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CONTROL SYSTEM AND METHOD FOR A PROSTHETIC KNEE

Related Applications

[0001] This application claims priority to, and incorporates by reference, U.S.
Provisional Patent Application No. 60/572,996, entitled “Control System And Method for
a Prosthetic Knee,” filed on May 19, 2004; U.S. Provisional Patent Application No.
60/569,511, entitled “Control System And Method for a Prosthetic Knee,” filed on May 7,
2004; and U.S. Provisional Patent Application No. 60/551,717, entitled “Control System
And Method for a Prosthetic Knee,” filed on March 10, 2004. This application also
incorporates by reference U.S. Patent No. 6,610,101, filed March 29, 2001, and issued on
August 26, 2003; U.S. Patent No. 6,764,520, filed January 22, 2001, and 1ssued on July
20, 2004; U.S. Provisional Patent Application No. 60/569,512, entitled
“Magnetorheologically Actuated Prosthetic Knee,” filed on May 7, 2004; and U.S.
Provisional Patent Application No. 60/624,986, entitled “Magnetorheologically Actuated
Prosthetic Knee,” filed November 3, 2004.

Background of the Invention

Field of the Invention

[0002] The present invention relates to devices to be attached to limbs in
general, such as prosthetics and orthotics, and, in addition, to an adaptive control method
and system for an external knee prosthesis. Further, the present invention relates to a

system and method of configuring and maintaining the adaptive control system for the

external knee prosthesis.

Description of the Related Technology

[0003] Advances in microelectronics have enabled prosthetic systems, for
example, prosthetic knees, to provide more natural functionality to patients who are
equipped with such systems. However, the advances in electronics have thus far outpaced
the advances in control systems. Thus, a need exists for improved control systems for
prosthetic systems.

[0004] Moreover, the development of electronic control systems for prosthetic
systems has created a need for systems and methods of configuring and monitoring the
control systems. Many such systems have included special purpose hardware and custom

user interfaces. Further, configuration options have typically been based on a prosthetist
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setting a variety of arbitrary damping parameters, in some cases, while the user walks on
the knee. The custom controls and configurations make it more difficult and expensive to
train prosthetists and prevent patients from being able to adjust their devices. Thus, a
need exists for improved systems and methods of configuring and monitoring of the

control systems of prosthetic systems.

Summary of Certain Inventive Aspects

[0005] The system, method, and devices of the invention each have several
aspects, no single one of which 1s solely responsible for its desirable attributes. Without
limiting the scope of this mnvention as expressed by the claims which follow, its more
prominent features will now be discussed briefly. After considering this discussion, and
particularly after reading the section entitled “Detailed Description of the Embodiments™
one will understand how the features of this invention provide advantages that include
providing a prosthetic control system that provides more natural and comfortable
movement to 1ts users and enabling more convenient and intuitive configuration through
graphical computing devices. '

[0006] One embodiment i1s a device configured to be attached to a limb
including a magneto-rheological (MR) damper. The device may be a prosthetic or
orthotic. The MR damper may be configured to operate in shear mode. In one
embodiment, the MR damper includes a rotary MR damper. A controller is configured to
operate the damper. A mobile computing device may be adapted to intermittently
communicate configuration parameters to the controller. The controller may also be
adapted to intermittently communicate configuration parameters to the mobile computing
device. The configuration parameters may include target values. In one embodiment, the
controller 1s adapted to intermittently communicate operational data to the mobile
computing device.

{0007] The mobile computing device may be a personal digital assistant. The
personal digital assistant may be a commercial off-the-shelf unit. In other embodiments,
the mobile computing device may be a mobile telephone handset, a personal computer, or
a mobile personal computer. The mobile computing device may include a graphical user
interface. The graphical user interface may display indicia associating parameter values
with state machine conditions. The state machine conditions may include terrain
conditions and/or gait cycle states. The graphical user interface may display indicia

associating parameter values with adaptive parameters.
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[0008] Another embodiment 1s a device configured to be attached to a limb
including a controller configured to operate an actuator. The device may be a prosthetic
or orthotic. A mobile computing device may have an 1conic graphical user interface and
adapted to intermittently communicate configuration parameters to the controller. The
controller may be further configured to communicate data to the mobile computing
device. The graphical user interface may display indicia associating parameter values
with state machine conditions. The state machine conditions may include terrain
conditions and/or gait cycle states. The graphical user interface may display indicia
assoclating parameter values with adaptive parameters.

[0009] Yet another embodiment 1s a prosthetic or orthotic knee system that
includes a MR damper. The MR damper may be configured to be operated in shear mode.
The MR damper may include a rotary MR damper. A software system 1s configured to
adaptively change damping parameters of the damper while the system 1s operating. A
mobile computing device may be adapted to intermittently communicate damping
parameters to the software system. The software system may be further configured to
communicate data to the mobile computing device. The damping parameters may include
target values.

(0010] Another embodiment 1s prosthetic or orthotic knee system including an
MR damper. The MR damper may be configured to be operated in shear mode. The MR
damper may include a rotary MR damper. A controller may be configured to operate the
damper, wherein the controller 1s configured to receive data from a computing network.
The computing network may include the Internet. A wireless transceiver may be
configured to receive the data from the computing network. The data may be sent from a
network computing device. The controller may also be configured to send data to the
network. The data recetved from the computing network may be executable software.
The controller may be configured to execute the executable software.

[0011] Another embodiment of a prosthetic or orthotic knee system may
include a MR damper and a controller configured to operate the damper. The MR damper
may be configured to be operated in shear mode. The MR damper may include a rotary
MR damper. The controller 1s configured to send data to a computing network. The
computing network may include the Internet. A wireless transceiver may be configured to

send the data to the computing network. The data may be sent from a network computing

device.
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[0012] Another embodiment is a method of maintaining an electro-magnetic
actuator in a prosthesis or orthotic that is actuated by a first current pulse having a first
current polarity. The prosthesis may be an MR knee. The method may include applying a
second current pulse to the electro-magnetic actuator wherein the current pulse has an
electrical current polarity that 1s opposite the first current polarity. The second current
pulse may have a magnitude that 1s determined with reference to a maximum current
value. The maximum current value may be measured since the time of a third pulse
having an electrical current polarity that is opposite the first current polarity. Preferably,
the second current pulse has a magnitude that is in the range of one fifth to one half of the
maximum current value. More preferably, the second current pulse has a magnitude that
1s 1n the range of one fourth to one third of the maximum current value. In one
embodiment, the second current pulse has a magnitude that 1s approximately one fourth of
the maximum current value.

[0013] Another embodiment 1s a method of controlling a prosthetic knee
during swing extension while descending stairs. The prosthetic knee may be a MR knee.
The method may include 1dentifying a stair swing extension state, measuring an extension
angle of the knee, and damping the 1dentified swing of the knee with a first gain value
only if the extension angle is less than a predetermined value and a second gain value
otherwise. The second gain value may be substantially zero. The first gain value may be
greater than the second gain value. The first gain value may be substantially greater than
the second gain value. The predetermined value may include a soft impact angle. The
step of identifying may include detecting the absence of a preswing. The step of detecting
the absence of a preswing may include measuring a moment, and determining whether the
moment 1s less than a weighted average of a plurality of measured moments. Measuring
the moment may include measuring a knee angle rate, measuring a knee load, and
calculating the moment from the knee angle rate and the knee load.

]0014] Yet another embodiment is a method of controlling a prosthetic knee
system, including measuring at least one characteristic of knee movement, identifying a
control state based at least partly on the at least one measured characteristic of knee
movement, calculating a damping value based at least partly on the control state, and
applying the damping value to control the resistance of a MR damper. The MR damper
may be configured to operate in shear mode. The MR damper may include a rotary MR

damper. The measuring may include receiving a value from a knee angle sensor and/or
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receiving a value from a load sensor. Receilving a value from the load sensor may include
receiving at least one value from a strain gauge. In one embodiment the damping value is
filtered based at least partly on values of previous damping values. The filtering may
include applying a fixed point infinite impulse response filter to filter the damping value.
The calculating may include adapting a damping parameter. The adapting may be based
at least partly on an empirical function.

