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(57) Abrégée/Abstract:

A body weight support system that monitors and controls the level of support force within a stepcycle to result in normative center
of mass movement and ground reaction forces. The system comprises a harness (2) connected to a lift line which In turn is
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(57) Abrege(suite)/Abstract(continued):

connected to a means (20) for advancing and retracting the lift line. A control system (12) Is configured to monitor load on the cable
(4) and to regulate lift line advancement and retraction in response to load information. The support system can be combined with
a treadmill (28) for locomotor training of a subject.
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CLOSED-LOOP FORCE CONTROLLED BODY WEIGHT SUPPORT SYSTEM

[0001]
[0002]

BACKGROUND

FIELD OF INVENTION

[0003] This invention relates generally to a support system for
continually providing controlled body weight support during running, walking

or standing, and in particular, to a support system for use in locomotor
training.

RELATED ART

[0004] There is a need to create an environment where the
amount of force on the lower body is reduced during walking, running or
standing, for applications such as athletic training, orthopaedic and neurologic
rehabilitation, virtual reality studies and general scientific investigations. This
type of environment has been used in studies of astronaut maneuverability
during space travel, in gait rehabilitation for neurologic and orthopaedic
disorders-where the amount of load on the patients lower body Is reduced to

provide the subjects with enough support to allow them to stand and step with
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minimal outside assistance - and in basic science studies to understand how load
bearing and gravity affect the mechanical and neurological systems of biological beings.

[0005]  Several different methods have been used to reduce body weight load
during gait. For example, one method includes an underwater treadmill and an
adjustable ballasting harness to examine peak ground reaction forces, stride frequency
and energy requirements during gait in reduced gravities (20). This water immersion
technique has also been used to evaluate the ability of astronauts to perform several
tasks In reduced gravity (22). The use of water immersion can be limited by factors
including the need to supply a breathing apparatus to subjects, the effects of drag
caused by water and the need for special equipment to function underwater.

[0006]  Another method of creating reduced gravity is to have an aircraft fly a
Keplerian trajectory (19). By repeating this flying maneuver and altering the parameters
of the trajectory, uniform reduced gravity levels between 0 and 1 gravity, can be
obtained for periods up to 30 seconds. This method has been successfully used to
measure the pendulum like exchange of potential and kinetic energy during gait at
different gravities (3,4). Parabolic flight has an advantage over most reduced gravity
simulation techniques in that it places a body force over every particle within a body. In
addition, subjects can move with six degrees of freedom and are not restrained by a
framework or by a liquid-imposed drag. However the usefulness of parabolic flight is
imited due to the very short periods of reduced gravity that are created, and the
difficulty, expense and expertise needed to create this environment.

[0007]  An overhead suspension system is a very popular, inexpensive and
simple alternative to water immersion or parabolic flight for the creation of a reduced
gravity environment. The suspension system can be as complex as having a subject
walking In a supine or horizontal position on a treadmill, with support cables that attach
to the trunk, head and individual limb segment and run to an over head counter weight
system (6,16), to as simple as having a bicycle saddle attached to a series of stretched
springs that when straddled during upright treadmill walking, provides an upward force
to the subject (15).

[0008] The stretched spring suspension method has been used to study

several principles of human gait in reduced gravity including; leg stiffness (15),
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energetics (10), walk-run transition speeds (17), dynamic similarity (9), gravitational and
inertial forces on ground reaction force, mechanical energy fluctuations and exchanges
(13) and application of horizontal force on ground reaction force (5). However using a
stretched spring as a means of support during walking is limited because of the inherent
movement of a person’s center of mass during locomotion. Errors in the stretched
spring system are attributed to stretching of the spring during gait and frictional forces
caused by rubbing motions of the cable.

[0009]  Several other groups have used variations of upright suspension body
weight support systems to study the control of locomotion in humans and to provide
locomotor training, a new rehabilitation approach to the recovery of walking after
neurologic and orthopaedic injury (7,23).

