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TITLE
Grasp Assistance System and Method

[0001] This application claims priority from U.S. Provisional Patent Application
62/640,609, filed March 9, 2018, which is incorporated herein by reference in its entirety.

TECHNICAL FIELD
[0002] The present invention relates to control of powered orthotic devices, and more
specifically, to controlling such devices to assist a user with performing grasping movement

tasks.

BACKGROUND ART
[0003] Survivors of stroke, brain injury, and other neuromuscular trauma or disease (e.g.,
Amyotrophic Lateral Sclerosis (ALS), Multiple Sclerosis (MS), Muscular Dystrophy (MD),
etc.) are often left with hemipareisis or severe weakness in some parts of the body. The result
can be impaired or lost function in one or more limbs. But people can rehabilitate
significantly from many of the impairments following such neurological traumas, and such
rehabilitation can be more effective and motor patterns can be re-learned more quickly if a
rehabilitative exercise regime includes the execution of familiar functional tasks. Following
neuromuscular trauma, however, the control or strength in an afflicted limb or limbs may be
so severely diminished that the patient may have difficulty (or be unable) performing

constructive functional rehabilitation exercises without assistance.

[0004] U.S. Patents 8585620, 8926534 and 9398994 (incorporated herein by reference in
their entireties) describe examples of powered orthotic devices to assist those with
neuromuscular problems. But even given such advanced solutions, control of these devices

for common movement tasks such as hand grasping functionality remains a challenge.
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SUMMARY
[000S5] Embodiments of the present invention are directed to a computer-implemented
method that employs at least one hardware implemented computer processor for controlling a
grasp control system to assist an operator with a grasping movement task. The at least one
hardware processor is operated to execute program instructions for: monitoring a movement
intention signal of a grasping movement muscle of the operator, identifying a volitional
operator input for the grasping movement task from the movement intention signal, and
operating a powered orthotic device based on the volitional operator input to perform the
grasping movement task as a chain of motion primitives, wherein each motion primitive is a
fundamental unit of grasping motion defined along a movement path with a single degree of

freedom.

[0006] In specific embodiments, operating the powered orthotic device includes performing
the grasping movement task as chain of motion primitives at a variable speed controlled as a
function of the volitional operator input. A second movement intention signal of a second
grasping movement muscle of the wearer may be monitored, and the volitional operator input
then may be identified from both movement intention signals. For example, the grasping
movement muscles monitored by the movement intention signals may be antagonistic

muscles.

[0007] Performing the grasping movement task may include undoing a portion of the
grasping movement task based on the volitional operator input by performing a portion of the
chain of motion primitives in reverse order. A finger force signal may be generated by one or
more fingers of the wearer related to the grasping movement task, and then monitored so that
the volitional operator input is identified from the movement intention signal and the finger

force signal.

[0008] The chain of motion primitives may create grasping motion with at least two degrees

of freedom. The chain of motion primitives may be predefined system chains and/or user
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defined chains, e.g., dynamically defined by the user. The movement intention signal may be

an electromyography (EMG) signal, or muscle twitch, pressure, force, etc.

[0009] Embodiments of the present invention also include a computer-implemented grasp
control system for assisting an operator with a grasping movement task. The system includes
a muscle movement sensor that is configured for monitoring a grasping movement muscle of
the operator to produce a movement intention signal. A powered orthotic device is configured
for assisting grasping motion of the operator. Data storage memory is configured for storing
grasp control software, the movement intention signal, and other system information. A grasp
control processor including at least one hardware processor is coupled to the data storage
memory and configured to execute the grasp control software. The grasp control software
includes processor readable instructions to implement a grasp control algorithm for:
identifying a volitional operator input for the grasping movement task from the movement
intention signal, and operation of the powered orthotic device is based on the volitional
operator input to perform the grasping movement task as a chain of motion primitives,
wherein each motion primitive is a fundamental unit of grasping motion defined along a

movement path with a single degree of freedom.

[0010] The grasp control algorithm may operate the powered orthotic device to perform the
grasping movement task as chain of motion primitives at a variable speed controlled as a
function of the volitional operator input. There may also be a second muscle movement sensor
that is configured for monitoring a second grasping movement muscle of the operator to
produce a second movement intention signal, wherein the grasp control algorithm identifies
the volitional operator input from both movement intention signals. For example, the grasping

movement muscles may be antagonistic muscles.

[0011] Performing the grasping movement task may include undoing a portion of the
grasping movement task based on the volitional operator input by performing a portion of the

chain of motion primitives in reverse order. There may also be a finger force sensor that is
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configured for monitoring a finger force signal generated by one or more fingers of the wearer
related to the grasping movement task, wherein the grasp control algorithm identifies the

volitional operator input from the movement intention signal and the finger force signal.

[0012] The chain of motion primitives may create grasping motion with at least two degrees
of freedom. The chain of motion primitives may be predefined system chains and/or user
defined chains, e.g., dynamically defined by the user. The muscle movement sensor may be

an electromyography (EMGQG) signal sensor.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] Figure 1 shows various functional blocks in a grasp control system for a powered

orthotic device according to an embodiment of the present invention.

[0014] Figure 2 shows various functional block details of a user interface for a grasp control

system according to an embodiment of the present invention.

[0015] Figures 3A-3G show example photographs of a user fitted with a powered orthotic

device that he uses for the specific grasping movement task of lifting a cup for drinking.

[0016] Figure 4 shows a graph of various relevant parameters during the process shown in

Figs. 3A-3G.

[0017] Figure S shows an example of how a motion chain is shaped in the case of single

direction scrubbing.