[0015] Another embodiment 1s a prosthetic knee system that includes a MR
damper, at least one sensor configured to measure knee motion; and a software system
configured to 1dentify a control state based at least partly on the measure of knee motion
and configured to send a control signal to the damper based at least partly the control
state. The MR damper may be configured to operate in shear mode. In one embodiment,
the MR damper includes a rotary MR damper. The at least one sensor may include a knee
angle se‘nsor, a load sensor, and/or at least one strain gauge. The control signal may
include a current. The damper may be configured to vary resistance to rotation in
response to the current. The software system may be further configured to filter a value of
the control signal based at least partly on values of previous control signals. The software
system may also be configured to apply a fixed point infinite impulse response filter to

filter the value of the control signal.

(0016} Another embodiment 1s a method of controlling a prosthetic having a
movement damper. The method may include measuring at least one characteristic of
prosthetic movement, calculating a damping value based at least partly on the control
state, applying a fixed point infinite impulse response filter to filter the damping value
based at least partly on values of previous damping values, and applying the damping
value to control the resistance of a damper.

[0017] Another embodiment 1s a method of controlling a device attached to a
limb. The controlled device may be a prosthetic or orthotic. The method includes reading
data from at least one sensor at a first frequency. A damping value is updated at a second
frequency based on the data of the at least one sensor. The damping value is applied to an
actuator at the first frequency. Preferably, the first frequency is greater than the second
frequency.

[0018] Yet another embodiment 1s a method of controlling a device attached
to a mb. The controlled device may be a prosthetic or orthotic. The method includes

controlling at least one of a sensor and an actuator at a first frequency. Data associated
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with the at least one of the sensor and the actuator are processed at a second frequency.
Preferably, the first frequency is greater than the second frequency.

[0019] Another embodiment is a prosthetic or orthotic system. The system
includes a first module adapted to control at least one of a sensor and an actuator at a first
frequency. A second module is adapted to process data associated with the at least one of
the sensor and the actuator at a second frequency. Preferably, the first frequency is greater
than the second frequency.

[0020] Another embodiment 1s a prosthetic or orthotic system. The system
includes a means for controlling at least one of a sensor and an actuator at a first
frequency and a means for processing data associated with the at least one of the sensor
and the actuator at a second frequency. Preferably, the first frequency 1s greater than the
second frequency.

[0021] Another embodiment 1s a computer-readable medium having stored
thereon a computer program which, when executed by a computer, controls at least one of a
sensor and an actuator at a first frequency and processes data associated with the at least
one of the sensor and the actuator at a second frequency. Preferably, the first frequency 1s
greater than the second frequency.

Brief Description of the Drawings

[0022] Figure 1 is a simplified block diagram of one embodiment of a control
system for a prosthetic device, such as a prosthetic knee.

[0023] Figure 2 1s a top level flowchart depicting one embodiment of a
method of controlling a knee using a control system such as depicted in Figure 1.

[0024] Figure 3 1s diagram conceptually depicting embodiments of a system
for remote configuration and monitoring of a control system of a prosthetic knee such as
depicted in Figure 1.

[0025] Figure 3A 1s a diagram conceptually depicting one embodiment of the
system of Figure 3 that includes a prosthetic knee system.

[0026] Figure 4 1s a flowchart depicting one embodiment of a method for
configuring the control system of using embodiments of a system such as depicted in
Figure 4.

[0027] Figure S is a screen shot depicting one embodiment of a graphical user

interface for configuring a control system such as depicted in Figure 1.
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[0028] Figure 6 is a screen shot depicting another embodiment of a graphical
user interface configuring a control system such as depicted in Figure 4.

[0029] Figure 7 1s a flowchart depicting, in more detail, one embodiment of
the method depicted of Figure 2.

[0030] Figure 8 1s a conceptual state diagram depicting the states and
transitions 1n a gait cycle of a control system such as depicted in Figure 1.

[0031] Figure 9 1s a more detailed state diagram depicting the specific state
transitions in a control system such as depicted in Figure 1.

[0032] Figure 10 1s a flowchart depicting one embodiment of a method of
minimizing residual magnetization in the actuator of a prosthetic control system such as
depicted in Figure 1.

[0033] Figure 11 1s a flowchart depicting one embodiment of a method of
controlling a prosthetic knee while chimbing down an incline, e.g., stairs, in a control
system such as depicted in Figure 1.

Detailed Description of Embodiments

[0034] The following detailed description 1s directed to certain specific
embodiments of the invention. However, the invention can be embodied in a multitude of
different ways as defined and covered by the claims. In this description, reference 1s
made to the drawings wherein like parts are designated with like numerals throughout.

[0035] [t 1s to be appreciated that depending on the embodiment, the acts or
events of any methods described herein can be performed in any sequence, may be added,
merged, or left out all together (e.g., not all acts or events are necessary for the practice of
the method), unless the text specifically and clearly states otherwise. Moreover, unless
clearly stated otherwise, acts or events may be performed concurrently, e.g., through
interrupt processing or multiple processors, rather than sequentially.

[0036] Further, for convenience and clarity of discussion, certain
embodiments of systems and methods are described herein with respect to a prosthetic
knee. However, 1t 1s to be appreciated that the principles discussed with respect to the
exempliftying embodiments may also be applied to systems and methods directed to knee,
ankle or foot or even other joints. Moreover, these principles also apply to orthotics,

muscle replacement, or muscle assist devices as well as prosthetics.
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[0037] The terms “prosthetic” and “prosthesis™ as used herein are broad terms
and are used in their ordinary sense and refer to, without limitation, any system, device or
apparatus usable as an artificial substitute or support for a body part.

[0038] The terms ““orthotic” and “orthosis” as used herein are broad terms and
are used in their ordinary sense and refer to, without limitation, any system, device or
apparatus usable to support, align, prevent, protect, correct deformities of, immobilize, or
improve the function of parts of the body, such as joints and/or limbs.

[0039] Figure 1 1s a top level block diagram that depicts one embodiment of a
prosthetic imb and a system for configuring and monitoring the prosthetic device. A
prosthetic system 100 may include a prosthetic knee that includes a damper for
controlling the amount of resistance that the knee produces at the joint. In a knee
embodiment, the system 100 includes a magnetorheological (MR) damper and sensors
that provide data measuring, e.g., knee angle, knee angle rate of change, and mechanical
loading of the knee. More preferably, the knee system includes an MR damper operating
in shear mode such as described in the above-incorporated U.S. Patent No. 6,764,520,
U.S. Application No. 60/569,512, and U.S. Application No. 60/624,986, 1.e., a prosthetic
knee joint that operates in shear mode, for example, where an MR fluid 1s provided
between adjacent surfaces, such as between parallel plates or in the annular space between
iner and outer cylinders. In this exemplifying embodiment, a control current is applied
through an actuator coil to the MR fluid to modulate the resistance of the joint to rotary
motion.

[0040]} The prosthetic device 100, e.g., a prosthetic knee, may include a
computer processor 102, attached to a memory 104. The processor may be any general or
special purpose processor, such as, for example, a Motorola MC68HC912B32CFUS8. The
memory 104 may include volatile components, such as, for example, DRAM or SRAM.
The memory 104 may also include non-volatile components, such as, for example,
memory or disk based storage. The processor 102 may be coupled to one or more sensors
106 that provide data relating to, for example, the angular rate, position, or angle of the
knee 100.

[0041] The processor 102 1s coupled to one or more actuators 108. In one
embodiment, the prosthetic device includes one or more movable joints, and each joint
has one or more actuators 108. The actuators 108 of a joint may include a damper that is

configured to control damping, e.g., the resistance to motion, of the joint. Damping
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generally refers to providing resistance to a torque, e.g. rotational motion or torque of a
knee, foot, or other joint.