[0010] In locomotor training, a spinal cord injured subject is suspended in a
harness above a treadmill, and manual assistance is provided to move the subject’s
legs in @ walking pattern. The key characteristics of this technique are partial unloading
of the limbs and assistance of leg movements during stepping on the treadmill. ’The
goal of this technique is to enhance residual locomotor control circuitry that resides in
the spinal cord (2).

[0011] Many of the subjects undergoing locomotor training are unable to
support their entire bodyweight on their own. Because of this, the role of the body
weight support device in motor control studies and in locomotor training is to provide
subjects with enough support to allow them to stand and step with minimal outside
assistance.

[0012] In one body weight support system used for locomotor training, the
subject wears a harness, similar to a parachute harness, to support the subject
vertically in a standing position (1). The lift to the harness is provided by an overhead
electric motor using a gearbox and a slip gear manually controlled by an operator. A
similar body weight support system uses an overhead motorized lift to support spinal
cord Injured subjects during stepping on a treadmill with manual assistance (14). Due
to the Inherent movement of a subject’'s center of mass, the amount of support force
provided to the subject in this very stiff system will vary widely based on the position of

subject. For example, because of the stiff position control of the system, during walking,
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when a subject’'s center of mass is at its greatest vertical amplitude at midstance, the
amount of support provided by the system is decreased in comparison to the amount of
support occurring at heel strike, when the subject’'s vertical center of mass is the lowest.

[0013] In spite of these limitations of the overhead electric motor system,
several key principles of gait control in spinal cord injured subjects were discovered in
studies that utilized this system. First, for spinal cord injured subjects stepping with
bodyweight support and manual assistance, mean electromyography (EMG) amplitudes
In the soleus, medial grastrocnemius and tibialis anterior are directly related to the peak
load during each step (14). Second, spinal cord injured subjects stepping with a similar
set up had higher mean EMG amplitudes as treadmill speed increased (21). These
results Indicate that sensory information from both kinetic and kinematic factors,
including movement of the center of mass and ground reaction forces similar to that
during normal locomotion, are vital in creating appropriate motor outputs.

[0014]  Counterweights are another method used to provide a lift to a subject
via a support harness during locomotor training. This type of counterweight bodyweight
support system was employed to study the relationship between EMG activity in spinal
cord injured subjects during stepping, and the level of their lesion (8). The
counterweight system is very limited in its ability to provide a constant support force
because, as a subject's center of mass moves during walking, the inertial factors of a
counter weight tethered to a moving object will cause fluctuations in the amount of
support the subject is receiving, thus affecting both center of mass movement and
ground reaction forces.

[00158] One way to allow center of mass movement during the unloading of
body weight while stepping is to use a pneumatic cylinder with a support harness to
provide lift to a subject (11). Results suggest that the mean ground reaction force is
reduced comparably to the level of body weight support. However, the manner in which
the ground reaction force is reduced is not consistent across the force time curve
because there is no feedback control. The result is abnormal center of mass movement
and ground reaction forces.

[0016] A detailed description of a pneumatic system whose aim is to provide a

constant support lift to the subject has been presented by Gazzani (12). This system
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has an error in support force of less than 10% and in general, for the parameters of use
(level of support and speed of walking) encountered in clinical practices, the error is less
than 5%. The pneumatic system of Gazzani is an improvement over other systems
because of its closed looped nature. However, the system is limited because the
system Is closed by taking solely measurements of pressure inside the pneumatic
cylinder and does not obtain measurements of forces exerted on the individual. Further,
the characteristics of these pressures do not necessarily represent the effect on the
ground reaction forces exerted on the individual, which are ultimately the values that
need to be maintained at normative values for effective locomotor training interventions.