[0018] Figure 6 shows a similar set of waveforms for another example with a single DOF

scrubbed at a varying speed using two inputs, a positive and negative direction VOI.
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[0019] Figure 7 shows an example of the structure of a powered orthotic device suitable for
assisting a user with performing a hand task movement according to an embodiment of the

present invention.

[0020] Figure 8 is grasp-release flowchart showing various logical steps in a grasp control

process using motion chains according to an embodiment of the present invention.

[0021] Figure 9 shows various example waveforms associated with a basic precontact-

secure-hold sequence.

[0022] Figure 10 shows various example waveforms associated with a basic precontact-

secure-hold/ratcheting sequence.

[0023] Figure 11 shows various example waveforms associated with a single sensor

precontact-trigger release-release process.

[0024] Figure 12 shows various example waveforms associated with a two sensor

precontact-trigger release-release process.

[0025] Figure 13 shows various example waveforms for grasp slipping for a single flexor

muscle sensor.

[0026] Figure 14 shows various example waveforms for grasp releasing for a single flexor

muscle sensor.

[0027] Figure 15 shows various example waveforms for grasp releasing for dual flexor

SENSsors.
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[0028] Figure 16 illustrates operation that provides enhanced functionality for other external

devices in order to complete an action the other device is unable to achieve by itself.

[0029] Figure 17 shows one specific logical flow arrangement for acquiring new task

motion chains.

DETAILED DESCRIPTION
[0030] Various embodiments of the present invention are directed to techniques for grasping

control to perform grasp movement tasks with a powered orthotic device.

Definitions:
[0031] “Scrubbing” refers to traversing forward or backward through a command set or

signal.

[0032] “Volitional Operator Input (VOI)” refers to a system control input that is controlled
by user intent; for example, an electromyography (EMG) signal input, an

electroencephalogram (EEG) signal input, or a body-worn linear transducer input.

[0033] “Degree of Freedom (DOF)” is an independent direction in which motion can occur
about a translational or rotational joint or combination thereof. For example, a human wrist

contains 3 DOF while an elbow only contains 1.

[0034] A “motion primitive” is a fundamental unit of motion involving a single DOF
moving along a linear or non-linear movement path through a prescribed position, velocity, or

force target trajectory.

[0035] A “motion chain” is a set of motion primitives that are connected in series or parallel

to create a more complex action across one or more DOF.
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[0036] A “shaped motion chain (SMC)” is a motion chain that is traversed at variable speed
based on VOI input.

[0037] Complex motions that are too sophisticated for an average user to execute in real
time can be efficiently created and played back by chaining together multiple simple
movements so as to form a more complex series of movements. This also allows for scenarios
where the number of device sensors is fewer than the number of DOF’s. For example, a
therapist can come into a user’s home and help them record complex tasks like opening their
specific kitchen drawer or reaching for the handle for their model of refrigerator. The user can
then later activate these custom routines during daily activities, allowing them more
independence at home in daily life. Chaining complicated motions together for more complex
therapeutic tasks such as coordinated arm-hand lifts and pick-and-place tasks also could be
beneficial for more impaired users in therapy. The following discussion is presented in terms
of “grasping” tasks and functions, but the present invention is not limited to that specific
application, and the approach of chain together sequences of simpler motions can usefully be

applied to other movement tasks with multiple DOFs.

[0038] Embodiments of the present invention, as shown in Figure 1, are directed to a
computer-implemented grasp control system 100 and related methods for controlling a
powered orthotic 104 to assist an operator with a grasping movement task as a chain of
motion primitives, for example, as a shaped motion chain SMC. The grasp control system 100
estimates that state of the user and the powered orthotic 104 and, based on system operation
mode, user history, shared usage information and other data, determines the intended next
motion in the chain of motion primitives and outputs corresponding control commands to the
powered orthotic 104 device. Chains of motion primitives may perform more complicated
grasping motions including those with at least two degrees of freedom. The chain of motion
primitives may specifically be predefined system chains and/or user defined chains, e.g.,

dynamically defined by the user.
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[0039] A muscle movement sensor 101, e.g., an electromyography (EMGQG) signal sensor,
EEG sensor, muscle contraction sensors, etc., is configured for monitoring a grasping
movement muscle of the operator to produce a movement intention signal that represents a
Volitional Operator Input (VOI) to the system. Besides an EMG sensor, the muscle movement
sensor 10 that produces a given VOI may include without limitation an EEG sensor, a linear

transducer input, a suck-and-puff tube, or other physiological user-controlled input.

[0040] There also may be one or more other additional data sensors 106 configured to
produce useful information signals such as EMG?, IMU, position, joint angles, force, strain,
etc. For example, the additional data sensor 106 may include a second muscle movement
sensor that is configured for monitoring a second grasping movement muscle of the operator
to produce a second movement intention signal (for example, the grasping movement muscles
may be antagonistic muscles). Or the additional data sensor 106 may be a finger force sensor
that 1s configured for monitoring a finger force signal generated by one or more fingers of the
wearer related to the grasping movement task so that the grasp control system 100 can
identify the VOI from the movement intention signal and the finger force signal. There may
also be one or more external facing sensors 105 for producing additional information signals
such as GPS, RFID readers, Wi-Fi signal, etc. that may be used by the grasp control system
100.

