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ACTIVE MUSCLE ASSISTANCE DEVICE AND METHOD

REFERENCE TO EARLIER APPLICATIONS y

This application claims the benefit of U.S. Provisional Patent Application
Serial No. 60/485,882, filed July 8, 2003, which is entitled “ELECTROSTATIC
ACTUATOR WITH FAULT TOLERANT ELECTROSTATIC STRUCTURE” and U.S.
Provisional Patent Application Serial No. 60/429,289, filed November 25, 2002,
which is entitled “ACTIVE MUSCLE ASSISTANCE DEVICE.”

BACKGROUND

There is a strong need for devices to assist individuals with impaired mobility
due to injury or illness. Current devices include passive and active assistance and

support devices, mobility devices and strength training devices.

Strength training devices, such as weights and exercise equipment, provide no
assistance in mobility. Nor do such devices provide joint support or muscle support

or augmentation.

Passive assistance devices, such as canes, crutches, walkers and manual
wheelchairs, provide assistance with mobility. However, individuals using such
devices must supply all of the power needed by exerting forces with other muscles to
compensate for the one that is weak or injured. Additionally, passive assistance

devices provide limited mobility.

Alternatively, passive support devices (passive orthoses), such as ankle, knee,
elbow, cervical spine (neck), thoracic spine (upper 'back), lumbar spine (lower back),
hip or other support braces, provide passive joint support (typically support against
gravity) and in some cases greater mobility. Similarly, however, using such devices
requires individuals to exert force with a weak muscle for moving the supported joint.
Moreover, manual clutch-based braces require the user to activate a brace lock
mechanism in order to maintain a joint flexion or extension position. This limits the
user to modes of operation in which the position is fixed, or in which the device

provides no support or assistance.
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By comparison, powered assistive devices, such as foot-ankle-knee-hip
orthosis or long-leg braces, provide assistance in movement and support against
gravity. A powered foot-ankle-knee-hip orthosis is used to assist individuals with
muscular dystrophy or other progressive loss of muscle function. The powered foot-
ankle-knee-hip orthosis is also used for locomotive training of individuals with spinal
cord injuries. However, this type of powered foot-ankle-knee-hip orthosis typically
uses a pneumatic or motorized actuator that is non-portable. Another type of device,
the electronically controlled long-leg brace, provides no added force to the user and
employs an electronically-controlled clutch that locks during the weight bearing walk
phase. This limits the mobility of the user when walking in that the user’s leg remains

locked in extended position (without flexing).
N

A mobility assistance device such as the C-Leg®, is a microprocessor-
controlled knee-shin prosthetic system with settings to fit the individual's gait pattern
and for walking on level and uneven terrain and down stairs. (See, e.g., the Otto Bock
Health Care’s 3C100 C-Leg® System). Obviously, since this rather costly system is
fitted as a lower limb prostheses for amputees it is not useful for others who simply

need a muscle support or augmentation device.

A number of power assist systems have been proposed for providing weight
bearing gait support. One example known as the lower limb muscle enhancer is
configured as a pneumatically actuated exoskeleton system that attaches to the foot
and hip. This muscle enhancer uses two pneumatic actuators, one for each 'leg. It
converts the up and down motion of a human’s center of gravity into potential energy
which is stored as pneumatic pressure. The potential (pneumatic) energy is used to
supplement the human muscle while standing up or sitting down, walking or climbing
stairs. Control of the system is provided with pneumatic sensors implanted into the
shoes. Each shoe is also fitted with fastener that receives one end of the rod side of a
pneumatic actuator, the other end of the rod extending into the cylinder side of the
actuator. Although the cylinder is provided with a ball swivel attachment to the hip
shell, the hip, leg and foot movements are somewhat limited by the actuator’s
vertically-aligned compression and extension. The pneumatic actuator helps support
some of the body weight by transmitting the body weight to the floor partially

bypassing the legs. All control components, power supply, and sensors are mounted

PCT/US2003/036069
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on a backpack. Thus, among other limitations, it is relatively uncomfortable and

burdensome.

1

Another powered assistive device is a hybrid assistive leg that provides self-
walking aid for persons with gait disorders. The hybrid assistive leg includes an
exoskeletal frame, an actuator, a controller and a sensor. The exoskeletal frame
attaches to the outside of a lower limb and transmits to the lower limb the assist force
which is generated by the actuator. The actuator has a DC-motor, and a large
reduction gear ratio, to generate the torque of the joint. The sensor system is used for
estimating the assist force and includes a rotary encoder, myoelectric sensors, and
force sensors. The encoder measures the joint angle, the force sensors, installed in the
shoe sole, measure the foot reaction force, and the myoelectric sensor, attached to the
lower limb skin surface, measures the muscle activity. Much like the aforementioned
muscle enhancer, the controller, driver circuits, power supply and measuring module
are packed in a back pack. This system is thus as cumbersome as the former, and

both are not really suitable for use by elderly and infirm persons.

Active mobility devices, such as motorized wheelchairs, provide their own
(battery) power, but have many drawbacks in terms of maneuverability, use on rough
terrain or stairs, difficulty of transportation, and negative influence on the self-image,

of the patient.

Currently there is a need to fill the gap between passive support devices and
motorized wheelchairs. Furthermore, there is a need to remedy the deficiencies of
muscle or joint support and strength training devices as outlined above. The present

invention addresses these and related issues.