[0017]  Fluctuations in the level of body weight support force in all the upright
overhead body weight support systems would seem to be caused primarily by vertical
movements of the subject during locomotion. The following equation accounts for the

error in support force seen in the pneumatic system of Gazzani:
Error=+F+K*X+B*V+M™*A

where F Is pure friction, K is stiffness, B is viscous drag, M is moving masses, X is

vertical position, V is vertical velocity and A is vertical acceleration (12).

[0018]  Controlling fluctuations in the level of support force in relation to the
effect on the ground reaction forces are of central importance for basic science
applications to the understanding of human locomotion and for locomotor training
following neurologic disorders or orthopaedic injury. For neurologically or orthopedically
impaired patients to safely use locomotor training as a form of rehabilitation, it is
essential that the amount of loading they experience is both known and controllable.
Moreover, several animal and human studies on the control of locomotion suggest a
significant level of recovery can occur, even when supraspinal input is severely
compromised or absent, by providing appropriate sensory information related to
locomotion. One very important piece of sensory information is limb loading during
stepping (7,14). The level of bodyweight support force exerted on a patient during
locomotor training will directly influence the amplitude and manner in which the limb is

loaded. The amount and pattern of support force through out the gait cycle, will affect
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the amplitude and pattern of the ground reaction forces during stance and thus

should be controlled to represent those observed during over ground walking.

SUMMARY

[0019] The present invention seeks to control the fluctuations in the
level of support force supplied to a subject undergoing locomotor training. The
present invention also acts to control the level of support force so that center of
mass movements and ground reaction forces normally encountered in walking are
maintained during locomotor training.

[0020] The present invention provides a closed-loop body weight
support system that is useful in basic research and clinical environments where
humans desire to walk, run or stand at levels of support less than their total body
weight.

[0020a] Accordingly, the present invention provides a closed-loop
support system for supporting the weight of a subject, comprising:

a frame; a lift line supported by the frame, wherein said lift line consists of a
single strand, and said lift line having a load bearing end;

a harness connected to the load bearing end of the lift line, for receiving the
subject;

means for advancing and retracting the lift line, in which the advancing and
retracting means is slidably moveable relative to the frame; and

a closed-loop control system configured to monitor load on the lift line and
In response to load information, to regulate lift line advancement and retraction
and thereby control the amount of support provided to the subject, in which the
control system comprises:

a load sensor;
an activator for activating the advancing and retracting means; and
a controlier receiving load information from the sensor and in response, sending

control signals to the activator, and a pressure
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sensor, and wherein the controller receives information from the
pressure sensor and in response, sends control signals to the activator.
[0020b]} The present invention also provides a closed-loop support
system for supporting the weight of a subject, comprising:
a frame;
a lift line supported by the frame, wherein said lift line consists of a single
strand, and said lift line having a load bearing end;
a harness connected to the load bearing end of the lift line, for receiving the
subject;
means for advancing and retracting the lift line, in which the advancing and
retracting means is slidably moveable relative to the frame; and
a closed-loop control system configured to monitor load on the lift line and
In response to load information, to regulate lift line advancement and retraction
and thereby control the amount of support provided to the subject, in which the
control system comprises:
a load sensor;
an activator for activating the advancing and retracting means; and
a controller receiving load information from the sensor and in
response, sending control signals to the activator, and a pressure sensor, and
wherein the controller receives information from the pressure sensor and in
response, sends control signals to the activator, in which the pressure sensor is a
pressure transducer.
[0020c¢] The present invention also provides a closed-loop system for
supporting the weight of a subject, comprising:
a frame;
a cable supported by the frame, said cable having a load bearing end:
a harness connected to the load bearing end of the cable, for receiving the
subject;
a fluid-operated cylinder for advancing and retracting the cable, said
cylinder being moveably mounted to the frame;