[0041] Data storage memory 103 is configured for storing grasp control software, the
movement intention signal, and other system information such as various systems settings 107
related to operation of the grasp control system 100 and the powered orthotic 104. The
systems settings 107 may include one or more user-specific settings such as signal gains,
signal thresholds, operation speeds, grasp preferences, etc. The system information stored in
the data storage memory 103 also may include without limitation device history information,

shared performance information, historic control settings, and machine learning data

[0042] A grasp control processor 102 including at least one hardware processor is coupled
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to the data storage memory 103 and configured to execute the grasp control software. The
grasp control software includes processor readable instructions to implement a grasp control
algorithm for: identifying a volitional operator input for the grasping movement task from the
movement intention signal produced by the muscle movement sensor 101. Operation of the
powered orthotic device 104 by the grasp control processor 102 is based on the volitional
operator input to perform the grasping movement task as a chain of motion primitives,
wherein each motion primitive is a fundamental unit of grasping motion defined along a
movement path with a single degree of freedom. Specifically, the grasp control system 100
may operate the powered orthotic device 104 to perform the grasping movement task as chain
of motion primitives at a variable speed controlled as a function of the volitional operator

input.

[0043] The grasp control system 100 implements grasping movement tasks as chains of
motion primitives defined by the system, the user or a therapist. The motion primitives
describe a simple motion of the powered orthotic 104 with one degree of freedom (DOF), and
prescribe a position, velocity, or force in fundamental terms. The motion primitives may be
pre-defined, and/or they may be dynamically generated online (on-the-fly) based on sensor
inputs such as a motion that maintains spatial position based on a gravitational vector, or
maintaining a constant force (which requires some change in position). The motion primitives
may be combined in series or parallel to create complex grasping movement task maneuvers
that the powered orthotic 104 can perform. And performing a specific grasping movement
task may include undoing a portion of the grasping movement task based on the VOI by

performing a portion of the chain of motion primitives in reverse order.

[0044] As mentioned above, the motion primitive chains may be pre-defined and stored on
the device, or they may be located on a remote server which can be accessed by the grasp
control system 100, or they may be combined online based on branching logic from external
or internal sensing inputs. The chains may use directly recorded motions, or they may choose

the closest pre-defined motion primitives that match the desired grasping movement task. By
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scrubbing through the chained motion primitives at a dynamic speed, resulting joint angle
velocity commands will depend on both the primitive’s desired speed, as well as the VOI,
resulting in a shaped motion chain (SMC). The SMC serves as an input to the controllers of
the powered orthotic device. The device may impart other control layers on top of the SMC,
including but not limited to, closed-loop velocity control, force control or feedback, position
limits, kinematic compensations, acceleration limits, and safety thresholds. Volitional
Operator Inputs (VOI’s) can be used to scrub through the chain of actions, moving forward or
reverse through the action instruction set, at speed proportional to measured signal power,

current, or voltage.

[0045] The user can also interact with the grasp control system 100 via a user interface 108
configured to select the system settings and/or operating mode. Figure 2 shows one specific
example of a menu architecture for such a user interface 108 that includes a device status
section 201 configured to display to the user information such as battery status and session
history. Other useful submenus are also available such as a sensor menu 202 to test and
calibrate the system input sensors and adjust their sensitivity and response speed and force. A
modes menu 203 allows the user to set a specific arm configuration, customize operating
modes 2031 (e.g., fast, precision, walking, sensitive, sport, working, etc.), and adjust grip
patterns 2032 (e.g., power grasp, pinch grasp, lateral pinch, spherical grasp, etc.). A clinic
menu 204 allows monitoring and adjusting of user goals and progress, clinician
communication, programming therapy movements and control of rehabilitation exercise
videos. A task training menu 205 helps the user program and organize the various assisted

movement tasks such as eating, dressing, etc.

[0046] Figures 3A-3G show example photographs of a user fitted with a powered orthotic
device that he uses for the specific grasping movement task of lifting a cup for drinking. In
Fig. 3A, the user initiates the grasping movement task by a user input such as uttering a voice
command to the system. The fingers of the hand then open, Fig. 3B, and the elbow then

lowers the open hand down to straddle the cup, Fig. 3C. The next motion primitive to be

-10-
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executed closes the hand around the cup, Fig. 3D. The system then executed the next motion
primitive, Fig. 3E, to lift the cup by moving the elbow and wrist in a coordinated manner to
keep the cup level. In Fig. 3F, the cup reaches the desired drinking location in front of the
user, and the next movement is executed, adjusting the wrist deviation back to neutral to tip

the cup towards the mouth, Fig. 3G.

[0047] Figure 4 shows a graph of various relevant parameters during such the process
shown in Figs. 3A-3G. This illustrates how the grasping movement task of drinking from a
cup combines simpler movements using three separate DOF’s. Each segment of the different
lines for grasp posture, wrist deviation angle, and elbow angle is a separate different motion
primitive over time. When combined together in parallel, a complex set grasping movement

task actions is created that forms a motion chain.

[0048] In specific embodiments, a user could pick up a cup, and also can volitionally slow
the motion as the cup grasp is happening, or reverse motion if the grasp attempt missed the
cup entirely. They could then speed up the motion as it lifts the cup to decrease overall time to

complete a drink.