[0042] In one embodiment, maintenance of smooth and relatively natural
movement with the prosthetic device 100 i1s achieved by frequent processing of data from
the sensors 106 with correspondingly frequent updates of the control input to the actuator
108. Thus, a low-level sensor reading process may be configured to frequently provide
generalized control of the actuator. A high-level process may concurrently operate at a
lower speed to, for example, sense state changes, or adapt to the particular gait pattern of
the user. In one preferred embodiment, the sensors 102 produce data with a frequency, or
duty cycle, of at least approximately 1000 Hz that i1s used by a low-level, e.g., interrupt
driven, software process on the processor 102 to maintain the damping for a given state.
In this preferred embodiment, the processor 102 also executes a high-level process that
updates the system state with a frequency, or duty cycle, of at least approximately 200Hz.
Control of the actuator 108 may occur 1n the low-level process at higher frequency, e.g., at
the frequency of readings from the sensor 102. In one preferred embodiment, control of
the actuator 108 1s maintained at 1000 Hz. By maintaining low-level actuator control at a
higher frequency than high-level state determination and motion adaptation, a lower
power (for longer-battery life) and lower cost processor 102 can be employed. The low-
level and high-level routines may communicate through inter-process communication
(IPC) mechanisms that are well known 1n the art, e.g. through a shared block of memory
or a shared data structure.

[0043] In one embodiment, a software system translates inputs from the
sensors into current command for the actuator and monitors the health of the system
providing user warning in failure modes. Ancillary functions may include communication
with external devices implementation of user control functions, recording of key
performance parameters, diagnostic and test functions, and parameter recording during
debug mode.

[0044] In one embodiment, the software 1s logically decomposed into the low-
level and high-level routines, or modules, discussed herein. Lower level or operating
system code may provide basic functionality and support for the operation of the knee.
High-level code makes decisions at a higher level concerning the operation of the
prosthetic and implements these decisions through interfaces provided by the low-level

code. In particular, in one exemplifying embodiment, the low-level code include
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hardware initialization, scheduling, communication, high-level code loading, low-level
debug and test, data recording, virtual damper implementation. In this embodiment, the
high-level routines include high-level initialization, parameter read routing, a main
operational routine, state machine operation, damping parameter level and mode
determination, auto adaptation settings, safety, parameter set routine, user control
functions, storage of user specific data. Interface between the low-level and high-level
routines may occur through a series of function calls. In the exemplifying embodiment,
the high-level routines provides interfaces for use by the low-level routines that include
initialization functions, parameter reading function, the main operating function, and an
output control function. Additional specialized functions interfaces include calibration,
parameter storage, and PDA interface functions. Other interface between the high-level
and the low-level routines include virtual damper control functions and debug support.

[0045] In an exemplifying embodiment, when power 1s supplied to the system,
the low-level code begins operation and initializes the hardware system. The low-level
routines checks for the presence of stored high-level routines. If the high-level routines
are present, the high-level routines are loaded into memory and started. If not, the low-
level code opens the communications channel and waits for external instructions. If the
high-level routines are present, load successfully and pass a check sum validation, the
low-level routines first call an initialization routine presented by the high-level routines.
After this completes, the low-level routines begin the scheduling system. The scheduler
executes low-level routines every 1 ms and high-level routines every 5 ms. At the
beginning of each 5 ms loop, the low-level routines first determine 1f the high-level code
has completed 1its last cycle. If not, scheduling 1s deferred until the next 1 ms time slot. If
the high-level routines did complete the last cycle, the high-level routines for the
parameter read function, main operating function and output control function are
executed. This cycle continues until power down or unless interrupted by receipt of
communication from an instrumentation system or from another computing device, such
as described below.

[0046] In a preferred embodiment, the low-level code 1s firmware and the high
level code 1s usercode.  The modules of the firmware sub-system include
communications, data recording, debug routines, global variables, interrupt service
vectors, scheduler, serial communications routines, initialization routines, shared

communication data, serial peripheral interface control routines, timer control routines,
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version information, warmning control routines, a/d control, damping control routines, and
assembly language start system. The usercode sub-system includes global variables,
Instrumentation variables, non-volatile storage management, main control routines,
system health monitor, sensor and actuator control, and shared communications data.

[0047] It 1s to be appreciated that each of the modules comprises various sub-
routines, procedures, definitional statements and macros. Each of the modules may be
separately compiled and hnked into a single executable program. The following
description of each of the modules 1s used for convenience to describe the functionality of
one embodiment of a system. Thus, the processes that are performed by each of the
modules may be redistributed to one of the other modules, combined together in a single
module, or made available 1n, for example, a shareable dynamic link library. The
modules may be produced using any computer language or environment, including
general-purpose languages such as C, Java, C++, or FORTRAN.

10048] In the preferred embodiment, a global variable module is configured to
instantiate variables. The system 100 maintains a large structure that is a global array of
floating point values. This structure serves several purposes. First, 1t allows a centralized
storage area for most variables used in the usercode and some variables used in firmware.
Second, 1t allows access to those variables by routines in the data module so that they can
be recorded and accessed without intervention of the usercode.

[0049] In the exemplifying embodiment, the global data structure may include
three data arrays. The first 1s a global array of floating point vanables. If the
instrumentation system 1is to be configured to report a variable 1t is placed in this array.
The second array ts an array of structures that provide information about variables that are
contained 1n the global array and are therefore eligible for recording and reporting. It is
not necessary to 1nclude references to each variable in the global array in the second array
but only to those variables accessed by the instrumentation system. The information in
this array of structures i1s used by the data module to manage the recording of and
transmission of information. The third array is identical to the second array but manages
variables sent to the PDA when it is connected. This is generally a subset of the variables
available for transmission to the instrumentation system.

[0050] By separating the functions of high-level adaptation and/or gait related
calculations from the low-level control functions, the software of the high-level process

may be updated or replaced independently of the low-level control software.
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Advantageously, this division of the software also encapsulates different hardware
embodiments and the corresponding low-level software from the high-level functionality.
Thus, control programs related to, for example, a specific activity may be used without
needing to be customized or configured for a given embodiment of the hardware.

[0051] A battery 110 and associated power control and switching electronics
(not shown) may be coupled to each of the processor 102, the memory 104, the sensors
106, and the actuator 108. The battery 110 may also include a charging circuit, or include
a connector for coupling the battery 110 to a charging circuit.

(0052] While embodiments of prosthetic devices are discussed herein with
respect to embodiments of prosthetic knees, the prosthetic device 100 may also be
embodied in prosthetic devices other than knees, such as prosthetic feet and ankles, for
example as described 1n U.S. Application No. 11/056,344, filed February 11, 20085, the
entirety of which i1s hereby incorporated by reference. It will be appreciated that the
concepts described above can be incorporated into orthotic devices as well.

[0053] The processor 102 of the system 100 may also be coupled to an
interface 112. The interface 112 may include a serial port, a Universal Serial Bus (USB),
a parallel port, a Bluetooth transceiver and/or any other communications port. In
particular, the interface 112 may also comprise a network interface. The interface 112
may provide network connectivity to including, for example, the following networks:
Internet, Intranet, Local Area Networks (LAN) or Wide Area Networks (WAN). In
addition, the connectivity to the network may be, for example, remote modem, Ethernet
(IEEE 802.3), Token Ring (IEEE 802.5), Fiber Distributed Datalink Interface (FDDI)
Asynchronous Transfer Mode (ATM), Wireless Ethernet (IEEE 802.11), Bluetooth (IEEE
802.15.1), or infrared interfaces including IRDA. Note that computing devices may be
desktop, server, portable, hand-held, set-top, or any other desired type of configuration. As
used herein, the network includes network vanations such as the public Internet, a private
network within the Internet, a secure network within the Internet, a private network, a public
network, a value-added network, an intranet, and the like.

[0054] In various embodiments, the processor 102, memory 104, sensors 106,
and the interface 112 may comprise one or more integrated circuits with each of these
components divided in any way between those circuits. In addition, components may also
comprise discrete electronic components rather than integrated circuits, or a combination

of both discrete components and integrated circuits. More generally, it is to be
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appreciated that while each element of the block diagrams included herein may be, for
convenience, discussed as a separate element, various embodiments may include the
described features in merged, separated, or otherwise rearranged as discrete electronic
components, integrated circuits, or other digital or analog circuits. Further, while certain
embodiments are discussed with respect to a particular partitioning of functionality
between software and hardware components, various embodiments may incorporate the
features described herein in any combination of software, hardware, or firmware.

