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USE OF NEUROMUSCULAR SIGNALS TO
PROVIDE ENHANCED INTERACTIONS
WITH PHYSICAL OBJECTS IN AN
AUGMENTED REALITY ENVIRONMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C.
§ 119(e) of US. Provisional Patent Application Ser. No.
62/741,781, filed Oct. 5, 2018, entitled “USE OF NEURO-
MUSCULAR SIGNALS TO PROVIDE ENHANCED
INTERACTIONS WITH PHYSICAL OBIJECTS IN AN
AUGMENTED REALITY ENVIRONMENT,” the entire
contents of which is incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present technology relates to systems and
methods that detect and interpret neuromuscular signals for
use in performing actions in an augmented reality (AR)
environment as well as other types of extended reality (XR)
environments, such as a virtual reality (VR) environment, a
mixed reality (MR) environment, and the like.

BACKGROUND

[0003] AR systems provide users with an interactive expe-
rience of a real-world environment supplemented with vir-
tual information by overlaying computer-generated percep-
tual or virtual information on aspects of the real-world
environment. Various techniques exist for controlling opera-
tions of an AR system. Typically, one or more input devices,
such as a controller, a keyboard, a mouse, a camera, a
microphone, and the like, may be used to control operations
of the AR system. Physical objects in the real-world envi-
ronment may be annotated with visual indicators within an
AR environment generated by the AR system. The visual
indicators may provide a user of the AR system with
information about the physical objects.

SUMMARY

[0004] According to aspects of the technology described
herein, a computerized system for interacting with a physi-
cal object in an augmented reality (AR) environment gen-
erated by an AR system is provided. The computerized
system may comprise: a plurality of neuromuscular sensors
configured to sense a plurality of neuromuscular signals
from a user, and at least one computer processor. The
plurality of neuromuscular sensors may be arranged on one
or more wearable devices worn by the user to sense the
plurality of neuromuscular signals. The at least one com-
puter processor may be programmed to: determine, based at
least in part, on the plurality of neuromuscular signals
sensed by the plurality of neuromuscular sensors, informa-
tion relating to an interaction of the user with the physical
object in the AR environment generated by the AR system;
and instruct the AR system to provide feedback based, at
least in part, on the information relating to the interaction of
the user with the physical object.

[0005] In an aspect, the at least one computer processor
may be further programmed to instruct the AR system to
display at least one visual indicator on the physical object in
the AR environment.

[0006] In a variation of this aspect, the at least one
computer processor may determine the information relating
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to the interaction of the user with the physical object based,
at least in part, on an interaction of the user with the at least
one visual indicator displayed on the physical object.
[0007] In an aspect, the computerized system may further
comprise at least one camera arranged to capture at least one
image of at least a part of the user, or at least a part of the
physical object, or at least a part of the user and at least a part
of the physical object. The at least one computer processor
may determine the information relating to the interaction of
the user with the physical object based, at least in part, on the
at least one image.

[0008] In another aspect, the at least one computer pro-
cessor may instruct the AR system to provide the feedback
to the user.

[0009] 1In variations of this aspect, the at least one com-
puter processor may instruct the AR system to provide the
feedback as visual feedback to the user within the AR
environment. In one example, the at least one processor may
instruct the AR system to provide the visual feedback to the
user within the AR environment as a change in at least one
property of at least one visual indicator displayed by the AR
system. In another example, the at least one processor may
instruct the AR system to provide the visual feedback to the
user within the AR environment as a display of at least one
new visual indicator associated with the physical object
within the AR environment.

[0010] In another variation of this aspect, the at least one
processor may instruct the AR system to provide the feed-
back to the user as audio feedback, or electrical stimulation
feedback, or audio feedback and electrical stimulation feed-
back.

[0011] In further variations of this aspect, the feedback
provided to the user may comprise an indication of an
amount of force applied to the physical object by the user.
The amount of force may be determined based, at least in
part, on the plurality of neuromuscular signals. In one
example, the computerized system may further comprise at
least one camera arranged to capture at least one image; the
amount of force applied to the physical object may be
determined based, at least in part, on the at least one image.
[0012] 1In an aspect, the at least one computer processor
may instruct the AR system to provide the feedback as a
change in at least one function of the physical object when
the at least one function is used within the AR environment.
[0013] In another aspect, the at least one computer pro-
cessor may instruct the AR system to provide the feedback
to a different user other than the user interacting with the
physical object.