SUMMARY OF THE INVENTION

In accordance with the aforementioned purpose, the present invention helps
fill the gap between passive support devices and motorized wheelchairs by providing
an active device. In a representative implementation, the active device is an active
muscle assistance device. The active assistance device is configured with an
exoskeletal frame that attaches to the outside of the body, e.g., lower limb, and
transmits an assist or resist force generated by the actuator. The active assistance

device provides primarily muscle support although it is capable of additionally
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providing joint support (hence the name “active muscle assistance device”). As
compared to passive support devices, this device does not add extra strain to other
muscle groups. The active muscle assistance device is designed to operate in a
number of modes. In one operation mode it is designed to provide additional power
to muscles for enhancing mobility. In another operation mode, it is designed to
provide resistance to the muscle to aid in rehabilitation and strength training. The
active muscle assistance device is attached to a limb or other part of the body through
straps or other functional bracing. It thus provides muscleyand/or joint support while
allowing the individual easy maneuverability as compared to the wheelchair-assisted
maneuverability. An individual can be fitted with more than one active muscle
support device to assist different muscles and to compensate for weakness in a group
of muscles (such as leg and ankle) or bilateral weaknesses (such as weak quadriceps

muscles affecting the extension of both knees).

The active muscle support device is driven by an actuator, such as motor,
linear actuator, or artificial muscle that is powered by a portable power source such as
a battery, all of which fit in a relatively small casing attached to the muscle support
device. Many types of actuators can be used in this device. However, to reduce
weight, the preferred actuator is one made primarily of polymers and using high
voltage activation to provide power based on electrostatic attraction. In one
embodiment such actuator is an electrostatic actuator operative, when energized, to
exert force between the stationary and moving portions. In this case, the energizing of
the electrostatic actuator is controllable for directing the force it exerts so that, when
assisting, the force reduces the muscle stress, and, when resisting, the force opposes

the joint movement.

A microcontroller-based control system drives control information to the
actuator, receives user input from a control panel function, and receives sensor
information including joint position and external applied forces. Based on the sensor
input and desired operation mode, the control system applies forces to resist the
muscle, assist the muscle, or to allow the muscle to move the joint freely. The control
system controls the manner in which the actuator is energized for directing the force
so that, when assisting, the force reduces the muscle stress and, when resisting, the

force opposes joint movement.

PCT/US2003/036069
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In one embodiment of the present invention, a computer system for controlling
joint movement is provided. Such computer system includes: a processing unit
(microcontroller, microprocessor, etc.) and a memory, both of which operate with the
detection means (sensors), and the actuator (preferably electrostatic). The detection

5  means is operative to detect joint movement and muscle stress. The memory has
program code for causing the processing unit to receive an indication as to which
mode of operation is selected and in response thereto obtain from the detector means,
based on the selected mode, an indicia of muscle stress or joint movement, or both.
The processor activates the actuator or maintains it idle based on the selected mode of

10 operation and indicia. The available modes of operation include: idle, assist,
rehabilitate, resist and monitor mode. For instance, in the assist and rehabilitate
modes, the actuator is activated to assist in reducing the muscle stress; and in the

resist mode the actuator is activated to resist the joint movement.

! In another embodiment, a method is propos‘ed for controlling joint movement

15 and reducing muscle stress. The method includes fastening a powered muscle
assistance device with an actuator at points above and below a joint; setting a desired
mode of operation of the powered muscle assistance device; detecting, at the powered
muscle assistance device, an indicia of joint movement or muscle stress with flexion

or extension of the joint; and activating the actuator to exert force. Again, in the assist

20  and rehabilitate modes, the actuator is activated to assist in reducing the muscle stress;

and in the resist mode the actuator is activated to resist the joint movement.

As can be appreciated, this approach provides a practical solution for muscle
augmentation, for rehabilitation through resistance training, for allowing free
movement and for 'monitoring movement. These and other features, aspects and

25  advantages of the present invention will become better understood from the description

herein and accompanying drawings.

BREIF DESCRIPTION OF THE DRAWINGS

The accompanying drawings which, are incorporated in and constitute a part
of this specification, illustrate several embodiments of the invention and together with

30  the description, serve to explain the principles of the invention.
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Fig. 1 shows an embodiment of the invention in the form of an active knee

brace.

Figs 2a-f illustrate the respective structure and operation of electrostatic

actuators.

5 Fig. 3 is a diagram showing the mechanical linkage between the actuator and
the body attachment brace.

Fig. 4 is a block diagram showing the electronics used to drive and control the

active muscle assistance device.

Fig. 5 is flowchart showing the modes of operation of a muscle assistance

10  device.

Fig. 6 is a flowchart of the modes of operation of a knee joint muscle

assistance device.

DETAILED DESCRIPTION OF THE INVENTION
GENERAL OVERVIEW OF A KNEE BRACE

15 Fig. 1 shows an active muscle support brace according to one embodiment of
the invention. The device is an active knee brace used to offload some of the stress
from the quadriceps when extending the leg. For different parts of the body, other
devices are constructed with a suitable shape, but the principles presented here apply
by analogy to such devices. The device is particularly useful in helping someone with

20 muscle weakness in the every day tasks of standing, sitting, walking, climbing stairs
and descending stairs. The device can also be used in other modes to help build
muscle strength and to monitor movements for later analysis. The support to the
muscle is defined by the position of the actuator 12 applying force to the moving parts
of the brace. Namely, as the actuator 12 rotates, and with it the moving (rigid) parts

25 of the brace, the position of the actuator 12 defines the relative position of the joint

and thereby supporting the corresponding muscle.

STRUCTURE AND BODY ATTACHMENT

Each device provides assistance and/or resistance to the muscles that extend
and flex one joint. The device does not directly connect to the muscle, but is attached

30  insuch a way that it can exert external forces to the limbs. The device is built from an
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underlying structural frame, padding, and straps (not shown) that can be tightened to
the desired pressure. The frame structure with hinged lower and upper portions (14

and 16) as shown is preferably made of lightweight aluminum or carbon fiber.