[0055] In operation, the processor 102 receives data from the sensors 106.
Based on configuration parameters and the sensor data, adaptive control software on the
processor 102 sends a control signal to the knee actuator 108. In one embodiment, the
knee actuator 108 1s a magnetorheological (MR) brake. The brake may be of the class of
variable torque rotary devices. The MR actuator 108 provides a movement-resistive
torque that 1s proportional to an applied current and to the rate of movement. The control
signal may drive a pulse width modulator that controls current through a coil of the
actuator 108 and thus controls the magnitude of the resistive torque.

[0056] Figure 2 1s a flowchart depicting one embodiment of a method 200 for
controlling a prosthetic device, such as a prosthetic knee 100. It is to be appreciated that
depending on the embodiment, additional steps may be added, others removed, steps
merged, or the order of the steps rearranged. In other embodiments, certain steps may
performed concurrently, e.g., through interrupt processing, rather than sequentially. The
method 200 begins at step 210 1n which the device 100 1s powered on. Moving on to step
220, the settings or control parameters for the prosthetic 100 may be adjusted, e.g., after
the initial power on for a new prosthetic 100. This step 220 1s discussed in more detail,
below, with reference to Figure 4. Continuing at step 230, the processor 102 may read an
operational log. For example, if the processor 102 detects a previous crash or other
operational abnormality in the log, it may perform additional diagnostic routines. In one
embodiment, the processor may communicate portions of the log via interface 112 to, e.g.,
a service center.

[0057] Next at step 240, the method 200 begins the main control sequence. At
step 240, the system 100 may degauss the actuator 240. For example, in an MR damper,
the application of the control current to the actuator may cause a residual magnetic field to
be imparted to the steel plates that make up the actuator. This can cause a degradation in

the performance of the actuator. Advantageously, the application of a current pulse
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having the opposite polarity of the current pulses used for damping can degauss the
actuator, 1.e., remove the residual magnetization. Step 240 1s discussed in more detail
below with reference to Figure 10.

[0058] Continuing at step 250, the system 100 may perform satety routines.
Safety routines may include detecting, for example, whether the user of the knee 100 is
losing balance and hold the knee in a locked upright position to prevent the user from
falling. Moving to step 260, the method 200 determines the state of the system 100. In
one embodiment, the state may correspond to a physical or kinesthetic state of the
prosthetic. Preferably, the state in a knee embodiment of system 100 is related to a state
in @ human gait cycle. Step 260 1s discussed below 1n more detail with reference to
Figures 8 and 9. Moving to step 270, the method 200 includes applying a damping value
to the actuator 108. Step 270 1s also discussed in more detail below with reference to
Figure 7.

[0059]  Continuing at step 280, housekeeping functions may be performed. In
one embodiment, this may include the processor 102 reading values from the sensors 106,
e.g., during interrupt handling routines. Housekeeping functions may also include activity
related to maintaining the battery 110, e.g., battery conditioning, checking charge levels,
or indicating to the user that the battery 110 1s, €.g., at a specified discharge level. Next at
step 290, the system 100 checks for an interrupt to the system, e.g., a command to enter
the adjustment mode. If the system is interrupted, the method 200 returns to step 220. If
the system 1s not interrupted, the method 200 continues at step 240. In one embodiment,
the step 270 may be performed 1n a low-level process that operates at a higher frequency
than, for example, the determination of the state at step 260 running in a high-level

Process.

[0060] As depicted 1in Figure 3, the system 100 may be in digital
communication with a mobile computing device 320. The term “mobile” in the context
of a computing device generally refers to any computing device that 1s configured to be
readily transported. Such devices generally, but not necessarily, are configured to receive
power from a battery. For example, mobile computing devices may be a personal data
assistant (PDA), a mobile telephone handset, a laptop computer, or any other general or
special purpose mobile computing device. In various embodiments, the mobile
computing device 320 operates using a standard mobile operating system, such as, for

example, Microsoft PocketPC, or PalmOS. Furthermore, the mobile computing device
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may be a commercial-off-the-shelf (COTS) unit. Generally, the mobile computing device
320 includes an interface 322 that 1s compatible with the interface 112. A processor 324
1s coupled to the interface 322 and executes software that provides a user interface 326.
In one embodiment, the interface 326 is a graphical user interface including a bit-mapped
display, such as, for example, a liquid crystal display (LCD). The mobile computing
device 320 may also include a network interface 328. The network interface 328 may be
In communication with a network computing device 340, e.g., a desktop, laptop, or server
computer. Figure 3A 1s a diagram conceptually depicting one particular embodiment of
the system of Figure 3 that includes a prosthetic knee 100, a PDA 320, and a desktop
computer 340.

[0061} The network computing device may include a network interface 342
coupled to a processor 344 and a user interface 346. In one embodiment, the network
interface 342 may also communicate with the network interface 112 of the prosthetic
system 100.

[0062] In one embodiment, the mobile computing device 320 may provide a
user interface for configuring operational parameters of the system 100. In particular, the
user interface 326 may include one or more displays for configuring and monitoring of the
knee 100. The configuration of the prosthetic system 100 1s discussed below in more
detail with respect to Figure 4.

[0063] In addition to configuring the knee 100, the mobile computing device
320 may also be configured to receive performance and diagnostic information from the
knee 100. For example, the prosthetic system 100 may send, via interfaces 112 and 122,
data such as, for example, a total of the number of steps taken on a particular knee system
100, to the mobile computing device 320 for display via the user interface 126. Further, if
the control system detects specific types of failures, these failures may be included in the
data. In one embodiment, the user interface 126 may depict the number of times that a
particular class of error has occurred.

[0064] In addition to configuration and maintenance through the mobile
computing device 320, in one embodiment, a network computing device 140 may be
adapted to configure and receive maintenance data from the knee 100 directly. In this
case, the knee 100 may have a wireless transceiver integrated in it to handle computer
network connectivity functions. In another embodiment, the network computing device

140 may be adapted to configure and receive maintenance data from the knee via the
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mobile computing device 320. Figure 3 depicts a variety of different embodiments for
providing configuration and maintenance access to a knee 100.

[0065] In various embodiments, a short distance protocol such as RS232,
Bluetooth, or WiF1 and an Internet connected device such as a programmable mobile
telephone handset, a PC, laptop, PDA, etc., communicate remotely with a prosthetic
device using the Internet or other suitable data network as the long distance transport
media.

[0066] The software program running on processor 102 of knee or other
prosthetic device 100 may be as simple as a double sided transponder or transceiver that
creates a bridge between the interface 112 through the interfaces 322 and 328 on the
mobile computing device 320 to an interface 342 on the network computing device 340
via, e€.g., the Internet. The communication protocol used from the internet connected
device to the service center end of the system may be any of a variety of suitable network
protocols. Embodiments may use connection-oriented protocols such as TCP, or a
combination of connection oriented protocols and connectionless packet protocols such as
[P. Transmission Control Protocol (TCP) 1s a transport layer protocol used to provide a
reliable, connection-oriented, transport layer link among computer systems. The network
layer provides services to the transport layer. Using a two-way handshaking scheme, TCP
provides the mechanism for establishing, maintaining, and terminating logical
connections among computer systems. TCP transport layer uses IP as its network layer
protocol. Additionally, TCP provides protocol ports to distinguish multiple programs
executing on a single device by including the destination and source port number with
each message. TCP performs functions such as transmission of byte streams, data flow
definitions, data acknowledgments, lost or corrupt data re-transmissions, and multiplexing
multiple connections through a single network connection. Finally, TCP is responsible
for encapsulating information into a datagram structure. The program may be a web
service running on a PC that sends out a message to the service center each time the
prosthetic device 1s connected and needs service.

[0067] In one embodiment, the prosthetic device 100 1s directly coupled to a
network, and thus to the network computing device 340. For example, interface 112 may
be a WiF1 (e.g., 802.11a, 802.11b, 802.11g) interface that connects to a network through a
LAN or at public hotspots to transmit and receive data to either of the network computing

device 340, or mobile computing device 320.
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[0068] The network connection between the device 100 and the network
computing device 340 (which may be via the mobile computing device 320) may use any
appropriate application level protocol including, for example, HTTP, CORBA, COM,
RPC, FTP, SMTP, POP3, or Telnet.

[0069] Figure 4 1s a flowchart depicting one embodiment of a method 400 for
configuring the operational parameters of a prosthetic device 100. While an embodiment
of the configuration method 400 will be discussed with respect to a knee embodiment of
the device 100, 1t 1s to be appreciated that other embodiments of the method 400 can also
be used to configure of other prosthetic or orthotic devices 100.