[0014] In a variation of this aspect, the feedback may be
provided to the different user within an AR environment
experienced by the different user.

[0015] In an aspect, the computerized system may further
comprise haptic circuitry arranged to deliver haptic signals
to the user. The haptic circuitry may be arranged on a
wearable device worn by the user. The at least one computer
processor may be programmed to instruct the AR system or
a controller external to the AR system to provide feedback
to the user as haptic feedback delivered via the haptic
circuitry.

[0016] In variations of this aspect, the haptic circuitry may
comprise any one or any combination of: a vibration actua-
tor, a skin-tap actuator, a low-voltage electrical-jolt stimu-
lation circuit, and a force actuator.
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[0017] In another variation of this aspect, the wearable
device on which the haptic circuitry is arranged may com-
prise a wearable patch.

[0018] In another variation of this aspect, the haptic cir-
cuitry may be arranged on the one or more wearable devices
on which the plurality of neuromuscular sensors are
arranged.

[0019] In another aspect, the information relating to the
interaction of the user with the physical object may comprise
information that the user has interacted with a particular
physical object. The at least one computer processor may
instruct the AR system to provide the feedback as a modi-
fication of at least one interaction property of the particular
physical object, and as an indication of the modification to
the user.

[0020] In variations of this aspect, the modification of the
at least one interaction property of the particular physical
object may comprise an enablement of at least one virtual
control associated with the particular physical object. In a
further variation, the at least one computer processor may be
programmed to disable the at least one virtual control
associated with the particular physical object in response to
receiving input from the user. In a further variation, the at
least one virtual control associated with the particular physi-
cal object may be disabled by the at least one computer
processor based, at least in part, on the plurality of neuro-
muscular signals.

[0021] In other variations of this aspect, the particular
physical object may comprise a writing implement. The
modification of the at least one interaction property may
comprise activation of a set of augmented features for the
writing implement. In one example, the set of augmented
features may include features that enable the user to interact
with the writing implement in one or more ways to change
one or more writing characteristics of the writing implement
in the AR environment. In another example, the at least one
computer processor may be programmed to: determine,
based at least in part on the plurality of neuromuscular
signals, that the user is interacting with the writing imple-
ment in one of the one or more ways; and change a
corresponding writing charactetistic of the writing imple-
ment in response to a determination that the user is inter-
acting with the writing implement in the one of the one or
more ways. The one or more writing characteristics may
comptise any one ot any combination of: a writing color, a
line thickness, a brush shape, a drawing mode, and an
erasing mode.

[0022] In an aspect, functions of the physical object in the
AR environment may be controlled by a set of virtual
controls. The at least one processor may be programmed to
instruct the AR system, based at least in part on the plurality
of neuromuscular signals, to perform any one or any com-
bination of: an activation of the set of virtual controls, a
deactivation of the set of virtual controls, and a modification
of the set of virtual controls.

[0023] In a variation of this aspect, the plurality of neu-
romuscular signals may comprise signals arising from a
gesture performed by the user. The gesture may comprise
any one or any combination of: a static gesture, a dynamic
gesture, a covert gesture, a muscular activation state, and a
sub-muscular activation state.

[0024] In another aspect, the AR environment may include
a plurality of physical objects. Each of the plurality of
physical objects may be associated with a set of control
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actions, and the at least one computer processor may be
programmed to: identify the physical object with which the
user is interacting within the AR environment, and activate
a corresponding set of control actions associated with the
identified physical object.

[0025] In a variation of this aspect, the feedback may
comprise a visual display within the AR environment. The
visual display may indicate the activated set of control
actions.