a servo motor for moving said cylinder relative to the frame: and

a control system configured to monitor load on the cable and in
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response to load information, to regulate cable advancement and retraction and
thereby control the amount of support provided to the subject, said control system
comprising:
a load caell,
a control valve operatively connected to the cylinder, and
a controller receiving load information from the load cell and in
response, sending control signhals to the control valve.
[0020d] The present invention also provides a closed-loop system for
supporting the weight of a subject, comprising:
a frame;
a cable supported by the frame, said cable having a load bearing end;
a harness connected to the load bearing end of the cable, for receiving the
subject;
a fluid-operated cylinder for advancing and retracting the cable, said
cylinder being moveably mounted to the frame;
means for slidably moving said cylinder relative to the frame; and
a closed-loop control system configured to monitor load on the cable and in
response to load information, to regulate cable advancement and retraction and
thereby control the amount of support provided to the subject, said control system
comprising:
a load cell,
a control valve operatively connected to the cylinder, and
a controller receiving load information from the load cell and in
response, sending control signals to the control valve, in which the control system
further comprises a pressure transducer, and wherein the controller receives
Information from the pressure transducer and in response, sends control signals
to the control valve.
[0020¢€] The present invention also provides a closed-loop system for
supporting the weight of a subject, comprising:
a frame;
a cable supported by the frame, said cable having a load bearing end;

a harness connected to the load bearing end of the cable, for receiving the

subject;

/a
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a fluid-operated cylinder for advancing and retracting the cable, said
cylinder being moveably mounted to the frame:

means for moving said cylinder relative to the frame: and

a control system configured to monitor load on the cable and in response to
load Information, to regulate cable advancement and retraction and thereby
control the amount of support provided to the subject, said control system
comprising:

a load cell,

a control valve operatively connected to the cylinder, and

a controller receiving load information from the load cell and in response,
sending control signals to the means for moving.

[0020f] The present invention also provides a system for locomotor
training of a subject, comprising:

a moveable surface located so as to be below and adjacent, or
touching, one or both feet of the subject; and

a closed-loop suspension assembly for suspending a subject over the
moving surface, the assembly comprising:

a frame;

a cable supported by the frame, said cable having a load bearing end;

a harness connected to the load bearing end of the cable. for receiving the
subject;

a fluid-operated cylinder for advancing and retracting the cable, said
cylinder being moveably mounted to the frame:

a servo motor for moving said cylinder relative to the frame: and

a control system configured to monitor load on the cable and in response to
load information, to regulate cable advancement and retraction and thereby
control the amount of support provided to the subject, said control system
comprising:

a load cell,
a control valve operatively connected to the cylinder, and

a controller receiving load information from the load cell

and in response, sending control signals to the control valve.
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[0021] The system has the advantage of continually monitoring and
controlling the actual level of support a subject receives.

[0022] The lift line can be a cable, rope, cord, strap or the like.
Preferably, the lift line is a cable. Further, the advancing and retracting means is
preferably a pneumatic or hydraulic cylinder.

[0023] In particular embodiments, the advancing and retracting
means is physically moveable relative to the frame. Preferably, the means is
moveably mounted to the frame. A servo motor can be added to the system for
moving the advancing and retracting means.

[0024] The control system can comprise a load sensor, an activator
for activating the advancing and retracting means, and a controller receiving load
Information from the sensor and in response, sending control signals to the
activator. The load sensor is preferably a load cell. The type of activator depends
on the nature of the advancing and retracting means. Where the means is a
hydraulic or pneumatic cylinder, the activator is a valve; where the means is a
motor, the activator Is a switch. The controller can be a suitably programmed
computer.

[0025] A moveable surface can be included for locomotor training.
The moveable surface can be provided by a treadmill, conveyor belt, moving
walkway or the like. In practice, the surface can be located so as to be below and
adjacent, or touching, one or both feet of a subject. A stationary surface such as a
floor can also be employed, although in this case, the support system must move
as the subject steps.

[0026] A moveable surface can be included for locomotor training.
The moveable surface can be provided by a treadmill, conveyor belt, moving
walkway or the like. In practice, the surface can be located so as to be below and
adjacent, or touching, one or both feet of a subject.