[0070] The method 400 proceeds from a start state to state 410 where, for
example, the mobile computing device 320 receives a current parameter value from the
prosthetic device 100. In one embodiment, the parameters may be target values, such as,
e.g., the target flexion angle, transmitted through the interface 112. Next at step 420, the
values of parameters may be displayed on a graphical user interface, e.g., user interface
326 of mobile computing device 320. The graphical user interface may associate
graphical indicia relating to state machine conditions to the parameter values.

[0071] Figure 5 1s a screen display of one embodiment of a user interface
display 500 for configuring settings of a knee embodiment of the prosthetic system 100.
A notebook control 510 may be provided to select among different screens of parameters,
with each screen allowing configuration of one or more parameters. This notebook
control 510 may include a scroller 520 to enable scrolling through additional sets of
values. The display 500 may include additional informational icons 525 to depict
information such as the battery charge level of the system 100. In the exemplifying
display 500 of Figure 5, two parameters are shown for configuration on the same screen
using data entry controls 530 and 532. Each parameter is associated with graphical
indicia 540 and 542 which associate each value to be entered to a different state machine
condition, e.g., stair or incline travel to parameter 530 by indicium 540 and flat terrain
travel to indicium 542.

[0072] Continuing to step 430 of the method 400, the display may provide
graphical indicia to distinguish adaptive values. In one embodiment, an adaptation
configuration control 550 may be provided on the display 500 of Figure 5. The control
550 may be displayed 1n a different color to indicate whether or not auto-adaptation is

cnabled. In one embodiment, when auto-adaptation of the configuration is enabled by
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control 550, the system 100 auto adapts the configuration parameters for, e.g., a knee
being configured for a new user. This adaptation is described in more detail in the above-
incorporated U.S. Patent No. 6,610,101. This auto-adaptation 1s indicated by the control
550 being displayed i1n one color, e.g., blue. When the system 100 1s not in auto-
adaptation mode, e.g., after initial training of the system 100, the control indicates this by
being displayed in a second color, e.g., gray.

[0073] Next at step 440 new values for parameters may be received from the
user through the display 500. Moving to step 450, these new values are updated on the
prosthesis system 100 by, e.g., communicating the values from the mobile computing
device 320 through the interfaces 322 and 112, to the prosthetic system 100 and the
method 400 ends.

[0074] Figure 6 depicts a screen shot from one embodiment of a networked
prosthetic configuration and monitoring system. In one embodiment, a knee 100 may be
accessed via a virtual network computer (VNC) running on the mobile computing device
320 which 1s displayed and manipulated via the user interface 146 of network computing
device 340. In this embodiment, the knee 100 uses a short distance protocol (RS232) and
a 3 wire cable to connect the interface 112 of the knee 100 to the mobile computing
device 320 which 1n this case 1s a personal computing, which may, for example, run a
program that is a GUI that controls some of the settings of the knee 100.

[00735] A remote service person 1s able to open a remote screen on the network
computing device 340 using the VNC program which represents the interface 326 of the
mobile computing device 320 on the interface 346 the network computing device 340 for
the service person 1s using on the other side of the Internet. In one embodiment, this
connection enables remote debugging and maintenance of the knee 100 over the Internet,
and thus from anywhere in the world. The network computing device 340 may access a
configuration program for the prosthetic system 100 or it may access a diagnostic program
capable of providing more detailed information and greater control over the device 100.

[0076] Embodiments of prosthetic device 100 may allow some or all of the
following functions: remote or telemaintenance, remote prosthetic configuration,
installation of software upgrades on the prosthetic system 100, collection of medical data,

collection of activity data relating to the patient’s use of the prosthetic system 100, and

remote optimization of the system 100.
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[0077] The software upgrade mechanism of the system may, for example, be
automatic so the device 100 is up to date with the newest (and safest) version of the
software directly from the network computing device 340. Software upgrades may
include software to replace software that is already installed on the device 100, or
software to add new features or capabilities to the device 100. In other embodiments,
software upgrades may be downloaded from the mobile computing device 320. Such
updates may be automatically, and/or manually initiated. Furthermore, software upgrades
may be made to the mobile computing device 320 via the network computing device 340.

[0078] In one embodiment, users of prosthetic systems 100 may maintain a
personal profile with a service center that includes the network computing device 340 and
update the database with data on regular basis.

[0079] Figure 7 1s a flowchart depicting one embodiment of a method 700 for
controlling the damping applied to the actuator 108 by the prosthetic system 100. The
method 700 starts at step 710 where the knee angle and angular rate of change are
measured by sensors 106. Next at step 715, the knee load 1s measured by the sensors 106.
In one embodiment, this load measurement 1s calculated based on strain gauge sensor
readings. Next at step 720, a knee moment 1s calculated. In one embodiment this 1s a
difference betwéen front and rear strain gauge counts.

[0080] Moving to a step 260, the knee 'state 1s determined based on the
measured values. This determination 1s discussed 1n more detail below with reference to
Figures 8 and 9. Next at step 240, degaussing of the actuator 108 may be performed.
The degaussing process 1s discussed in more detail with reference to Figure 10 below.

[0081] Moving to step 730, a damping current is calculated based on the knee
state. Table 1 recites the formulas used to calculate the current in one embodiment of a
MR knee system 100. These formulas employ constant values that are derived from the
weight of a given device, user configuration, and constants based on the specific sensors
and geometry of the system 100. The damping during swing flexion 1s based on a

preconfigured target angle. Preferably, the default target angle 1s 60°.

Table 1. Damping Formulas by State in One Embodiment

Formula

Stance Flexion 810 angular rate * a configured parameter

Stance Extension 820 angular rate * a configured parameter
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[0082] Beginning at step 740, a filter 1s applied to the calculated damping
current. At decision step 240, the current 1s compared to the last applied damping current.
If the new value 1s greater than the last value, the method 700 proceeds to step 742. If the
value 1s less than the last value, the method 700 proceeds to step 744.

[0083] Continuing at step 742, an up filter 1s applied to smooth the damping
values to, for example, accommodate jitter or noise in the measurements from the 106. In
one embodiment the filter 1s an infinite impulse response filter. The filter receives as
input the computed current C, the value of the previous damping control cycle Oy, and a
filter coetficient F. The output Oy = F*C+(1-F)*On.;. In one embodiment, this
calculation 1s performed using fixed point mathematics to enable faster processing. In
one embodiment, the fixed point numbers are represented in 8 bits allowing 245 levels of
filtering. Next, the method 200 moves to the step 750. Returning to step 744, a down
filter 1s applied as 1n step 742 with the exception of the filter value being different. Using

different filtering coefficients for up and down filtering enables greater control over the
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filtering and, e.g., enables increases in the magnitude of damping to be faster or slower
than decreases in the magnitude of damping.

(0084] Next at step 750, the filtered current value 1s applied to the actuator
108. Finally at step 755, the applied filtered current value 1s stored for use in later
invocations of the method 700.

[0085] Returning to step 260 of Figure 7, in one embodiment of the method
700, the knee state 1s determined based on measured sensor values along with the current
state. In one embodiment of the system 100, the processor may determine whether to
change state or remain in the existing state at frequent intervals. Preferably, these
intervals are no more than 5 ms. Some state transitions may not be allowed in a particular
embodiment.

[0086] It 1s to be appreciated that, in some embodiments, the acts and events
related to the steps depicted in Figure 7 may be performed in different processes. For
example, a low-level, hardware specific process may perform steps related to reading the
sensors 102, such as 1n steps 710 and 7135, and steps related to applying the current to the
actuator such as in step 750 while a high-level process performs the steps related to
determining state and calculating new damping current values, such as at step 260 and
730, 740, 742, or 744. In one embodiment, the low-level process performs the acts
related to the associated steps at one frequency while the high-level process performs the
acts related to the respective associated steps at a second frequency. Preferably, the first
frequency 1s greater than the second frequency. More preferably, the first frequency is
1000 Hz and the second frequency 1s 200 Hz.