[0026] In another variation of this aspect, the computer-
ized system may further comprise at least one camera
arranged to capture at least one image. The at least one
computer processor may identify the physical object with
which the user is interacting within the AR environment,
from amongst the plurality of physical objects in the AR
environment, based, at least in part, on the at least one image
captured by the at least one camera. The at least one
computer processor may be programmed to identify that the
user is interacting with the identified physical object based,
at least in part, on the plurality of neuromuscular signals.
[0027] In another variation of this aspect, the at least one
computer processor may be programmed to determine the
information relating to the interaction of the user with the
physical object based, at least in part, on the activated set of
control actions.

[0028] In another variation of this aspect, the at least one
computer processor may determine the information relating
to the interaction of the user with the physical object based,
at least in part, on an output of an inference model to which
the plurality of neuromuscular signals, or information
derived from the plurality of neuromuscular signals, or the
plurality of neuromuscular signals and the information
derived from the plurality of neuromuscular signals are
provided as input. Prior to the output of the inference model
being rendered, the at least one computer processor may
provide to the inference model information about the iden-
tified physical object, or information associated with the
activated set of control actions, or the information about the
identified physical object and the information associated
with the activated set of control actions.

[0029] In an aspect, the AR environment may include a
plurality of physical objects. Each of the plurality of physi-
cal objects may be associated with a set of control actions.
The at least one computer processor may be programmed to
instruct the AR system to: select a particular physical object
of the plurality of physical objects for active control in the
AR environment, based at least in part on the plurality of
neuromuscular signals; and activate a corresponding set of
control actions associated with the particular physical
object.

[0030] In a variation of this aspect, the plurality of neu-
romuscular signals may comprise signals arising from a
gesture performed by the user. The gesture may comprise
any one or any combination of: a static gesture, a dynamic
gesture, a covert gesture, a muscular activation state, and a
sub-muscular activation state.

[0031] In another aspect, the at least one computer pro-
cessor may be programmed to modify an operation of the
AR system based, at least in part, on the information relating
to the interaction of the user with the physical object.
[0032] In a variation of this aspect, the at least one
computer processor may modify the operation of the AR
system by instructing the AR system to enter a higher-
precision mode for detecting finer-grained interactions of the
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user with the physical object. In an example, when in the
higher-precision mode, the AR system may use a greater
weight for the plurality of neuromuscular signals than a
weight used for auxiliary signals from at least one auxiliary
sensor, to determine the information relating to the interac-
tion of the user with the physical object.

[0033] According to aspects of the technology described
herein, a method is provided in which is performed by a
computerized system for enabling a user to interact with a
physical object in an augmented reality (AR) environment
generated by an AR system based, at least in part, on
neuromuscular signals. The method may comprise: obtain-
ing a plurality of neuromuscular signals from a user using a
plurality of neuromuscular sensors arranged on one or more
wearable devices worn by the user to sense the plurality of
neuromuscular signals: determining, using at least one com-
puter processor coupled to a memory storing code executed
by the at least one computer processor, based at least in part
on the plurality of neuromuscular signals, information relat-
ing to an interaction of the user with the physical object in
the AR environment generated by the AR system; and
instructing, using the at least one computer processor, the
AR system to provide feedback based, at least in part, on the
information relating to the interaction of the user with the
physical object.

[0034] In an aspect, the method may further comprise
instructing, using the at least one computer processor, the
AR system to display at least one visual indicator on the
physical object in the AR environment.

[0035] In a variation of this aspect, the determining of the
information relating to the interaction of the user with the
physical object may be based, at least in part, on an
interaction of the user with the at least one visual indicator
displayed on the physical object.

[0036] In another aspect, the method may further comprise
capturing, using at least one camera, at least one image of at
least a part of the user, or at least a part of the physical
object, or at least a part of the user and at least a part of the
physical object. The determining of the information relating
to the interaction of the user with the physical object may be
based, at least in part, on the at least one image.

[0037] In an aspect, the instructing may instruct the AR
system to provide the feedback to the user.

[0038] In variations of this aspect, the instructing may
instruct the AR system to provide the feedback as visual
feedback to the user within the AR environment. In one
example, the instructing may instruct the AR system to
provide the visual feedback to the user within the AR
environment as a change in at least one property of at least
one visual indicator displayed by the AR system. In another
example, the visual feedback is provided to the user within
the AR environment as a display of at least one new visual
indicator associated with the physical object within the AR
environment.