In this embodiment, the frame is attached to the upper and lower leg with
straps held by Velcro or clip-type connectors (not shown). A soft padding material
cushions the leg. The brace may come in several standard sizes, or a custom brace
can be constructed by making a mold of the leg and building a brace to precisely fit a
replica of the leg constructed from the mold.

The attachment of the device to the body is most easily understood with
respect to a specific joint, the knee in this case. The structural frame of the device
includes a rigid portion above the knee connected to hinges 18 at the medial and
lateral sides. The rigid structure goes around the knee, typically around the posterior
side, to connect both hinges together. On the upper portion of the brace 16, the rigid
portion extends up to the mid-thigh, and on the lower portion 14, it continues down to
the mid-calf. In the thigh and calf regions, the frame extends around from medial to
lateral sides around approximately half the circumference of the leg. The remaining
portion of the circumference is spanned by straps that can be tightened with clips,
laces or Velcro closures. Understandably, this allows easier attachment and removal
of the device. The rigid portion can be either on the anterior or posterior side, but
because this device must exert more pressure to extend the knee than to flex the knee,
the preferred structure is to place more of the rigid structure on the posterior side with
the straps on the anterior side. The number and width of straps can vary, but the
straps must be sufficient to hold the device in place with the axis of rotation of the
hinge in approximately the same axis as that of rotation of the knee. The hinge itself

may be more complex than a single pivot point to match the rotation of the knee.

Cushioning material may be added to improve comfort. A manufacturer may
choose to produce several standard sizes, each with enough adjustments to be
comfortable for a range of patients, or the manufacturer may use a mold or tracing of

the leg to produce individually customized devices.

As will be later explained in more detail, a microcontroller-based control

system drives control information to the actuator, receives user input from a control

PCT/US2003/036069
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8
panel function, and receives sensor information including joint position and external
applied forces. For example, pressure information is obtained from the foot-pressure
sensor 19. Based on the sensor input and desired operation mode, the control system
applies forces to resist the muscle, assist the muscle, or to allow the muscle to move

the joint freely.

The actuator 12 is coupled to the brace to provide the force needed to assist or
resist the leg muscle(s). Although it is intended to be relatively small in size, the
actuator is preferably located on the lateral side to avoid interference with the other
leg. The actuator is coupled to both the upper and lower portions of the structural

frame to provide assistance and resistance with leg extension and flexion.

As the examples below will demonstrate, the actuator 12 is structured to
function as an electrostatic motor, linear or rotational (examples and implementations
of electrostatic actuators can also be found in U.S. Patents 6,525,446, 5,708,319,
5,541,465, 5,448,124, 5,239,222, which are incorporated herein by reference for this
purpose). The idea being that the actuator is configured with the stator and rotor each
having a plurality of electrodes electrically driven. in opposite direction to cause an
electrostatic field and, in turn, movement. The strength of the electrostatic field
determines the amount of torque produced by the actuator. The electrostatic motor
can be fabricated as a 2-dimension structure that can be easily stacked for producing
higher power. This configuration is light weight relative to a 3-dimension structure of
electromagnetic motors and can be constructed from light-weight polymers instead of

heavy iron-based magnetic materials.

One example of an actuator is known as dual excitation multiphase
electrostatic drive (DEMED) consisting of two films, slider and stator, both
configured with three-phase parallel electrodes covered with insulating material. The
velocity of the movement of the slider relative to the stator is controlled by the
electrostatic interaction between the potential waves induced on the electrodes when

a-c signals are applied to them, respectively.

Fig. 2a illustrates a basic linear electrostatic actuator with a stator and slider
driven by a 3-phase a-c signal (alternating current signal). The three signals are
preferably offset by 2n/3 and thus constitute the 3-phase a-c signals. The electrode

PCT/US2003/036069
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+ strips (conductors 30-41) are arranged sequentially in three groups, and the arranging

order of the electrodes in the stator 24 is reversed with respect to the arranging order
of the electrodes in the slider 22. The electrodes strips in both the stator and slider are
implanted on an insulating dielectric material that allows the slider to glide over the
stator without shorting the strips. By applying the 3-phase a-c signals to the
electrodes (30-41), traveling potential waves are induced on the stator and the slider.
The connecting order of the three phases in the slider are reversed from that in the
stator. So the induced potential waves in the slider 22 and stator 24 propagate in
opposite directions, but their velocity is similar. The waves having offset phases
generate a Coulomb force between the electrode strips of the stator and slider from
static electricity; and the Coulomb force moves the slider relative to the stator (in this
configuration) along the arranged direction of the electrode strips. Namely, the slider
is driven by electrostatic interaction between the two waves and its speed, v, is the

differential between the speeds of the waves, i.e., twice the traveling wave velocity.

Fig. 2b shows the two parts of a rotary type electrostatic actuator: the stator
201 and the rotor 203 which when assembled is supported rotatably over the stator
(not shown). The electrodes in the stator (D1, D2, D3) are connected to the 3-phase
a-c signal source, each receiving one phase high-voltage a-c signal independently.
The rotor is kept at 0 volts potential (ground). The rotary type electrostatic actuator
can be turned controllably by application of the a-c signals with the 27/3 phase offset
between them.