[0087] Figure 8 1s a state diagram depicting a conceptual model of a human
gait cycle that corresponds to the state machine of one embodiment of the method 200
directed to a prosthetic knee. State 810 is a stance flexion state (STF). This represents a
state of the knee from imitial contact with the ground through the continued loading
response of the knee. The user may flex or extend the knee to some degree while in this
state. The knee remains in this state so long as the knee has not begun extending.
Simple, e.g., mechanical, embodiments of a knee prosthetic typically do not support the
standing tlexion of the knee represented by this state. Preferably, the knee system 100
recognizes this state and allows standing flexion to enable a more natural gait for users.

[0088] State 820 1s a stance extension state (STE). This state represents gait

positions where the knee moves from flexion to full extension. Patients who have
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developed a characteristic gait while using less advanced prosthetics may not encounter
this state.

[0089] State 830 1s a pre-swing state (PS). This state represents a transition
state between stance and swing. During this state, in one embodiment of the method 200,
the knee torque may drop to a minimum value in order to allow for easy initiation of knee
tflexion. In normal walking, this occurs during the time that the knee destabilizes in pre-
swing to allow initiation of knee flexion while the foot remains on the ground.

[0090] State 840 1s a swing flexion state (SWF). This state represents the
swing phase of the lower leg in a human gait. A typical value for the angle of knee
flexion is 60°. State 850 is a swing extension state (SWE). This state represents the gate
phase 1n which the knee begins to extend.

[0091] Normal level ground walking typically consists of one of the following
two state patterns. This pattern includes a state transition pattern of the STF state 810, to
the STE state 820, to the PS state 830, to the SWF state 840 and finally to the SWE state
850. This pattern follows a gait pattern more closely resembling nominal human walking.
However, this pattern may be less common among amputees and thus requires more
practice to consistently use this feature. Advantageously, by recognizing each of the
states 810, 820, 830, 840, and 850, the knee prosthetic system 100 may support this
pattern by maintaining knee stability following initial knee flexion in early stance. Once
patients learn to trust the resulting stance control of the knee prosthetic system 100, this

gait pattern may be utilized.

[0092] As noted above, long term amputees accustomed to less advanced
prosthetics may develop a second characteristic walking pattern. This pattern includes a
state transition pattern of the STF state 8§10, to the PS state 830, to the SWF state 840 and
finally to the SWE state 850. The stance extension state is thus skipped because the
prosthesis remains extended from initial contact until pre-swing. Although this is a
deviation from normal human locomotion, this is a typical gait pattern for a transfemoral

amputee.

[0093] The state machine transition and associated conditions recognized by
one embodiment of the method 700 will now be discussed in more detail with respect to
Figure 9. One supported transition 910 is between the STF state 810 and the STE state
820. This state 1s recognized when the load sensors measurements indicate a loaded

stance on the knee, the sign of the angular rate of change indicates that the knee has
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changed from flexing to extending, and when the knee has been 1n extension for a
minimum time period. In one embodiment, this minimum time period 1s 20 ms.

[0094] A second transition 912 is a transition from the STF 810 state to the PS
state 830. This may occur in amputees walking in the second pattern, discussed above.
This transition may be guarded by several conditions to prevent inadvertent loss of knee
support to the user. The transition may be recognized when a minimum period during
which no substantial flexion or extension occurs, 1.e., knee motion 1s within a small
configurable threshold angle. In addition, the knee 1s preferably within 2 degrees of full
extension and the knee extension moment 1s preferably a parameterized constant times an
average of the maximum extension moment that i1s measured during operation. More
preterably, the parameterized constant 1s 0.2. Preferably, the system 100 dynamically
measures the maximum knee extension moment during every step, recalculates, and
applies the stability factor for the next step. This advantageously provides dynamic
stability calibration rather than a fixed calibration that is made by a prosthetist during
configuration of the device. Dynamic stability control enables the system 100 to exhibit
increased stance stability for the user while maintaining easy initiation of knee flexion
during ambulation.

[0095] A third transition 914 1s from the state 810 to the SWF state 840. This
transition typically occurs on stair or ramps. During these activities, the knee sensors 106
detect a period of stance flexion followed by rapid unloading. At this point, the knee
moves directly into a swing state without passing through the pre-swing state. Again,
multiple conditions may be used to recognize this state to enhance stability for the user.
First, the knee must be unloaded or the load must be less than linearly related to the
maximum load measured during the present step. Preferably, this linear relation includes
multiplying by a factor of 0.05. Second, the knee angle must be greater than a specified
angle. Preferably, this specified angle 1s 10 degrees. Finally, the duration of the stance
phase must be measured to be at least a specified time. Preferably, this specified time
1s approximately 0.23 s.

[0096] A transition 922 between the STE state 820 and the STF state 810 1s
also recognized. This state transition may occur during standing and walking. The
transition is triggered by a change in direction of the knee movement during stance from
stance extension to stance flexion. The transition may be delayed until the angular

velocity of flexion exceeds a minimum value. Recognition of the transition 922 generally
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requires detection of an angular rate greater than a selected hysteresis value. Preferably,
this selected value 1s approximately 10.

[0097] A transition 920 may be recognized between the STE state 820 and the
PS state 830. The transition 920 may occur during weighted stance and generally occurs
when the user is walking using stance flexion, as in the first, nominal, human walking
pattern. In one embodiment, this transition may be recognized by the same conditions
that are tested to recognize the transition 912.

[0098] Another transition 924 may be recognized between the STE state 820
and the SWF state 840. This transition 924 is typically a less frequent state transition that
may occur when walking up stairs foot over foot. During this ambulation pattern, the
knee reads a period of stance extension followed by rapid unloading. At this point, the
knee moves directly into swing without moving into the pre-swing state. In one
embodiment, this transition 1s recognized using the same conditions as used to recognize
transition 914, discussed above.

[0099] Another transition 930 may be recognized between the PS state 830
and the SWF state 840. This transition represents the end of pre-swing and the beginning
of initial swing. This 1s the point where low-level damping may be initiated to control
heel rise. In one exemplifying embodiment, the knee is considered to be on the ground or
weighted when the total force 1s greater than 5 kg for a period greater than 0.02 seconds.
Otherwise, the foot 1s considered to be off the ground. This transition 930 is recognized
when the knee 1s not on the ground or the angle of the knee must be greater than a
specified angle. Preferably, this specified angle is 10°.

[0100] Another transition 932 may be recognized between the PS state 830
and the STF state 810. This 1s a safety transition intended to prevent inadvertent loss of
support during stance when the user 1s not ready for swing. This implements a stumble
recovery stance control feature of the system 100. The following conditions may be used
to recognize the transition 932. The knee angle is greater than a specified angle.
Preferably, the specified angle i1s 7 degrees. A calculated knee moment is greater than a
specified fraction of an average maximum moment during extension. Preferably, this
fraction 1s 0.01. Finally, the total force measured on the knee 1s greater than a fraction of
the average total force on the knee. Note that in one embodiment, this average total force

may be represented by a constant value, e.g., 19 kg.
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[0101]) A number of transitions from swing flexion, SWF state 840, may also
be recognized. Transition 940 may be recognized between the state 840 and the SWE
state 850. This transition 940 occurs during unloaded swing or may be triggered when a
user 1s sitting so that little to no resistance to extension occurs during standing from a
seated position. When walking, this transition 1s detected when the knee is extending and
a filtered measure of angular velocity is greater than some non-calibrated minimum value.
Preferably, this filtered measure 1s based on the infinite impulse filter described above.
The minimum value 1s preferably less than -2. A condition on the non-filtered angular
velocity may also be checked, e.g., whether the angular rate is less than a specified value.
Preferably, the specified value 1s 10.

[0102] When sitting, a different set of conditions may be employed to
recognize the transition 940. For example, the knee angle i1s greater than a specified
angle. Preferably, this angle is 75° and the angular velocity is in a specified range of less,
e.g., +or- 1.5, 1e., the knee 1s relatively still.

[0103] A second transition from the SWF state 840 1s a transition 942 to the
state STF 810. This transition occurs when walking in small spaces or ‘shuffling’ feet.
Recognition of the transition 942 generally accounts for some foot contact with the
ground and may occur when: the knee must be considered loaded or ‘on the ground’, the
knee angle is less than some specified angle, e.g., 20°, and the filtered velocity is less than
a specified value, e.g., 5.