[0027] The novel features which are believed to be characteristic of
the invention, both as to its organization and method of operation, together with
further objects and advantages will be better understood from the following
description when considered in connection with the accompanying figure. It is to

be expressly understood, however, that the figure is provided for the purpose of

/C



10

15

CA 02464128 2010-09-13

illustration and description only and is not intended as a definition of the limits of

the present invention.
BRIEF DESCRIPTION OF DRAWINGS

[0028] Figure 1 is a sketch of a subject walking on a treadmill while
being supported by a closed-loop body weight support system in accordance with
the present invention.
DETAILED DESCRIPTION

[0029] Referring to a particular embodiment in Figure 1, a user
wears a suitably modified parachute harness 2 that is attached to an overhead

cable 4. The cable in turn runs vertically up over a pulley 6 and attaches to a

double rod control

/d
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cylinder 8. When pressure is supplied to the cylinder via a compressed air / gas /
hydraulic supply (not shown), the cylinder compresses. This cylinder compression via
the overhead cable creates an upward force applied to the subject. The upward force
can be regulated by supplying or exhausting air, gas or hydraulic fluid to or from the
cylinder. In preferred embodiments, the cylinder is operated with compressed air/gas.

[0030] Aload cell 10 is placed in series with the cable 4. The load cell sends
feedback about the subject’'s present level of support force to a computer 12. A
computer program continuélly compares the present level of support force to a manually
selected desired level of support force. Information from the computer is sent to an
electrical pneumatic / gas / hydraulic control valve 14. The electrical pneumatic / gas /
hydraulic control valve 14 will modify the amount of flow into and out of the cylinder
depending on whether the present level of support is greater than or less than the
desired level.

[0031]  The cylinder 8 is mounted on an adjuster plate 16 that is slidably
connected to a guide track 18 which is mounted to a frame 19. The sliding adjuster
plate 16 is moved by a servo motor 20 that sends feedback to and receives control from
the computer 12. By mounting the cylinder 8 to the sliding adjuster plate 16 the position
of the cylinder can be moved. This has several advantages. First the cylinder can be
positioned during walking, running and standing situations to maximize the range of
motion allowed by the subject. Second, the cylinder can be moved such that the cable
will extend towards the ground far enough to easily allow a patient in a wheel chair to be
attached to the overhead support. Once the seated subject is attached, the cylinder can
be moved back to raise the subject from a seated position to a standing position.

[0032] In practice, the sliding adjuster plate 16 can be physically locked into
its required position. When used in this manner, the servo motor 20 initially positions
the sliding adjuster plate but is not part of the control loop thereafter. In other
situations, the sliding adjuster plate can move and be part of the control loop.

[0033] Once the computer 12 is operational, the electronic control valve 14
will apply pressure to the control cylinder 8, moving the piston in the appropriate
direction until the center position is reached (this is the position where the control

cylinder 8 will have the maximum range of motion during walking or running). After this
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event, the control cylinder 8 is locked in place and the servo motor 20 is commanded to
extend such that the control cylinder 8 is positioned as required to enable the cable 4 to
be clipped into the support harness worn by the user. Once the user is properly
positioned, the servo motor 20 can be activated to slowly erect the user to the desired
standing position - this is the position where the desired level of support is read by the
load cell 10. An adjustable relief valve 22 can be set to ensure that the user is
protected from surges that may arise. The desired percent of support weight can then
be input to the computer 12, which will then obtain feedback from the load cell 10 and
the electronic control valve 14 to achieve the desired result. At this time the control
cylinder 8 can be unlocked allowing it to move in the appropriate directions to achieve
the appropriate support levels. Limit switches 24 and 26 can be used to alert the
computer when the endpoints of the control cylinder are being approached, at these
events the servo motor 20 can be used to re-position the control cylinder 8 so that the
center of the range of motion during walking or running moves closer to the midpoint
position of the control cylinder 8. A treadmill 28 can then be commanded as required
and the user can begin stepping. The system continually monitors the load cell 10 and
makes adjustments via the electronic control valve 14.