[0049] Figure S shows an example of how a motion chain is shaped in the case of single
direction scrubbing. A single DOF is shown scrubbed at a speed varying between 20% and
170% playback speed. The output graph of position versus time results in variable velocities
based on a combination of scrubbing speed and the slope of the target position graph
(velocity). Note that the motion chain is defined only in terms of percentage complete, but
once played back at a variable rate, the completion time is dependent on both the VOI and the

motion chain.
[0050] Figure 6 shows a similar set of waveforms for another example with a single DOF

scrubbed at a varying speed using two inputs to generate a positive and negative direction

VOI. When the positive direction value is higher (left side of the middle waveform), the

11-
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motion chain is scrubbed in the forward direction at a speed proportional to the VOI value.
When the negative direction value is higher (right side of the middle waveform), the motion is
scrubbed in a negative direction. The output graph of position versus time results in variable
velocities based on a combination of scrubbing speed and the slope of the target position
graph (velocity). In this case, 60% of the motion chain is performed, then the direction is
reversed, and the motion chain is played back in reverse at a speed proportion to VOI,

yielding a somewhat symmetric result.

[0051] In one specific embodiment, muscle sensing signals for such grasping movement
tasks can be generated by an antagonistic pair of surface electromyography (SEMG) sensors
connected to the bicep and tricep of the user and generating the VOIs. Flexing the biceps then
generates faster movement through the motion chain, while flexing the triceps causes reverse

movement through the motion chain at a speed proportional to signal power.

[0052] VOIs may be physiologically related such as for a finger flexor signal being used to
perform a finger motion, or they may be physiologically unrelated such as using a pectoral
muscle signal to execute a complicated maneuver utilizing coordinated elbow, hand, and wrist
movements. For VOI's in a single-input embodiment, a moderate signal level can be
considered a stationary threshold level, with lower level signals indicating reverse motion
VOlIs, and higher level signals indicating forward motion; the greater the absolute value of the
signal from the threshold, the faster the speed of motion. An alternative single sensor
embodiment would have a zero motion set point near zero signal level, with increasing signal
level indicating faster forward motion. When an indication such as a quick twitch is activated,
the direction is reversed, with higher signal level indicating faster reverse motion. Instead of a
twitch pattern, a voice command or button press by the other hand could also be used to
reverse direction. For practicality of signal noise removal, zero motion cannot be at zero
signal level, as some signal level will always be measured in the form of noise. Instead, a
minimum threshold can be set above the noise floor and any signal below that threshold can

be regarded as zero.

-12-
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[0053] Information and/or data may be drawn from other onboard sensors such as for
angular position, gravitational vector, localization information, or force/pressure/contact
sensors to determine when to transition from one motion primitive to another, or to determine
the online shape of the motion primitive. For example, when drinking from a cup, the
coordination of ulnar deviation and elbow flexion are linked such that ulnar deviation
maintains the cup level as measured by an inertial measurement unit (IMU). Depending on a
user’s posture, the required angle for specific movements such as pronation, supination, ulnar
deviation, etc. may be different during each task execution, so a predefined routine of elbow
and wrist position alone would not always yield satisfactory performance. Another example
would be that the motion continues to play in the close-grasp direction until force sensors at
the hand register sufficient grasp contact with an object. At that point, progression to the next
motion primitive is triggered. Logic can also branch and merge, such as closing hand until

force is registered OR end of actuator travel is reached.

[0054] Besides the muscle sensor arrangements discussed above, the VOI to initiate a
motion chain for a given movement task can be generated by some other form of user input
such as voice command, pressing a button on the device, scrolling through a list of commands
on a phone or tablet, or intelligently selected by the device based on location information
(e.g., RFID tags, QR codes or other location tags) or in the case of grasping, using a video

camera to identify and classify the object to be grasped.

[0055] Figure 7 shows an example of the structure of a powered orthotic device 700 suitable
for assisting a user with performing a hand task movement according to an embodiment of the
present invention. A base section 701 fits over the forearm of the user and includes the muscle
movement sensors (not shown, but fitting onto the flexor and extensor muscles of the
forearm) that generate the VOIs. Grasp actuator 704 contains the grasp control processor and
generates the powered signals to a thumb actuator 702 and finger actuators 703 to assist with

their movements during execution of the motion primitives of the motion chains. Force

13-
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sensors 706 provide feedback signals to the grasp actuator 704 for control of the hand task
movements. Device angle 705 indicates the angle of the metacarpophalangeal joint (MCP)

where 0 degrees corresponds to the fully open position of the fingers.

[0056] Figure 8 is grasp-release flowchart showing various logical steps in a grasp control
process using motion chains according to an embodiment of the present invention, specifically
showing grasping, holding, and releasing an object. When the user first determines: “I want to
grab something”, step 801, the user generates an initial VOI by bringing their flexor EMG
signal above a tunable “basic threshold” to start the initial precontact movement of the
powered orthotic device, step 802. Once contact is made with the object, step 803, the finger
force sensors will read an initial non-zero force value which changes the grasp mode from
“pre-contact” to “secure grip”, step 804. In “secure grip” mode, as long as the flexor EMG
signal is above the threshold, the rate that the fingers close (device angle slope) is driven by
the force sensors. Once a certain force threshold is reached by the force sensors, step 805, the
grasp mode changes from “secure grip” mode to “hold” mode, step 809. In “hold” mode, the
user can relax their flexor EMG signal below the basic threshold and the device will maintain
its grip on the object. Various example waveforms associated with this basic precontact-

secure-hold sequence are shown in Figure 9.

[0057] A hold/ratcheting mode can also be provided where, once the user is in “secure grip”
mode, step 804, they can relax their flexor EMG signal at any point to hold position, or the
user can raise their flexor EMG signal above the basic threshold once relaxed to continue to
increase the device angle and force holding the object. Various example waveforms

associated with this basic precontact-secure-hold/ratcheting sequence are shown in Figure 10.

