium fittings will be embedded into the carbon fiber to mount artificial pneumatic muscles.  Kevlar thread will be used as artificial tendons to connect the artificial muscles to the titanium fittings.  Four monoarticular artificial pneumatic muscles will be added to each leg as an ankle plantarflexor,  a knee extensor, a hip flexor, and a hip extensor.  Tension springs made from latex tubing will be attached as ankle dorsiflexors and knee flexors.  A small pulley attached to the carbon fiber shell at the front of the thigh will allow the knee extensor to attach to the anterior shank shell without rubbing against the patella.  We estimate the total weight of the orthosis to be 10 kg.  This weight may be reduced with inclusion of custom parts instead of commercially available parts. 

Exoskeleton Control

We will use two methods for controlling the artificial pneumatic muscles: 1) proportional myoelectrical control, and 2) artificial neural oscillators.  

Engineers have used proportional myoelectrical control for many years as a means for operating powered upper extremity prostheses [18, 32, 43, 53].  A direct link between EMG amplitude and artificial muscle force will closely mimic human neuromuscular control.  This method of control should be best suited to those SCI patients that have fairly normal EMG timing, but reduced muscle recruitment and/or muscle strength.  Like the relationship between EMG and human muscle, the relationship between EMG and artificial pneumatic muscle force will be non-linear due to the force-length properties and activation dynamics of the pneumatic muscles. 

Artificial neural oscillators are systems of mathematical non-linear equations that act as simple models of biological central pattern generators [55].  They have recently been tested as controllers for robots [1, 2, 69, 74, 75] and computer simulations of human locomotion [25, 42, 56-60, 76, 78].  Artificial neural oscillators may be an ideal method for controlling robotic gait rehabilitators because they tune themselves to the natural dynamics of a system instead of dictating movement mechanics.  This would enable powered orthoses to adapt to each patient and adjust the degree of powered assistance from step to step, and day to day.  Another advantage of using artificial neural oscillators for control is that they would enable robotic locomotor training for patients that do not have sufficient muscle activation for proportional myoelectrical control.  Artificial neural oscillators can function robustly with kinematic or kinetic feedback.  MIT's Artificial Intelligence Laboratory has implemented artificial neural oscillators as controllers for robotic arms that can saw, hammer, drum, and even play with Slinkies( [73-75].  These successes provide encouragement that artificial neural oscillators may also be successful as controllers for powered lower limb orthoses and other robotic gait rehabilitators.    

Preliminary Data

We have implemented proportional myoelectrical control on a powered ankle-foot orthosis (Figure 3 and appendix).  A desktop PC uses a dSPACE real-time control board (dSPACE, Inc., Northville, MI) and programs originally written in Simulink (The Mathworks, Inc., Natick, MA) and converted to ControlDesk (dSPACE, Inc., Northville, MI) to activate the artificial pneumatic muscles.  The software regulates the air pressure in the artificial pneumatic muscles proportional to the amplitude of low-pass filtered EMG via a pressure regulating valve (Festo Corporation, Hauppauge, NY).  
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Figure  3. Ankle-foot orthosis with artificial pneumatic muscles.  At left, two artificial pneumatic muscles are attached to an ankle-foot orthosis.  The dorsiflexor muscle is contracted and the plantarflexor is relaxed.  Titanium fittings embedded into the carbon fiber shell allow for attachment of the artificial pneumatic muscles.  Force transducers mounted in series with the muscles measure the tension in the muscles.  At right, a subject is walking with the ankle-foot orthosis on a treadmill.

Tests of the artificial pneumatic muscles revealed mechanical responses similar to those for human muscle.  Single twitch mechanics for a 5 ms pulse stimuli include a time to peak tension of 69 ms and a half relaxation time of 69 ms.  Respective values for human triceps surae are 101 ms and 94 ms [49], and for human tibialis anterior are 99 ms and 87 ms [12].  
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Figure 4. Example data for isometric activation of artificial pneumatic muscles by human EMG.  Soleus rectified EMG is shown along with the respective control signal and artificial pneumatic muscle force from an isometric test.  Electromechanical delay is 47.3 ( 7.2 ms between EMG burst onset and initial rise in muscle tension.  Analogous measurements on human muscle are 27 ms for soleus and 35 ms for gastrocnemius [38].  
We have completed a series of computer simulations testing the robustness of two different artificial neural oscillators (van der Pol oscillators and two-neuron Matsuoka oscillators; appendix).  Results indicated that Matsuoka oscillators can entrain to system dynamics over a wide range of feedback and muscle gains.  As soon as we attach a digital position encoder to the ankle joint to obtain real-time position feedback, we will test Matsuoka oscillator control on the ankle-foot orthosis.  We will implement the artificial neural oscillator control for the HKAFO using the same software used for proportional myoelectrical control.  

Facilities/Resources

The Human Neuromechanics Laboratory has recently been constructed and includes 1200 sq. ft. of space for research data collection and analysis.  Equipment includes a 3-camera 3D Motion Analysis HiRes System to collect kinematic data at 240 Hz, a 16-channel Konigsberg Instruments telemetry EMG system with two channels for footswitches, 2 AMTI OR6-7 force platforms, and a Trackmaster TMX22 treadmill.  There are five new Dell Pentium III personal computers and an HP laser jet printer in the lab.   

The University of Michigan Orthotics and Prosthetics Center has 17,500 sq. ft. of space with approximately 4,000 sq. ft. devoted to the fabrication laboratory.  Equipment for orthoses construction includes CAD/CAM digitizers and carvers, alignment jigs, infrared ovens, and an extensive machine shop.  Center staff includes 8 certified orthotists, 9 technicians, and 12 administrative/clerical workers.
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