[0034] A first stop 30 is a dampened "SOFT" stop providing a cushioned
deceleration in the event of any failure in the sliding mechanism / attachments. A
second stop 32 providing deceleration in the opposite direction can be spring loaded.

[0035] In accordance with particular embodiments, a secondary control loop
and associated software is utilized whereby the servo-motor 20 can attempt to adjust for
positional changes to compensate for a patient slowly moving toward the ground (which
among other factors, affects the forces on the patients feet), or to compensate for
changes In desired body weight support levels which exceed the limit in such changes
inherent to the length on the control cylinder 8. It can do so by manipulating the sliding
adjuster plate 16. The computer 12 can compensate for the cylinder position by
adjusting the pressure appropriately. If necessary, the computer can either slow or stop
the treadmill motion. During this correction the subject would be gently lifted back to the

required position. The advantages of this set up are an automatic and smooth
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correction of therapy without the need for additional therapists to lift and readjust the
patient.

[0036] A pressure sensor 34 can be monitored for the rate of change of
pressure levels and for safety. In particular embodiments, the pressure sensor can be
placed within the control cylinder 8 to send information about cylinder pressure to the
computer 12. The computer 12 can receive feedback from the load cell 10 and/or the
pressure sensor 34 and regulate support force accordingly. The pressure sensor can
act as a comparator (check and verify), or as a supplement to the load cell readings.
Preferably, the pressure sensor is a pressure transducer.

[0037] In the embodiment of Figure 1, the control cylinder 8 is mounted
horizontally to the treadmill surface. Alternatively, the cylinder can be mounted
vertically, with the cable 4 running horizontally over a second pulley and attaching to the
vertical cylinder. Also, the control cylinder 8 can be mounted directly to the servo motor
20 without the use of the adjuster plate 16.

[0038]  The control cylinder in Figure 1 is a double-rod cylinder. Alternatively,
the control cylinder can be a single rod cylinder or a rod-less cylinder.

10039] In further embodiments, the control cylinder can be replaced with an
“artificial muscle”. As is well known in the art, an “artificial muscle” employs an
approach to precise and repeatable linear displacement technology using the concept of
material deformation and flexure to achieve linear motion. The basic concept involves
the wrapping of a watertight, flexible hose with non-elastic fibers arranged in a
rhomboidal fashion. This results in a three-dimensional grid pattern, and when
compressed air is introduced into the system, the grid pattern is deformed. A pulling
force I1s generated in the axial direction, resulting in a shortening of the “muscle” as
Internal pressure Is increased.

[0040] In other embodiments, the servo motor 20 can be replaced with a fluid-
operated cylinder for moving the adjuster plate 16. Preferably, the fluid-operated
cylinder Is a pneumatic cylinder or a hydraulic cylinder. Control algorithms can regulate
the pressure of the fluid-operated cylinder to contribute to the requlation of the forces

exerted on a user.
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[0041]  For additional flexibility and safety, a treadmill controller 36 and an
emergency stop 38 for the treadmill can be added to the system.

[0042] In particular embodiments, the limit switches can be replaced with a
linear transducer. Additionally, a direct drive means can replace the compressed air/
gas/ hydraulic part of the system.

[0043]  The present invention may be better understood by referring to the
accompanying example involving a specific embodiment of this invention. This
example Is intended for illustration purposes only and should not in any sense be
construed as limiting the scope of the invention as defined in the claims appended

hereto.