Fig. 2c illustrates a basic theory of operation of both the rotary and linear
actuators with a cutaway view of moving electrodes between two pairs of stationary
electrodes (conductors above and below). As before, the rotor electrodes are
grounded (0 V) while the stator electrodes are driven by high ac voltage (+V). The -
voltage limit depends on the breakdown characteristics of the insulating material
50a,b and 52. The insulating substrates 50a,b and 52 are formed from dielectric
materials. Notably, the configuration of the stator and rotor electrodes in Figs. 2d-f
are markedly different from the configuration in Fig. 2b, and they allow higher
voltages at smaller geometries. This is due to the fact that each of the three electrode
groups is driven at a different radial distance from the center of rotation and the

difference in radial distance is sufficient to keep the three phases apart, thus allowing

PCT/US2003/036069
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the narrow‘ gaps between the electrodes of the same phase on the same radial circle.
Indeed, for the geometries of interest as shown for example in Figs. 2d-2f, the voltage
can reach 1 to 4KV. Returning for moment to the model in Fig. 2c, when the high
voltage is applied, the rotor electrode strips are attracted to the stationary electrodes
above and below, and although the upward and downward forces cancel each other
the fringe forces pull (or rotate) the rotor as shown. As further shown in Fig. 2f, the
3-phase signals are applied to the connections on the stator. The phases are offset
from each other and the voltages can be sequenced to drive the rotor in either

direction.

"There is a standard scale of muscle strength called the Oxford Scale, and that
scale goes from no contraction all the way up to full power. The actuator is designed
to supply sufficient power to the active support device for moving higher in the
Oxford scale, say, from 2 to 3 in the scale, for one who can barely move the knee, to a
level of substantial power strength. Relatively speaking, although not shown in the
foregoing diagrams, the stator and rotor can be stacked sequentially to form a light

weight, high power, high torque actuator.

The battery compartment is part of the actuator or is attached to another part of
the structural frame with wires connected to the actuator. Thus, unlike conventional
devices this configuration is lighter, more compact, and allows better and easier

mobility.

The control panel is part of the actuator or is attached to another part of the
structural frame with wires connected to the actuator. Buttons of the control panel are
preferably of the type that can be operated through clothing to allow the device mode

to be changed when the device is hidden under the clothes.

When the invention is applied to joints other than the knee, the same principles
apply. For instance, a device to aid in wrist movement has elastic bands coupling a
small actuator to the hand and wrist. Joints with more than one degree of freedom
may have a single device to assist/resist the primary movement direction, or may have
multiple actuators for different degrees of freedom. Other potential candidates for

assistance include the ankle, hip, elbow, shoulder aﬁd neck.

ROTATION OF THE TIBIA AND FEMUR

PCT/US2003/036069
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In a preferred implementation, the actuator is of a rotary design type with the
center of rotation of the actuator located close to the center of rotation of the knee
joint. According to the knee anatomy, in flexion, the tibia lies beneath, and in line
with, the midpoint of the patella (knee cap). As extension occurs, the tibia externally
rotates and the tibia tubercle comes to lie lateral to the midpoint of the patella. When
the knee is fully flexed, the tibial tubercle points to the inner half of the patella; in the
extended knee it is in line with the outer half. Namely, the knee anatomy is
constructed in such a way that a point on the lower leg does not move exactly in a
circular arc. Thus, in order for the circular movement of the actuator to match the
movement of the leg, the coupling from the rotor to the lower brace requires either an
elastic coupling or a mechanical structure to couple the circular movement of the
actuator with the near-circular movement of the portion of the brace attached to the

lower leg.

Figs. 3a and 3b show a coupling mechanism that compensates for the
movement of the center of rotation as the knee is flexed. Fig. 3a shows the knee
flexed at 90 degrees, and Fig. 3b shows the knee fully extended. The center of
rotation of the actuator is centered at the upper end of the lower leg (tibia) when
extended, but shifts towards the posterior of the tibia when the knee is flexed. The
sliding mechanism allows the actuator to apply assistance or resistance force at any

angle of flexure.

If the center of rotation of the actuator is located a distance away from the
joint, other coupling mechanisms can be used to couple the actuator to portion of the
brace on the other side of the joint. The coupling mechanism can be constructed
using belts, gears, chains or linkages as is known in the art. These couplings can

optionally change the ratio of actuator rotation to joint rotation.

In an alternate implementation using a linear actuator, the linear actuator has
the stator attached to the femur portion of the brace and the slider is indirectly
connected to the tibial part of the brace via a connecting cable stretched over a pulley.
The center of totation of the pulley is close to the center of rotation of the knee. With
this arrangement, a second actuator is required to oppose the motion of the first
actuator if the device is to be used for resistance as well as assistance, or for flexion as

well as extension.

PCT/US2003/036069
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ELECTRONICS AND CONTROL SYSTEM BLOCK DIAGRAM AND OPERATION

Fig. 4 is a block diagram showing the electronics and control system. The
operation of the device is controlled by a program running in a microcontroller 402.
To minimize the physical size of the control system the microcontroller is selected
based on the scope of its internal functionality. Hence, in one implementation, the
microcontroller is the Cygnal 8051F310, although those skilled in the art will
recognize that many current and future generation microcontrollers could be used. In
addition, some of the internal functions of the 8051F310 could be implemented with

external components instead of internal to the microcontroller.

The microcontroller 402 is coupled to a control panel 404 to provide user
control and information on the desired mode of operation. The control panel includes
a set of switches that can be read through the input buffers 418 of the microcontroller.
The control panel also may have a display panel or lights to display information such
as operational mode and battery state. The control panel also includes rnefans to adjust
the strength of assistance and resistance in order to customize the forces to the ability
of the user. Another embodiment of the control panel is a wired or wireless
connection port to a handheld, laptop or desktop computer. The connection port can
also be used to communicate diagnostic information and previously stored

performance information.