[0058] Rather than smoothly progressing from the secure grip mode, step 804, to the hold
mode, step 809, something may go wrong in the process of securing the grip such that the user
wants to release the object. In an embodiment with a single flexor muscle sensor, at a certain

point in the process when the user is not happy with securing their grasp, they then release

-14-
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their flexor muscle sensor signal until it falls below a release threshold, step 806, and so a
release mode is triggered, step 807, and the object is released during which the rate that the
fingers open (device angle slope) is driven by the force sensors. Figure 11 shows various
example waveforms associated with this single sensor precontact-trigger release-release

process.

[0059] In atwo sensor embodiment with both flexor and extensor muscle sensor signals
available for VOI, the user initiates movement, step 802 by bringing their flexor sensor signal
above a tunable basic threshold until contact is made with the object, step 803. But at some
point, the user is not happy with securing their grasp, step 806, and releases their flexor sensor
signal and raises their extensor sensor signal above a tunable basic threshold, step 806, to
trigger the release mode, step 807, and the object is released, step 808, as long as the user
maintains their extensor EMG signal above the basic threshold. When the object is released,
again the rate that the fingers open (device angle slope) is driven by the force sensors. Figure
12 shows various example waveforms associated with this two sensor precontact-trigger

release-release process.

[0060] Rather than a conscious decision to release the object, the object may inadvertently
slip so that the force sensors generate a zero force signal that triggers the release mode.
Specifically, once in the full grasp/hold mode, step 809, if a slip is detected, step 810, a grasp
correction may be attempted, step 811, or otherwise, the trigger release mode is entered, step
807, and the object is released, step 808. Figure 13 shows various example waveforms for this
slipping for a single flexor sensor which when relaxed below the basic threshold in release
mode opens up the user’s grasp (bringing the device angle back down to zero). In the event of
having two muscle sensors, raising the extensor sensor signal above the basic threshold would

also open up the user’s grasp.

[0061] In the full grasp/hold mode, step 809, the user holds the object with no significant

VOI signal. Once the user wants to release the object, he/she increases the VOI signal above

-15-
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the basic threshold for a tunable amount of time, step 812, until the trigger release mode is
entered, step 807. Once in release mode, the user can release the object, step 808, by relaxing
VOI signal below the release threshold and the fingers will open up at a rate driven by the
force sensors until the force sensors do not read any force at which the fingers will open up at
a constant rate. Figure 14 shows various example waveforms for this slipping for a single

flexor sensor, and Figure 15 shows similar waveforms for a dual sensor embodiment.

[0062] A powered orthotic device and grasp control system such as described above can
provide enhance functionality for other external devices in order to complete an action the
other device is unable to achieve by itself; that is, it may be useful to coordinate multiple
different devices to accomplish some grasping tasks. For example, such an arrangement can
help a user sitting in a wheelchair (“other external device”) to grasping an object that is
currently out of reach on a table. Figure 16 illustrates operation in such a scenario where the
powered orthotic device is referred to as an “Arm Exoskeleton”, which is able to coordinate
its operation with a powered wheelchair to complete more complicated or larger movement
tasks than could be done by the user with just one of the devices. Specifically, the Arm
Exoskeleton and the Powered Wheelchair may be configured in a master-slave arrangement
where explicit commands are sent from the master device to the slave device telling the slave

device what to do to perform the movement task being controlled by the master device.

[0063] New grasps and motion chains can be learned and acquired as needed based on the
situation in real time. Examples of such new tasks that might arises in normal life might
include grasping a new kind of object like a heavy boot, operating a new handicap access
button, using the device to play a new sport like swinging a golf club, or even as simple as
adjusting the grip size for a new coffee mug. Such new task scenarios can be triggered based
on, for example, a camera-based image classifier, by selecting new tasks from a menu, or by
an audio download command. In addition or alternatively, the grasp control system may
regularly or on-demand connect to a remote server that provides it with new behaviors/daily

updates.
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[0064] Figure 17 shows one specific arrangement for acquiring such new task motion
chains. When the system identifies a task or goal, step 1701, and determines that this task is
not presently defined, step 1702, it then initially defines that task in real time, and accesses a
remote query database, step 1704, to obtain instructions for the new task from a central
database 170S. If instructions for the new task are present in central database, step 1706, the
system downloads the instructions for the new task, step 1707, which can then be completed,
step 1710. If instructions for the new task are not present in central database at step 1706, the
system can attempt to develop a new solution, step 1708. Such developing of the motion
chains for a new solution can be handled locally on the device, or remotely at a central server,
or by combination and coordination of both local and remote resources. If that succeeds, step
1709, then the system downloads the new instructions for the new task, step 1707, which can
then be completed, step 1710. If not, the routine ends in failure, step 1711, having failed to
obtain the instructions for the new task. Such new task solutions that are developed may also
be uploaded back to the central database to be available for other users (e.g., pick up the same

style cup, etc.)

[0065] Embodiments of the invention may be implemented in part in any conventional
computer programming language such as VHDL, SystemC, Verilog, ASM, etc. Alternative
embodiments of the invention may be implemented as pre-programmed hardware elements,

other related components, or as a combination of hardware and software components.