EXAMPLE
1. Introduction

[0044] This example is a comparison of body weight support systems.
Locomotor training using body weight support (BWS) on a treadmill and manual
assistance has emerged as a potential rehabilitation intervention for the recovery of
walking following spinal cord injury (SCI). The success of this approach is dependent
on providing appropriate sensory cues to the spinal cord by simulating the kinetics and
kinematics of over-ground walking. Several different BWS systems have been used to
accomplish the unweighting component of this training (i.e., a winched rope, a
pneumatic lift, stretched springs or counter-balanced weights). The type of BWS
system used in locomotor training may affect ground reaction forces (GRF) and center
of mass (COM) movement during gait which in turn could modulate afferent information.
The purpose of this study was to compare the effects of two BWS systems, a position
control system and a open - loop force control system, on limb loading, (COM)
movement and motor control during locomotor training.

2. Subjects

[0045] Two non-disabled (ND) and two clinically complete (see reference 18)

SCI subjects participated in the study. Informed consent was obtained from all subjects

11



CA 02464128 2004-04-19
WO 03/035184 PCT/US02/33862

and the experiments were approved by the University of California, Los Angeles Human
Subjects Protection Committee.

3. Equipment

[0046]  Ground reaction forces (GRF) were collected during stepping using
pressure sensing insoles. BWS force was collected from a force transducer placed in
series with the BWS system cable. Center of mass (COM) movement was estimated
from 6 dimensional recordings of pelvis movement. Three different BWS systems were
used to support the subject’'s body weight during locomotion: 1) Position Control
System; 2) Open - Loop Force Control System; 3) Closed - Loop Force Control
System. EMG data was collected from lower limb muscles.

4. Procedure

[0047]  All subjects stepped on a treadmill at a range of speeds (0.5 - 1.34
m/s) and levels of BWS (0 - 100% body weight) on both the position control system and
the open - loop force control system. SCI subjects were provided with manual
assistance as needed. COM movement, GRF, BWS force and EMG were analyzed.
Following the analysis, a dynamic force control BWS system was designed to minimize
any fluctuations in BWS force during locomotion. One of the ND subjects repeated the
procedure on the closed - loop force control system.

5. Results and Conclusions
A. Position Control BWS System
- Restricts vertical COM movement.

- Stiffness of system results in large fluctuations in BWS force and loss of

heel strike and toe-off peaks.

B. Open - Loop Force Control BWS System
- Allows vertical COM movement similar to over-ground locomotion.
- BWS force fluctuates with COM movement.

- GRF had both heel strike and toe-off peaks, however heel strike peaks

were higher and toe-off peaks were lower than expected.
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C. Closed-Loop Force Control BWS System

- Allows vertical COM movement similar to over-ground locomotion.

- Of the three systems it showed more control of fluctuations in BWS

force during locomotion.

- GRF showed distinct heel strike peak, toe-off peak, and unloading at
midstance. Amplitude of all three of these components were

comparable to over ground gait adjusted for BWS.

D. The interaction between the BWS systems and COM movement/GRF
occur for both the ND and SCI subjects.

E. Kinetics and kinematics during locomotor training become more
comparable to over- ground walking as deviations in BWS force during gait

are controlled and minimized. (Closed-loop force control system. )

F. The BWS system used in locomotor training effects both COM

movement and GRF which modulates efferent motor output.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A closed-loop support system for supporting the weight of a subject,
comprising:

a frame;

a lift line supported by the frame, wherein said lift line consists of a single
strand, and said lift line having a load bearing end;

a harness connected to the load bearing end of the lift line, for receiving the
subject;

means for advancing and retracting the lift line, in which the advancing and

retracting means is slidably moveable relative to the frame; and

a closed-loop control system configured to monitor load on the lift line and
In response to load information, to regulate lift line advancement and retraction

and thereby control the amount of support provided to the subject, in which the

control system comprises:
a load sensor:

an activator for activating the advancing and retracting means; and

a controller receiving load information from the sensor and in
response, sending control signals to the activator, and a pressure sensor,
and wherein the controller receives information from the pressure sensor

and In response, sends contro! signals to the activator.