[0104] Transition 950 from the swing extension state 850 to the STF state 810
may be recognized. This 1s the normal transition from Swing to Stance. In one
embodiment, two conditions are tested to recognize transition 950. First, the knee load
sensor 106 reads at least a specified of total force, e.g., Skg, for a period greater than a
specified time, e.g., 0.02 seconds. Second, the knee flexion angle is less than a specified
angle. Preferably, this angle is 50°.

[0105] In addition to the above conditions, transition 950 may also occur with
reference to one or more substates. In one embodiment, three substates are recognized
within the SWE state 850. These states may be considered ‘hold states’ where the knee
system 100 1s programmed to apply torque at the end of terminal swing. The use of these
substates may be configured using the graphical user interface described above. When
certain conditions are met, the substate transitions become active and allow the knee to

remain in extension for a fixed period at the end of swing phase. Preferably, this fixed
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period 1s approximately 4.5 seconds. This may enable a user to enter a vehicle easily
without holding the shin of the prosthesis in extension during the transter. This special
feature eliminates the effect of gravity for a brief period of time that would otherwise
cause the knee to move into flexion and cause an uncomfortable transfer process.
Substate transitions preferably occur in the following order, Substate 1 to Substate 2 to
Substate 3.

[0106] Substate 1 may be recognized during terminal swing where a positive
velocity 1s found after terminal impact with a bumper in the knee. This Substate acts like
an activation switch for initiation of the Substate transition sequences. The torque output
1s equal to that found in Swing Extension in Table 1, above. To recognize the transition
to Substate 1 within the state 850, the angular velocity 1s measured as greater than zero,
the knee angle is less than a specified angle, e.g., 30 degreés, and the user 1s not on stairs.

[0107] Substate 2 mitiates active torque which provides an ‘extension hold’.
The damping during this state may be equal to a fraction of the STF 810 state damping
multiplied by the absolute value of velocity plus a fixed ‘hold’ value. The transition to
Substate 2 1s recognized when the peak knee angle during swing phase 1s greater than a
specified value, e.g., 20 degrees, the angular velocity 1s low, e.g., below a specified
miniﬁlum, e.g., J, and the knee angle must be less than some fixed constant angle, e.g., 2
degrees.

[0108] If the knee remains 1in Substate 2 for some fixed period of time, it will
generally transition to Substate 3. Substate 3 prepares the knee system 100 for contact
with the ground and loading. The damping output in this Substate may be equal to that in
Substate 2 minus the fixed ‘hold’ value. The transition to Substate 3 is recognized when
the time 1s greater than a speCiﬁed hold time. This hold time may be configured using the
graphical user iterface described above. The initial value is preferably 4.5 seconds. In
addition, the filtered velocity may be required to be greater than a specified value. In one
embodiment, this value 1s 10.

[0109] Figure 10 1s a flowchart depicting one embodiment of a method 1000
of performing the degauss step 240 from Figure 2. The method 1000 begins at step 1010
when a transition between states, as discussed above, 1s recognized. Next at decision step
1020, this new state 1s checked to determine if it is a minimum torque state. In one
embodiment, the swing flexion 850 state, when stairs descent 1s detected, may be one

such minimum torque state. If the state 1s not a minimum torque state, the method 1000
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ends. If the state is a minimum torque state, the method 1000 proceeds to a step 1030.
Next at the decision step 1030, a measure of the maximum applied output current is
compared to a threshold current value. This threshold value may be configurable. If the
threshold has not been exceeded, the method 1000 terminates. If the threshold has been
exceeded, the method 1000 moves to step 1040. Next at step 1040, a current pulse is
applied that is opposite in polarity to the current pulses that are applied to control
damping of the actuator 108. In one embodiment, the magmtude of this reverse polarity
pulse 1s based on the maximum damping current pulse that has been applied since the last
execution of the method 1000. Preferably, this reverse polarity pulse 1s in the range of 10-
50% of the maximum applied damping pulse. More preferably, the value of the reverse
polarity pulse 1s approximately 25%. In other embodiments, the pulse may be 33%.
Furthermore, the reverse polarity pulse amplitude may be greater or less than this fraction,
or a fixed value depending on the electro-magnetic characteristics of a particular
embodiment of the actuator 108.

[0110] In, for example, a knee embodiment of the prosthetic system 100, i1t
may be advantageous to allow the knee to swing without damping when descending a
ramp or stairs. Figure 11 depicts one embodiment of a method 1100 for allowing the
knee to swing freely when descending. The method 1100 1s typically performed with
respect to the gait state SWF 840. The method 1100 begins with the step 210, described
with respect to the method 200, in which the knee extension angle 1s measured. Next at
the step 220, the moment of the knee 1s calculated. The next set of steps 1130-1160 are
now described with respect to the method 1100. However, it 1s to be appreciated that
these steps may be performed at the step 730 of one embodiment of the method 700.
Continuing at decision step 1130, the knee moment is compared to a weighted average of
moment measurements. This average may, in some embodiments, be maintained over a
period of steps, from power up, or over the lifetime of the particular system 100. If the
knee moment is not less than the weighted average, the method 1100 ends. If the moment
1s greater, the method 1100 proceeds to step 1140. At decision step 1040, the measured
extension angle of the knee 1s compared to a specified value. Preferably, this specified
value may be configured using the user interface. In one embodiment, the default
specified value 1s 1n the range of 3-7 degrees. If the angle 1s less than this specified angle,
the method 1100 proceeds to step 1150. If the angle i1s greater than the specified angle,
the method proceeds to step 1160. Moving to step 1150, the damping 1s calculated as
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described above for the current state and the method 1100 ends. Returning to step 1160,
the damping value is set to be a value substantially less than the normally calculated value
and the method 1100 terminates. Preferably, the damping value 1s set to be essentially
Zero.

[0111] Embodiments of the invention can efficaciously utilize other field
responsive (FR) fluids and mediums. In one embodiment, an electrorheological (ER)
fluid is used whose rheology can be changed by an electric (energy) field. Thus, the
electrorheological (ER) fluid undergoes a rheology or viscosity change or vaniation which
1s dependent on the magnitude of the applied electric field. Other suitable electronically
or electrically controlled or controllable mediums may be efficaciously utilized, as needed
or desired.

[0112] Embodiments of the invention and the concepts disclosed, taught or
suggested herein can be used 1n conjunction with other types of prosthetic knees and other
prosthetic devices and joints including ankles, hips, elbows and wrnsts. Some
embodiments of a prosthetic ankle are disclosed in U.S. Patent Application No.
11/056,344, filed February 11, 2005, the entirety of which 1s hereby incorporated by

reference herein.

[0113] In view of the above, one will appreciate that embodiments of the
invention overcome many of the longstanding problems in the art by providing a
prosthetic or orthotic control system that provides more natural and comfortable
movement to its users. Moreover, this system enables more convenient and intuitive
configuration through graphical computing devices. In addition, the system provides
remote configuration and maintenance that allows for more efficient and flexible service
to be provided to patients by reducing the need for in person visits to a prosthetist.

[0114] While the above detailed description has shown, described, and pointed
out novel features of the invention as applied to various embodiments, it will be
understood that various omissions, substitutions, and changes in the form and details of
the device or process illustrated may be made by those skilled in the art without departing
from the spirit of the invention. As will be recognized, the present invention may be
embodied within a form that does not provide all of the features and benefits set forth
herein, as some features may be used or practiced separately from others. The scope of

the invention 1s indicated by the appended claims rather than by the foregoing description.
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All changes which come within the meaning and range of equivalency of the claims are to

be embraced within their scope.
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WHAT IS CLAIMED IS:

1. A device configured to be attached to a limb, comprising:
a magnetorheological damper operating in shear mode;
a controller configured to operate the damper; and
a mobile computing device adapted to intermittently communicate
configuration parameters to the controller.
2. The device ot Claim 1, wherein the device comprises a prosthetic knee.
3. The device of Claim 1, wherein the configuration parameters comprise
target values.
4 The device of Claim 1, wherein the controller 1s adapted to intermittently
communicate configuration parameters to the mobile computing device.
5. The device of Claim 1, wherein the controller 1s adapted to intermittently
communicate operational data to the mobile computing device.
6. The device of Claim 1, wherein the magnetorheological damper comprises
a rotary magnetorheological damper.
7. The device of Claim 1, wherein the mobile computing device 1s a personal
digital assistant.
8. The device of Claim 7, wherein the personal digital assistant 1s a
commercial off-the-shelf unit.