[0066] Embodiments can be implemented in part as a computer program product for use
with a computer system. Such implementation may include a series of computer instructions
fixed either on a tangible medium, such as a computer readable medium (e.g., a diskette, CD-
ROM, ROM, or fixed disk) or transmittable to a computer system, via a modem or other
interface device, such as a communications adapter connected to a network over a medium.
The medium may be either a tangible medium (e.g., optical or analog communications lines)

or a medium implemented with wireless techniques (e.g., microwave, infrared or other
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transmission techniques). The series of computer instructions embodies all or part of the
functionality previously described herein with respect to the system. Those skilled in the art
should appreciate that such computer instructions can be written in a number of programming
languages for use with many computer architectures or operating systems. Furthermore, such
instructions may be stored in any memory device, such as semiconductor, magnetic, optical or
other memory devices, and may be transmitted using any communications technology, such
as optical, infrared, microwave, or other transmission technologies. It is expected that such a
computer program product may be distributed as a removable medium with accompanying
printed or electronic documentation (e.g., shrink wrapped software), preloaded with a
computer system (e.g., on system ROM or fixed disk), or distributed from a server or
electronic bulletin board over the network (e.g., the Internet or World Wide Web). Of course,
some embodiments of the invention may be implemented as a combination of both software
(e.g., a computer program product) and hardware. Still other embodiments of the invention
are implemented as entirely hardware, or entirely software (e.g., a computer program

product).

[0067] Although various exemplary embodiments of the invention have been disclosed, it
should be apparent to those skilled in the art that various changes and modifications can be
made which will achieve some of the advantages of the invention without departing from the

true scope of the invention.
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CLAIMS

What is claimed is:

1. A computer-implemented method employing at least one hardware implemented computer
processor for controlling a grasp control system to assist an operator with a grasping
movement task, the method comprising:
operating the at least one hardware processor to execute program instructions for:
monitoring movement intention signal of a grasping movement muscle of the operator;
identifying a volitional operator input for the grasping movement task from the
movement intention signal,
operating a powered orthotic device based on the volitional operator input to perform
the grasping movement task as a chain of motion primitives, wherein each
motion primitive is a fundamental unit of grasping motion defined along a

movement path with a single degree of freedom.

2. The method of claim 1, wherein operating the powered orthotic device includes
performing the grasping movement task as chain of motion primitives at a variable speed

controlled as a function of the volitional operator input.

3. The method of claim 1, further comprising:
monitoring a second movement intention signal of a second grasping movement
muscle of the wearer, wherein the volitional operator input is identified from

both movement intention signals.

4. The method of claim 3, wherein the grasping movement muscles monitored by the

movement intention signals are antagonistic muscles.

5. The method of claim 1, wherein performing the grasping movement task further

comprises:
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undoing a portion of the grasping movement task based on the volitional operator
input by performing a portion of the chain of motion primitives in reverse

order.

6. The method of claim 1, further comprising:
monitoring a finger force signal generated by one or more fingers of the wearer related
to the grasping movement task, wherein the volitional operator input is

identified from the movement intention signal and the finger force signal.

7. The method of claim 1, wherein the chain of motion primitives creates grasping motion

with at least two degrees of freedom.

8. The method of claim 1, wherein the chain of motion primitives are predefined system

chains.
9. The method of claim 1, wherein the chain of motion primitives are user defined chains.

10. The method of claim 1, wherein the chain of motion primitives are dynamically defined

by the user.

11. The method of claim 1, wherein the movement intention signal is an electromyography

(EMGQG) signal.

12. A computer-implemented grasp control system for assisting an operator with a grasping
movement task, the system comprising:
a muscle movement sensor configured for monitoring a grasping movement muscle of
the operator to produce a movement intention signal,
a powered orthotic device configured for assisting grasping motion of the operator;
data storage memory configured for storing grasp control software, the movement
intention signal, and other system information;
a grasp control processor including at least one hardware processor coupled to the data

storage memory and configured to execute the grasp control software, wherein
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the grasp control software includes processor readable instructions to

implement a grasp control algorithm for:

identifying a volitional operator input for the grasping movement task from the
movement intention signal,

operating the powered orthotic device based on the volitional operator input to
perform the grasping movement task as a chain of motion primitives,
wherein each motion primitive is a fundamental unit of grasping
motion defined along a movement path with a single degree of

freedom.

13. The grasp control system according to claim 12, wherein the grasp control algorithm
operates the powered orthotic device to perform the grasping movement task as chain of

motion primitives at a variable speed controlled as a function of the volitional operator input.

14. The grasp control system of claim 12, further comprising:
a second muscle movement sensor configured for monitoring a second grasping
movement muscle of the operator to produce a second movement intention
signal, wherein the grasp control algorithm identifies the volitional operator

input from both movement intention signals.

15. The grasp control system of claim 14, wherein the grasping movement muscles are

antagonistic muscles.

16. The grasp control system of claim 12, wherein performing the grasping movement task
further comprises:
undoing a portion of the grasping movement task based on the volitional operator
input by performing a portion of the chain of motion primitives in reverse

order.

17. The grasp control system of claim 12, further comprising:

21-



WO 2019/173422 PCT/US2019/020874

a finger force sensor configured for monitoring a finger force signal generated by one
or more fingers of the wearer related to the grasping movement task, wherein
the grasp control algorithm identifies the volitional operator input from the

movement intention signal and the finger force signal.

18. The grasp control system of claim 12, wherein the chain of motion primitives creates

grasping motion with at least two degrees of freedom.

19. The grasp control system of claim 12, wherein the chain of motion primitives are

predefined system chains.

20. The grasp control system of claim 12, wherein the chain of motion primitives are user

defined chains.

21. The grasp control system of claim 12, wherein the chain of motion primitives are

dynamically defined by the user.

22. The grasp control system of claim 12, wherein the muscle movement sensor is an

electromyography (EMGQG) signal sensor.

9.