Outputs of the microcontroller, provided from the output buffers 426, are
directed in part to the actuator 12 through a power driver circuit 410 and in part to the
control panel 404. In the preferred embodiment, the driver circuit converts the
outputs to high voltage phases to drive an electrostatic actuator. The power driver
circuit includes transformers and rectifiers to step up a-c waveforms generated by the

microcontroller.

Note that an actuator as shown in Figs. 2d-f allows also pulsed signals rather
than sinusoidal wave shaped signals and, accordingly, the power drivers are
configured to generate high-voltage multi-phase pulsed signals. | Moreover, in
instances where the actuator is a DC motor, servomotor, or gear motor, the power

driver circuit is designed to generate high-current multi-phase signals.

PCT/US2003/036069
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When the operation mode of the muscle assistance device is set to apply a
force that opposes the motion of the joint, the energy input from that ‘external’ force
must be absorbed by the control circuit. While this energy can be dissipated as heat in
a resistive element, it is preferably returned to the battery in the actuator power supply
408 via a regeneration braking circuit 412. This concept is similar to “regenerative
braking” found in some types of electric and hybrid vehicles to extend the operation

time before the battery needs to be recharged.

The microcontroller 402 receives analog sensor information and converts it to
digital form with the analog-to-digital converters 428. The joint angle sensor 414
provides the joint angle through a variable capacitor implemented as part of the
electrostatic actuator (see e.g., Figs. 2d-f). Alternatively, joint angle can be supplied

by a potentiometer or optical sensor of a type known in the art.

When the invention is used to assist leg extension, the muscle stress sensor
416 1s ifnplemented as a foot-pressure sensor wired to the active brace. This sensor is
implemented with parallel plates separated by a dielectric that changes total
capacitance under pressure. In one implementation the foot sensor is a plastic sheet
with conductive platés on both sides so that when pressure is applied on the knee the
dielectric between the plates compresses. The change in the dielectric changes the
capacitance and that capacitance change can be signaled to the microcomputer
indicating to it how much pressure there is on the foot. There are pressure sensors
that use resistive ink that changes resistance when pressure is applied on it. Other
types of pressure sensors, such as strain gauges can be alternatively used to supply the
pressure information. These sensors are configured to detect the need or intention to
exert a muscle. For example, the foot pressure sensor in conjunction with joint angle
sensor detects the need to exert the quadriceps to keep the knee from buckling. Other
types of sensors, such as strain gauges, could detect the intension by measuring the
expansion of the leg circumference near the quadriceps. In another embodiment,
surface mounted electrodes and signal processing electronics measure the myoelectric
signals controlling the quadriceps muscle. When the invention is used for other
muscle groups in the body, appropriate sensors are used to detect either the need or

intention to flex or extend the joint being assisted. It is noted that there is a certain
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threshold (minimum amount of pressure), say 5 pounds on the foot, above which

movement of the actuator is triggered.

As further shown in Fig. 4, there are additional analog signals from the
actuator 12 to the microcontroller 402 (via the analog-to-digital converters 428).
These signals communicate the fine position of the actuator to give the
microcontrofler precise information to determine which phase should be driven to

move the actuator in the desired direction.

Power for the muscle assistance device comes from one or more battery
sources feeding power regulation circuits. The power for the logic and electronics is
derived from the primary battery (in the power supply 408). The batteries-charge
state is fed to the microcontroller for battery charge status display or for activating
low battery alarms. Such alarms can be audible, visible, or a vibration mode of the

actuator itself. Alternatively, a separate battery can power the electronics portion.

Turning now to Fig 5, the operation of the muscle assistance device is
illustrated with a block diagram. The algorithm in this diagram is implemented by
embedded program code executing in the microcontroller. In the first step of Fig. 5,
the user selects a mode of operation 502. The modes include: idle 506, assist 508,

monitor 510, rehabilitate 512, and resist 514.

In the idle mode 506, the actuator is set to neither impede nor assist movement
of the joint. This is a key mode because it allows the device to move freely or remain
in place when the user does not require assistance or resistance, or if battery has been
drained to the point where the device can no longer operate. Idle mode requires the
actuator to have the ability to allow free movement either with a clutch or an inherent

free movement mode of the actuator, even when primary power is not available.

In the monitor mode 510, the actuator is in free movement mode (not driven),
but the electronics is activated to record information for later analysis. Measured
parameters include a sampling of inputs from the sensors and counts of movement
tepetitions in each activation mode. This data may be used later by physical

therapists or physicians to monitor and alter rehabilitation programs.
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In essence, there are instances when there is no need for any assistance from
the active muscle support device and free movement of the leg is required. This is
one reason for using an electrostatic actuator, rather than a standard DC motor. A
standard DC motor or servo motor, needs to run at a fairly high speed to develop
torque and requires a gear reduction between the motor and the load. Obviously,
rotation of the knee (and actuator) does not complete a full circle, and the joint moves
at a speed of about 1 revolution per 2 seconds (30 rpm). So, for moving the knee
slowly at the required torque, a typical DC motor may have to run at speeds greater
than 10,000 rpm and require a large gear ratio, e.g., more than 380:1. Then, when the
actuator is not powered, the large gear ratio of the DC motor would amplify the
frictional drag and greatly impede free movement of the knee. Another reason for
preferring electrostatic actuators over standard DC motors is their weight. Motors are
based on magnetic fields that are produced by heavy components such as high-current
copper windings and iron cores. Conversely, electrostatic actuators can be
constructed from lightweight polymers and thin, low current conducting layers,

substantially reducing their weight.

In the assist mode 508, the actuator is programmed to assist movements
initiated by the muscle. This mode augments the muscle, supplying extra strength and

stamina to the user.