9. The device of Claim 1, wherein the mobile computing device i1s a mobile

telephone handset.

10.  The device of Claim 1, wherein the mobile computing device 1s a personal
computer.
11.  The device of Claim 1, wherein the mobile computing device is a mobile

personal computer.

12. The device of Claim 1, wherein the mobile computing device includes a

iconic graphical user interface.
13. The device of Claim 12, wherein the iconic graphical user interface
displays 1ndicia associating parameter values with state machine conditions.

14.  The device of Claim 13, wherein the state machine conditions comprise

terrain conditions.

15. The device of Claim 13, wherein the state machine conditions comprise

galt cycle states.
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16. The device of Claim 12, wherein the iconic graphical user interface
displays indicia associating parameter values with adaptive parameters.
17. A device configured to be attached to a limb, comprising:
a controller configured to operate an actuator; and
a mobile computing device having an iconic graphical user interface and
adapted to intermittently communicate configuration parameters to the controller.
18. The device of Claim 17, wherein the controller 1s further configured to
communicate data to the mobile computing device.
19. The device of Claim 17, wherein the graphical user interface displays
indicia associating parameter values with state machine conditions.
20.  The device of Claim 19, wherein the state machine conditions comprise
terrain conditions.
21.  The device of Claim 19, wherein the state machine conditions comprise
gait cycle states.
22.  The device of Claim 17, wherein the graphical user interface displays
indicia associating parameter values with adaptive parameters.
23. A device configured to be attached to a limb, comprising:
a magnetorheological damper operating 1n shear mode;
a software system configured to adaptively change damping parameters of
the damper while the system 1s operating; and
a mobile computing device adapted to intermittently communicate
damping parameters to the software system.
24.  The device of Claim 23, wherein the magnetorheological damper

comprises a rotary magnetorheological damper.

25.  The device of Claim 23, wherein the prosthetic system comprises a
prosthetic knee.
26.  The device of Claim 23, wherein the software system 1s further configured

to communicate data to the mobile computing device.

27. The device of Claim 23, wherein the damping parameters comprise target

values.
28. A device configured to be attached to a limb, comprising:

a magnetorheological damper operating in shear mode; and
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a controller configured to operate the damper, wherein the controller is
configured to receive data from a computing network.
29. The device of Claim 28, wherein the device comprises a prosthetic knee.
30. The device of Claim 28, wherein the magnetorheological damper

comprises a rotary magnetorheological damper.

31. The device of Claim 28, wherein the computing network comprises the
Internet.
32. The device of Claim 28, further comprising a wireless transceiver

configured to receive the data from the computing network.
33. The device of Claim 28, wherein the data comprises executable software.
34.  The device of Claim 33, wherein the controller 1s configured to execute the
executable software.
35. The device of Claim 28, wherein the data is sent from a network
computing device.
36. The device of Claim 28, wherein the controller 1s configured to send data
to the network.
37. A device configured to be attached to a limb, comprising:
a magnetorheological damper operating in shear mode; and
a controller configured to operate the damper, wherein the controller i1s
configured to send data to a computing network.
38.  The device of Claim 37, wherein the device comprises a prosthetic knee.
39. The device of Claam 37, wherein the magnetorheological damper

comprises a rotary magnetorheological damper.

40. The device of Claim 37, wherein the computing network comprises the
Internet.
41. The device of Claim 37, further comprising a wireless transceiver

configured to send the data to the computing network.

42. The device of Claim 37, wherein the data 1s sent from a network
computing device.

43. A method of maintaining an electro-magnetic actuator in a device attached

to a limb that 1s actuated by a first current pulse having a first current polarity, the method

comprising:
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applying a second current pulse to the electro-magnetic actuator wherein
the current pulse has an electrical current polarity that is opposite the first current
polarity.

44,  The method of Claim 43, wherein the second current pulse has a
magnitude that 1s determined with reference to a maximum current value.

45. The method of Claim 44, wherein the maximum current value is measured
since the time of a third pulse having an electrical current polarity that is opposite the first
current polarity.

46.  The method of Claim 44, wherein the second current pulse has a
magnitude that 1s approximately one fourth of the maximum current value.

47.  The method of Claim 44, wherein the second current pulse has a
magnitude that 1s 1n the range of one fifth to one half of the maximum current value.

48. The method of Claim 44, wherein the second current pulse has a
magnitude that is in the range of one fourth to one third of the maximum current value.

49. The method of Claim 43, wherein the prosthesis comprises a
magnetorheological knee.

50. A method of controlling a prosthetic knee during swing extension while
descending stairs, the method comprising:

identifying a stair swing extension state.
measuring an extension angle of the knee;
damping the identified swing of the knee with a first gain value only if the

extension angle 1s less than a predetermined value and a second gain value

otherwise.

51.  The method of Claim 50, wherein the second gain value 1s substantially
ZEero.

52. The method of Claim 50, wherein the first gain value is greater than the

second gain value.

53. The method of Claim 50, wherein the first gain value is substantially

greater than the second gain value.

54. The method of Claim 50, wherein the predetermined value comprises a

soft impact angle.

55. The method of Claim 50, wherein the knee comprises a

magnetorheological knee.
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56. The method of Claim 50, wherein the identifying comprises detecting the
absence of a preswing.
S7.
58.  The method of Claim 56, wherein detecting the absence of a preswing
COMprises:
measuring a moment; and
determining whether the moment 1s less than a weighted average of a
plurality of measured moments.
59. The method of Claim 58, wherein measuring the moment comprises:
measuring a knee angle rate;
measuring a knee load; and
calculating the moment from the knee angle rate and the knee load.
60. A method of controlling a prosthetic knee system, comprising:
measuring at least one characteristic of knee movement;
identifying a control state based at least partly on the at least one measured
characteristic of knee movement;
calculating a damping value based at least partly on the control state;
filtering the damping value based at least partly on values of previous
damping values; and
applying the damping value to control the resistance of a
magnetorheological damper operating in shear mode.
01. The method of Claim 60, wherein the magnetorheological damper
operating 1n shear mode comprises a rotary magnetorheological damper operating in shear

mode.

62.  The method of Claim 60, wherein the measuring comprises receiving a

value from a knee angle sensor.

63.  The method of Claim 60, wherein the measuring comprises receiving a

value from a load sensor.

64. The method of Claim 63, wherein receiving a value from the load sensor
comprises receiving at least one value from a strain gauge.
65.  The method of Claim 60, wherein the filtering comprises applying a fixed

point infinite impulse response filter to filter the damping value.
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66.  The method of Claim 60, wherein the calculating comprises adapting a
damping parameter.

67.  The method of Claim 66, wherein the adapting 1s based at least partly on
an empirical function.

08. A device configured to be attached to a limb, comprising:

a magnetorheological damper operating in shear mode;

at least one sensor configured to measure knee motion;

a software system configured to 1dentify a control state based at least partly
on the measure of knee motion and configured to send a control signal to the
damper based at least partly the control state, wherein the software system is
further configured to filter a value of the control signal based at least partly on
values of previous control signals.

69. The device of Claim 68, wherein the magnetorheological damper
comprises a rotary magnetorheological damper.

70. The device of Claim 68, wherein the at least one sensor comprises a knee
angle sensor.

71. The device of Claim 68, wherein the at least one sensor comprises a load
Sensor.

72. The device of Claim 68, wherein the load sensor comprises at least one
strain gauge.

73. The device of Claim 68, wherein the control signal comprises a current and
wherein the damper 1s configured to vary resistance to rotation in response to the current.

74.  The device of Claim 68, wherein the software system is configured to
apply a fixed point infinite impulse response filter to filter the value of the control signal.

75. A method of controlling a prosthetic having a movement damper,
comprising:

measuring at least one characteristic of prosthetic movement;

calculating a damping value based at least partly on the control state;

applying a fixed point infinite impulse response filter to filter the damping
value based at least partly on values of previous damping values; and

applying the damping value to control the resistance of a damper.
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