WO 2019/173422

Internal Facing

1/18

Muscle Movement

PCT/US2019/020874

5100

External Facing

Sensor Sensor Sensor
106 101 105
<
N— Y
Data Grasp Control
Storage | q———p Processor
Memory 102
103
y
System Settings User Interface Powered Orthotic
107 108 104

Fig. 1




PCT/US2019/020874

WO 2019/173422

2/18

srs, [z

LIS

O

rered s

1 5y

(OOIOIL00000000000000000000000000004,,

N

Ty
oo

e
i
fos}
o

Z bid

sttt estsetesttoetesttcet,

sy I

L

R

e e e aeen,,

et
s

Ay

H
ity
iy
H

H

% .
£0C = ;
H 2
i P, }
H ; 3
H P wmpn H
b etemmey 3
: eoireceiiod
b4 4
o, : H
, i }
H %, H H
g H K3 H H
L0 \ \ :
s - ; H H
3 H H
3 H H
3 H
3 H 3
H H B 2
3 % 7
: e H : 3
t YA L g I B o LU
[SSSS POANGHINY G

porosnsnsmisnsnsy

7

SRS

B N0

AT L

X

AR IR IR R AR R RS

rpsssssssssssssssssssssssssssssssssssd®

L]




WO 2019/173422

N

3/18

PCT/US2019/020874

Fig. 3C



WO 2019/173422 PCT/US2019/020874




PCT/US2019/020874

WO 2019/173422

5/18

¥ ‘bl

$$94304d UONOIA

%001 %08 %09 %SE %SC %0
e
~. L e D <
././ \.\‘\ /./.I.ll.\.\.\. %WM
nap: Qo =
- papuaixy
> m
@ &
o =
paxald
. |lesnaN
~, -
//, \\\\\ o
ltll \\\\\\ > 2 s
Ill \\\\\ anw o .
III \\\\\ ® m. B.
"

o]
paleinsg
pasod

S O
a4 o
g n
m ©
uadQ
yinow oA | dno daay o11sum/moqe dns puncue |eluoz oy pueH uadQ uonduiossqg
spiemo} dnodip psieulptood 8uisn yinow o1 dnaasiey pueHaso|) 01 Moq |3 JamoT] uonoy




PCT/US2019/020874

WO 2019/173422

6/18

O

Ritp

SO

e

Tute

&

Fig. 5



PCT/US2019/020874

7/18

WO 2019/173422

2]
)
2
il
=

&7

()

3
&7
3 ey
P>
=
i P

Fig. 6



PCT/US2019/020874

WO 2019/173422

8/18




PCT/US2019/020874

WO 2019/173422

9/18

8 "bi4

g
UORsRLDD derin

608

PHSMTRRID 0

ﬁ

018
LPaioay
g

Javeusy

SOA g

G08
LPRRBY
PSR
B

3 PIAA

SH 4

»

708
asueRLy 166Bu

y08

Iy 2IN0BG

€08

534

SIRRING

s

208

RISy

108
funpawns
il 01 yuem |



PCT/US2019/020874

WO 2019/173422

10/18

6 ‘614

PIOH diuo 24n23g 10elU02-3id

\\\\\ 92404

'5302[q0 1UJ3J4IP 10} IN|BA JURIAYIP \\\\ |000304d , dseun [|n4

e 9q ue) |020304d ,p|OH,, S1988143 L arenu|, sJo83u3

PIOYsaJy3 92404 U1e1aD e duiyoeay \\\\ Juipeal 23104 |RIAIU|

................... T T YT T
7
s (dOW)
R 9|8ue
Ve
2 221A3Q
-\\
— - -\
(41ox3)4)
DINT
ploysaJtyl aiseq tvecieseversares tvececieveresin tvecieseversares I B
1alqo dseJd ay1 aso|d o11uem SuIyIWOS 1ua1U|
SIY1 p|OY 01 1UEM | pue ase sia3uy Aw qeJs o13uem | 1asn
21aym yumAddey we |
dsesg||n4 10R1U0)D



PCT/US2019/020874

WO 2019/173422

11/18

oL ‘b1

diuio 2unoag

10e1U02-34d

ploysaiyL diseg

L 92104
\\\\ |020304d ,dsel ||n4
lelul,, s1a88L}
L SuipeaJ 2004 |eIIU|
Vel
v (dow)
R 9|8ue
) 3IADQ
.- -
uoiyisod pjoy 01 apow siyl (1oxa1y)
urjutod Aue 1e piA3 xe|ay DIN3
o e
191y8in 91| e alqo dse.3 a3 9s0[2 013uEM guiylawos yES L]
SIY1 p|oYy 031 1uem | pue aJe sia3uly Aw qeJs o11uem | 1asn

2laym yymAddey we |

1981U0)




PCT/US2019/020874

WO 2019/173422

12/18

LL B4

ENCEIEN] 9sea|oy 4933141 10B1U02-21d
o 32404
~ : 7
N j P (dO)
N s 9|3ue
N ; ; /
N i 21A2Q
N, : 2
/.I .............. In‘.\
(1oxaly)
PIOUSDUYL DSBODY oooooceoiememeeeeeeceesereee o3
9w} Jojunowe a|qeun] —
}elsal 0} juem pue 3uly1aWOos 1ULIU|
2J4e sJ128uly Aw 2uaym qess o3 juem | 195

yim Addeyiou we |

pa428314] asea|ay 12e3U0)