In the resist mode 5 14, the device is operating as an exercise device. Any
attempted movement is resisted by the actuator. Resistance intensity controls on the

control panel determine the amount of added resistance.

In the rehabilitate mode 512, the device provides a combination of assistance
and resistance in order to speed recovery or muscle strength while minimizing the
chance of injury. Assistance is provided whenever the joint is under severe external
stress, and resistance is provided whenever there is movement while the muscle is
under little stress. This mode levels out the muscle usage by reducing the maximum
muscle force and increasing the minimum muscle force while moving. The average
can be set to give a net increase in muscle exertion to promote strength training. A
front panel control provides the means for setting the amplitude of the assistance and

resistance.
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Then, assuming that the rehabilitate mode 510 is selected, a determination is
made as to whether the muscle is under stress. The indicia of a muscle under stress is
provided as the output of the muscle stress sensor reaching a predetermined minimum
threshold. That threshold is set by the microcontroller in response to front panel

functions.

If the muscle is not under stress or if the resist mode 514 is selected, a further
determination is made as to whether the joint is moving 522. The output of the joint
position sensor, together with its previous values, indicate whether the joint is
currently in motion. Ifit is, and the mode is either rehabilitate or resist, the actuator is
driven to apply force opposing the joint movement 524. The amount of resistance is
set by the microcontroller in response to front panel settings. The resistance may be
non-uniform with respect to joint position. The resistance may be customized to

provide optimal training for a particular individual or for a class of rehabilitation.

If the joint is not is motion 522 or the monitor mode 510 is selected, the
actuator is de- energized to allow free movement of the joint 526. This is preferably

accomplished by using an actuator that has an unpowered clutch mode.

Additionally, if the muscle is under stress 520 or 522 and either the
rehabilitate or the assist modes are selected, the actuator is energized to apply force
for assisting the muscle 528. The actuator force directed to reduce the muscle stress.
The amount of assistance may depend on the amount of muscle stress, the joint angle,
and the front panel input from the user. Typically, when there is stress on the muscle
and the joint is flexed at a sharp angle, the largest assistance is required. In the case
of knee assistance, this situation would be encountered when rising from a chair or

other stressful activities.

As mentioned before, when the device is in monitor mode 510, measurements
are recorded to a mnon-volatile memory such. as the flash memory of the
microcontroller (item 420 in Fig. 4). Measurements may include the state of all
sensors, count of number of steps, time of each use, user panel settings, and battery
condition. This and the step of uploading and analyzing the stored information are

not shown in the diagram.
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Fig. 6 is a flow diagram specific to an active knee assistance device. This
diagram assumes a specific type of muscle stress sensor that measures the weight on
the foot. Relative to the diagram of Fig. 5, this diagram also shows a step (620) to
determine whether the knee is bent or straight (within some variation). If the knee is
straight, no bending force is needed 624 and power can be saved by putting the
actuator in free-movement mode 630. To prevent problems such as buckling of the
knee, the transitions, i.e., de-energizing the actuator, in both Figs. 5 and 6 may be

dampened to assure that they are smooth and continuous.

SOFTWARE

The software running on the microcontroller may be architected in many
different ways. A preferred architecture is to structure the embedded program code
into subroutines or modules that communicate with each other and receive external
interrupts (see item 424 in Fig. 4). In one implementation the primary modules
include control panel, data acquisition, supervisor, actuator control, and monitor

modules. A brief description of these modules is outlined below.

The control panel responds to changes in switch settings or remote
communications to change the mode of operation. Settings are saved in a nonvolatile

memory, such as a bank of flash memory.

The data acquisition module reads the sensors and processes data into a format
useful to the supervisor. For instance, reading position from a capacitive position
sensor requires reading the current voltage, driving a new voltage through a
resistance, then determining the RC time constant by reading back the capacitor

voltage at a later time.

The supervisor module is a state machine for keeping track of high-level mode
of operation, joint angle, and movement direction. States are changed based on user
input and sensor position information. The desired torque, direction and speed to the
actuator control the functioning of this module. The supervisor module may also

include training, assistance, or rehabilitation profiles customized to the individual.

The actuator control module is operative to control the actuator (low level

control) and includes a-control loop to read fine position of the actuator and then drive
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phases to move the actuator in the desired direction with requested speed and torque.

Torque is proportional to the square of the driving voltage in an electrostatic actuator.

The monitor module monitors the battery voltage and other parameters such as
position, repetition rates, and sensor values. It also logs parameters for later analysis
and generates alarms for parameters out of range. This module uses the front panel or

vibration of the actuator to warn of low voltage from the battery.

A number of variations in the above described system and method include, for
example, variations in the power sources, microcontroller functionality and the like.
Specifically, power sources such as supercapacitors, organic batteries, disposable
batteries and different types of rechargeable batteries can be used in place of a regular
rechargeable battery. Moreover, microcontroller functionality can be split among
several processors or a different mix of internal and external functions. Also,
different types of braces, with or without hinges and support frames, may be used for
attachment to the body, and they may be of different lengths. Finally, various ways of
communicating the ‘weight-on-foot’ may be used, either through wired or wireless
connections to the control circuitry, or by making the brace long enough to reach the

foot.

In summary, the present invention provides a light weight active muscle
assistance device. And, although the present invention has been described in
considerable detail with reference to certain preferred versions thereof, other versions are
possible. Therefore, the spirit and scope of the appended claims should not be limited to

the description of the preferred versions contained herein.
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CLAIMS

What is claimed is;

1. An apparatus for controlling joint movement and reducing muscle stress,
comprising

a first fastening means;

a second fastening means;

a stationary portion coupled to the first fastening means;

a moving portion coupled to the second fastening means, the stationary and
moving portions being attachable proximate to a joint of the human body with the first
and second fastening means, respectively, and participating in movements of the joint

detection means operative to detect joint movements and muscle stress;

an actuator operative, when energized, to exert force between the stationary
and moving portions; and

control means responsive to the detection means for controlling the energizing
and de-energizing of the actuator, wherein the energizing is controllable for directing
the force so that, when assisting, the force reduces the muscle stress and, when

resisting, the force opposes joint movement.