2. A closed-loop support system for supporting the weight of a subject,

comprising:
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a frame:

a lift line supported by the frame, wherein said lift line consists of a single
strand, and said lift line having a load bearing end;

a harness connected to the load bearing end of the lift line, for receiving the
subject;

means for advancing and retracting the lift line, in which the advancing and
retracting means is slidably moveable relative to the frame; and

a closed-loop control system configured to monitor load on the lift line and
in response to load information, to regulate lift line advancement and retraction
and thereby control the amount of support provided to the subject, in which the

control system comprises:
a load sensor;

an activator for activating the advancing and retracting means; and
a controller receiving load information from the sensor and in
response, sending
control signals to the activator, and a pressure sensor, and wherein the controller
receives information from the pressure sensor and in response, sends control

signals to the activator, in which the pressure sensor is a pressure transducer.

3. A closed-loop system for supporting the weight of a subject, comprising:

a frame;

a cable supported by the frame, said cable having a load bearing end;

a harness connected to the load bearing end of the cable, for receiving the
subject;

a fluid-operated cylinder for advancing and retracting the cable, said

18
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cylinder being moveably mounted to the frame;

a servo motor for moving said cylinder relative to the frame; and
a control system configured to monitor load on the cable and in response
to load information, to regulate cable advancement and retraction and thereby

5  control the amount of support provided to the subject, said control system

comprising:
a load cell.

a control valve operatively connected to the cylinder, and
a controller receiving load information from the load cell and in

10 response, sending control signals to the control valve.

4. A closed-loop system for supporting the weight of a subject, comprising:

a frame;

a cable supported by the frame, said cable having a load bearing end;

a harness connected to the load bearing end of the cable, for receiving the

15 subject;

a fluid-operated cylinder for advancing and retracting the cable, said

cylinder being moveably mounted to the frame:
means for slidably moving said cylinder relative to the frame: and

a closed-loop control system configured to monitor load on the cable and
20 In response to load information, to regulate cable advancement and retraction

and thereby control the amount of support provided to the subject, said control

system comprising:
a load caell,
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a control valve operatively connected to the cylinder, and
a controller receiving load information from the load cell and in
response, sending control signals to the control valve, in which the control system
further comprises a pressure transducer, and wherein the controller receives
5 Information from the pressure transducer and in response, sends control signals

to the control valve.

5. A closed-loop system for supporting the weight of a subject, comprising:

a frame;
a cable supported by the frame, said cable having a load bearing end:;

10 a harness connected to the load bearing end of the cable, for receiving the
subject;
a fluid-operated cylinder for advancing and retracting the cable, said
cylinder being moveably mounted to the frame;
means for moving said cylinder relative to the frame; and
15 a control system configured to monitor load on the cable and in response to
load information, to regulate cable advancement and retraction and thereby
control the amount of support provided to the subject, said control system

comprising:
a load cell,

20 a control valve operatively connected to the cylinder, and
a controller receiving load information from the load cell and in response,

sending control signals to the means for moving.
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6. A system for locomotor training of a subject, comprising:
a moveable surface located so as to be below and adjacent, or touching,
one or both feet of the subject; and
a closed-loop suspension assembly for suspending a subject over the
moving surface, the assembly comprising:
a frame:
a cable supported by the frame, said cable having a load bearing end;
a harness connected to the load bearing end of the cable, for receiving the
subject;
a fluid-operated cylinder for advancing and retracting the cable, said
cylinder being moveably mounted to the frame;
a servo motor for moving said cylinder relative to the frame; and
a control system configured to monitor load on the cable and in response to
load information, to regulate cable advancement and retraction and thereby
control the amount of support provided to the subject, said control system
comprising:
a load cell,
a control valve operatively connected to the cylinder, and
a controller receiving load information from the load cell

and in response, sending control signhals to the control valve.

7. The system of claim 6 in which the control system further comprises a
pressure transducer, and wherein the controller receives information from the

pressure transducer and in response, sends control signals to the control valve.
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