PCT/US2019/020874

WO 2019/173422

13/18

ZL ‘b4

9sed|ay asea|ay 49331 10BU0D-34d
5 7
N m pal (dDW)
. / ; 7
N s 9|3ue
N, : 7 01N
N ; A
/.I .............. \\
_ (1osuaixa)
U_Or_mw._r:. U_mmm .......................................................................... \ ..................................................................................................................... O_\/_m
(1oxal)
DIAE|
U_Or_mw._r:. U_mmm ..............................................................................................................
JJel1sal 01 luem pue SuIy1aWos a1y
aJe s1aduly Aw assym qeis 01 Juem | 195
yum Addey jou we |
paJa3314] asea|ay 10BIU0D



PCT/US2019/020874

14/18

WO 2019/173422

gL b4

asea|ay 2sea|ay 428811 10B1UOD-2.d
\ _._. \\\ 92404
9sea|2J s123811 ,_,_ \\
8uipeas 2010} 0197 __,. \\\
PIOYSBIYL DAOL s | »/ ............................................
. — 7
i sdijs 109lqo pa (dO)
m RO 98ue
: Ve :
Va 201N
T m
(10xay)
DN
_U_Or_mm.:\_n_- U_mmm ............................................................... \ ............
paddi|s 122[qo ay1 1nq ‘dsesd guiyrawos 1uUo1u|
Aw 9502 01 BulAJl we | qeJs 03 Juem | 19sn
pa12d31] aseajay 10e1U0)



PCT/US2019/020874

WO 2019/173422

15/18

vL ‘b1

osea|ay osea|ay 498811 PIOH

mx/ 32104
\. m (dOW)
N\ : m 30eqpad) 92404 Aq USALIP aj3ue
; . paads asea|aJ 193[q0 21M9Q
: dwi1} JO0 JunNowe 3|qeun] (1oxayy)

ousal =T = 1= T =} (RO U NSRRI SO SUOSPROSSSEIS! ISR SISO AU SO S SOOI
PIoysatyl [2Y ) E

PIOYSBIYL DISBG orovrerere N

dses3 Aw wouy 109[qo juaiu|
J9sn

poJa33i] asea|ay

ue asea|al O] JjUuem |




PCT/US2019/020874

WO 2019/173422

16/18

GL ‘b4

ploysaly L diseq -

ENCIEN 9sed|9y 4938141 P|oOH
m/x 90.04
N (doW)
N, ; 32eqpPasy) 92404 AQ UDALIP a3ue
N
N — pa3ds asea|aJ 393[q0 39189Q
N
aw} Jounoweajgqeun] (1osua1xa)
< w_ SINA
....................................... 7
dses8 Aw wouy 199(qo jusu|
Jasn

ue aseo|al 01 JUeMm |

p2.4938141 asea|ay




PCT/US2019/020874

WO 2019/173422

17/18

91 614

$58304G PUT G

b IBICHAIOD §E NSRY 103 S1EUBIS

33e3s snonasd 03 Wngay 1pug

uosed -
LS O} $BAOWUE HBYDIBBLAR

uonisod Supess
OF BNIBE O HPYIBHUM DUBWWND

!

Apoy 01 %oeg duig pur PIIRC 0SB

fovininie

[ 3oRiG 0 dseid 03 pury P50l

p3ABR{IE dsein

BBy Jo/pur uonRIUBLO
UCISOd 5 Isnipe s uwmwag.@t

dsead ynm disy 031 Buonsed
1STHPE 03 HEYDBRLUM PUBUILOD

)

pBUSNPE VOISO

i
32360 J0§ wiened dseid g
snipe ‘puey usdn ‘i puapPy

UDTREHE0ND UC BIBUIED
Fupsn uoipsnd pue wsigo suigag

b~ 333{G0 303 4oeas DT QNI IS

Jopots deesny 1e3s,,
IPUBLL AT S3IDA

52D P9GG eI} Pl

HEBLD]IBYAA PBRIRMOG

UOIBBYSO0X] WLy

uosiad

aseyd




PCT/US2019/020874

WO 2019/173422

18/18

601

uolin|os
mau dojensp
01 |V 95Sh WalsAg

8011 |W

.1 ‘B4

SOA

peojumoq

uonia|dwo)

101 |w

OoN
90/1

S3A

¢49da
ul

ad
pazijeJiua)

goLL X

aseqeleq Aanp

OLZL

0L

ySe1 paJisap Jo

Y0l IW

199[qo az|udoday

3Sel1 4o 199[q0
:|eon

€01 |W

LOLL



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2019/020874

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - AB1F 2/50; A61F 2/54; AB1F 2/58; A61F 2/68;
CPC -

AB1F 2/70; AB1F 2/72 (2019.01)

AB1F 2/586; A61F 2/54; AB1F 2/72; A61F 2002/587 (2019.02)

According to International Patent Classification (IPC) or to both national classification and [PC

B.  FIELDS SEARCHED

See Search History document

Minimum documentation searched (classification system followed by classification symbols)

USPC - 601/40; 623/24; 623/25; 700/260 (keyword delimited)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

(02.04.2015) entire document

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2013/0253705 A1 (GOLDFARSB et al) 26 September 2013 (26.09.2013) entire document ;-25, 7,8,11-16, 18, 19,
;_ ;5-.-9, 10,17, 20, 21
Y US 2008/0071386 A1 (MCBEAN et al) 20 March 2008 (20.03.2008) entire document 6,9, 10,17, 20, 21
A US 2008/0215162 A1 (FARNSWORTH et al) 04 September 2008 (04.09.2008) entire document | 1-22
A WO 2015/047070 A1 (UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO) 02 April 2015 1-22

[:I Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the intemational
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive

step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

wyn

“&" document member of the same patent family

Date of the actual completion of the international search

26 April 2019

Date of mailing of the international search report

14 MAY 2019

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - wo-search-report