2. An apparatus as in claim 1 having user selectable modes of operation,

including assist and resist modes.

3. An apparatus as in Claim 2 wherein the user selectable modes further include

an idle mode.

4. An apparatus as in claim 2, wherein the user selectable modes further include

a rehabilitate mode.

5. An apparatus as in claim 2, wherein the user selectable modes further include

a monitor mode.
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6. An apparatus as in Claim 2 wherein the force is exerted for opposing the joint
movement in the resist mode. )
7. An apparatus as in Claim 4 wherein the force is exerted for assisting to reduce

the muscle stress in the assist and rehabilitation modes.

8. An apparatus as in claim 1 operative to allow free joint movement before
energizing the actuator and when the actuator is de-energized so as to cancel the force

between the stationary and moving portions.

9. An apparatus as in claim 1 wherein the detection means is operative to
determine if there is joint movement that requires the force for opposing the joint

movement.

10.  Anapparatus as in claim 1 wherein the detection means is operative to
determine if a muscle associated with the joint movement is under stress and requiring

the force for assisting to reduce the muscle stress.
11. Anapparatus as in claim 1, wherein the actuator is an electrostatic actuator.

12. Anapparatus as in claim 11, wherein the electrostatic actuator has a stationary
component and a moving component movably mounted proximate to the stationary
component and capable, when the actuator is not energized, of moving freely in a

plane substantially parallel to the surface of the stationary component.

13. Anapparatus as in claim 11 wherein the electrostatic actuator is configured as
a rotary actuator in which the moving and stationary components share an axis
running through their midpoints around which the moving component rotates

clockwise or counter clockwise depending on the joint movement.

14, Anapparatus as in claim 1 in which the actuator is coupled to both the
stationary and moving portions to facilitate the assistance or resistance with extension

and flexion associated with the joint movement.
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15.  Anapparatus as in claim 1 being configured with an exoskeletal frame for
attachment to a limb above and below the joint such that the actuator is located on a
lateral side of the limb.

16.  An apparatus as in claim 1 wherein the actuator is coupled to the stationary

portion, moving portion, or both, at a location proximate to a pivot point of the joint.

17. An apparatus as in claim 11 wherein the electrostatic actuator is configured
with two portions one of which being capable of moving in a plane substantially
proximate and parallel to the other, each portion having a plurality of electrodes
which in the portion capable of moving are connected to ground and in the other
portion are electrically connected in a predetermined order to a multi-phase driving

signal for inducing an electrostatic field therebetween.

18. An apparatus as in claim 17 wherein the multi-phase driving signal is one of

sinusoidal and pulsed.

19.  An apparatus as in claim 17 wherein the portion capable of moving is

supported rotatbaly over the other part.

20.  Anapparatus as in claim 11, wherein the electrostatic actuator has a stator
made of a first plurality of two-dimensional structures stacked over each other and a
moving part, made of a second plurality of two-dimensional structures stacked over
each other and interleaved with the first plurality of two-dimensional structures of the
stator such that adjacent two-dimensional structures are electrically isolated from each

other.

21.  Anapparatus as in claim 20, wherein the moving part has at least one set of
electrodes connected to a fixed voltage, and the stator has multiple sets of electrodes

with each set independently switchable between high and lower voltages.

22.  Anapparatus as in claim 1 wherein the stationary portion, moving portion, or

both, have a rigid structure.
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23, Anapparatus as in claim 1 wherein the detection means includes a stress
sensor in response to which the assistance is provided and a movement sensor in

response to which the resistance is provided.

24, An apparatus as in claim 1 further comprising a low battery warning
indication coupled to the control means and communicated to a user by a vibration

mode of the actuator,

25.  Anapparatus as in Claim 5 further comprising means for recording

measurements associated with joint movements in the monitor mode.

26.  Anapparatus as in claim 1 wherein the apparatus fits and can be worn under a

person’s garment.

27.  Anapparatus as in claim 1 wherein the actuator is mechanically coupled with

a gear or belt for exerting the force.

28.  Anapparatus as in claim 1 configured as a knee assistance and rehabilitation

device.

29.  Anapparatus as in claim 1 wherein transitioning from de-energizing to
energizing, and vice-versa, of the actuator is controllable to dampen such transitions

and prevent a joint from buckling.

30.  Anapparatus as in claim 1 further comprising a regenerative braking circuit
coupled to a power supply for absorbing any external force induced on the actuator by

the joint movement.

31.  Anapparatus as in claim 1 wherein the actuator is a DC motor, servomotor, or

gear motor.

32, Anapparatus for controlling joint movement and reducing muscle stress,

comprising
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a first fastening means;

a second fastening means;

a stationary portion coupled to the first fastening means;

a moving portion coupled to the second fastening means, the stationary and
moving portions being attachable proximate to a joint of the human body with the first
and second fastening means, respectively, and participating in movements of the joint

detection means operative to detect joint movements and muscle stress;

an electrostatic actuator operative, when energized, to exert force between the
stationary and moving portions; and

control means responsive to the detection means for controlling the energizing
and de-energizing of the electrostatic actuator, wherein the energizing is controllable

for directing the force so that, when assisting, the force reduces the muscle stress.

33.  Anapparatus as in claim 32 wherein the energizing is further controllable for

directing the force so that, when resisting, the force opposes joint movement.

34.  Anapparatus as in claim 33 having user selectable modes of operation,

including assist and resist modes.

35.  Anapparatus as in Claim 34 wherein the user selectable modes further include

an idle mode.

36.  Anapparatus as in claim 34, wherein the user selectable modes further include

a rehabilitate mode.

37. An apparatus as in claim 34, wherein the user selectable modes further include

a monitor mode.

38.  An apparatus as in claim 32, wherein the electrostatic actuator has a stationary
component and a moving component movably mounted proximate to the stationary
component and capable, when the actuator is not energized, of moving freely in a

plane substantially parallel to the surface of the stationary component.
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39.  An apparatus as in claim 32 wherein the electrostatic actuator is configured as
a rotary actuator in which the moving and stationary components share an axis
running through their midpoints around which the moving component rotates

clockwise or counter clockwise depending on the joint movement.

40.  An apparatus as in claim 32 in which the electrostatic actuator is coupled to
both the stationary and moving portions to facilitate the assistance or resistance with

extension and flexion associated with the joint movement.

41.  An apparatus as in claim 32 being configured with an exoskeletal frame for
attachment to a limb above and below the joint such that the electrostatic actuator is

located on a lateral side of the limb.

42.  Anapparatus as in claim 32 wherein the electrostatic actuator is coupled to the
stationary portion, moving portion, or both, at a location proximate to a pivot point of

the joint.

43.  An apparatus as in claim 32 wherein the electrostatic actuator is configured
with two portions one of which being capable of moving in a plane substantially
proximate and parallel to the other, each portion having a plurality of electrodes
which in the portion capable of moving are connected to ground and in the other
portion are electrically connected in a predetermined order to a multi-phase driving

signal for inducing an electrostatic field therebetween.

44.  An apparatus as in claim 43 wherein the multi-phase driving signal is one of

sinusoidal and pulsed.

45.  Anapparatus as in claim 43 wherein the portion capable of moving is

supported rotatbaly over the other part.

46.  An apparatus as in claim 32, wherein the electrostatic actuator has a stator
made of a first plurality of two-dimensional structures stacked over each other and a
moving part, made of a second plurality of two-dimensional structures stacked over

each other and interleaved with the first plurality of two-dimensional structures of the
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stator such that adjacent two-dimensional structures are electrically isolated from each

other.

47.  Anapparatus as in claim 46, wherein the moving part has at least one set of
electrodes connected to a fixed voltage, and the stator has multiple sets of electrodes

with each set independently switchable between high and lower voltages.

48.  An apparatus as in claim 32 wherein the apparatus fits and can be worn under

a person’s garment.

49.  Anapparatus as in claim 32 wherein transitioning from de-energizing to
energizing, and vice-versa, of the electrostatic actuator is controllable to dampen such

transitions and prevent a joint from buckling.

50.  Anapparatus as in claim 1 further comprising a regenerative braking circuit
coupled to a power supply for absorbing any external force induced on the

electrostatic actuator by the joint movement.

51. A method for movement control with a powered device, comprising:

fastening a powered device at points above and below a joint, the powered
device having an actuator;

setting a desired mode of operation of the powered device;

detecting, at the powered device, an indicia of joint movement or muscle stress
with flexion or extension of the joint; and

activating the actuator to exert force, the activating being controllable for
directing the force so that, when assisting, the force reduces the muscle stress and,

when resisting, the force opposes the joint movement.

52. A method as in claim 51 wherein the desired mode of operation is user

selectable and includes assist and resist modes.

53. A method as in claim 52 wherein the desired mode further includes idle,

rehabilitate and monitor modes.
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54. A method for movement control with a powered device, comprising;

fastening a powered device at points above and below a joint, the powered
device having an electrostatic actuator;

setting a desired mode of operation of the powered device;

detecting, at the powered device, an indicia of joint movement or muscle stress
with flexion or extension of the joint; and

activating the electrostatic actuator to exert force, the activating being
controllable for directing the force so that, when assisting, the force reduces the

muscle stress.

55. A method as in claim 54, wherein the activating is further controllable for

directing the force so that, and, when resisting, the force opposes the joint movement.

56. A method as in claim 55 wherein the desired mode of operation is user

selectable and includes assist and resist modes.

57. A method as in claim 56 wherein the desired mode further includes idle,

rehabilitate and monitor modes.

58. A computerized system for controlling movement, comprising;

a processing unit;

detection means for detecting joint movement and muscle stress;

an actuator operative to exert force; and

a memory with program code for causing the processing unit to receive an
indication as to which mode of operation is selected and in response thereto obtain
from the detector means, based on the'selected mode, an indicia of muscle stress or
joint movement, or both, the program code further causing the processor, based on the
selected mode and indicia, to activate the actuator or maintain it idle, the activating
being controllable for directing the force so that, when assisting, the force reduces the

muscle stress and, when resisting, the force opposes the joint movement.

59. A computerized system for controlling movement, comprising:

a processing unit;
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detection means for detecting joint movement and muscle stress;

an electrostatic actuator operative to exert force; and

a memory with program code for causing the processing unit to receive an
indication as to which mode of operation is selected and in response thereto obtain

5  from the detector means, based on the selected mode, an indicia of muscle stress or

joint movement, or both, the program code further causing the processor, based on the
selected mode and indicia, to activate the electrostatic actuator or maintain it idle, the
activating being controllable for directing the force so that, when assisting, the force

reduces the muscle stress.

10 60. A computerized system as in claim 59 wherein the activating is further
controllable for directing the force so that, when resisting, the force opposes the joint

movement. v
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