[0039] In another variation, the instructing may instruct
the AR system to provide the feedback to the user as audio
feedback, or electrical stimulation feedback, or audio feed-
back and electrical stimulation feedback.

[0040] In another variation, the feedback provided to the
user may comprise an indication of an amount of force
applied to the physical object by the user. The amount of
force may be determined based, at least in part, on the
plurality of neuronuscular signals. In one example, the
method may further comprise capturing, using at least one
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camera, at least one image; the amount of force applied to
the physical object may be determined based, at least in part,
on the at least one image.

[0041] In another aspect, the instructing may instruct the
AR system to provide the feedback as a change in at least
one function of the physical object when the at least one
fanction is used within the AR environment.

[0042] In an aspect, the instructing may instruct the AR
system to provide the feedback to a different user other than
the user interacting with the physical object.

[0043] In a variation of this aspect, the feedback may be
provided to the different user within an AR environment
experienced by the different user.

[0044] In another aspect, the method may further comprise
instructing, using the at least one computer processor, the
AR system or a controller external to the AR system to
provide feedback to the user as haptic feedback delivered via
haptic circuitry arranged to deliver haptic signals to the user.
The haptic circuitry may be arranged on a wearable device
worn by the user.

[0045] In a variation of this aspect, the haptic circuitry
may comprise any one or any combination of: a vibration
actuator, a skin-tap actuator, a low-voltage electrical-jolt
stimulation circuit, and a force actuator.

[0046] In another variation of this aspect, the wearable
device on which the haptic circuitry is arranged may com-
prise a wearable patch.

[0047] In another variation, the haptic circuitry may be
arranged on the one or more wearable devices on which the
plurality of neuromuscular sensors are arranged.

[0048] In an aspect, the information relating to the inter-
action of the user with the physical object may comprise
information that the user has interacted with a particular
physical object. The instructing may instruct the AR system
to provide the feedback as a modification of at least one
interaction property of the particular physical object, and as
an indication of the modification to the user.

[0049] In a variation of this aspect, the modification of the
at least one interaction property of the particular physical
object may comprise an enablement of at least one virtual
control associated with the particular physical object. In a
further variation, the method may further comprise dis-
abling, by the at least one computer processor, the at least
one virtual control associated with the particular physical
object in response to input from the user. In one example, the
at least one virtual control associated with the particular
physical object may be disabled by the at least one computer
processor based, at least in part, on the plurality of neuro-
muscular signals.

[0050] In another variation of this aspect, the particular
physical object may comprise a writing implement. The
modification of the at least one interaction property may
comprise activation of a set of augmented features for the
writing implement. In one example, the set of augmented
features may include features that enable the user to interact
with the writing implement in one or more ways to change
one or more writing characteristics of the writing implement
in the AR environment. In a further variation, the method
may further comprise: determining, by the at least one
computer processor based at least in part on the plurality of
neuromuscular signals, that the user is interacting with the
writing implement in one of the one or more ways; and
changing, by the at least one computer processor, a corre-
sponding writing characteristic of the writing implement in
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response to a determination that the user is interacting with
the writing implement in the one of the one or more ways.
The one or more writing characteristics may comprise any
one or any combination of: a writing color, a line thickness,
a brush shape, a drawing mode, and an erasing mode.
[0051] In another aspect, functions of the physical object
in the AR environment may be controlled by a set of virtual
controls control. The method may further comprise instruct-
ing the AR system, using the at least one computer proces-
sor, based at least in part on the plurality of neuromuscular
signals, to perform any one or any combination of: an
activation of the set of virtual controls, a deactivation of the
set of virtual controls, and a modification of the set of virtual
controls.

[0052] In a variation of this aspect, the plurality of neu-
romuscular signals may comprise signals arising from a
gesture performed by the user. The gesture may comprise
any one or any combination of: a static gesture, a dynamic
gesture, a covert gesture, a muscular activation state, and a
sub-muscular activation state.

[0053] In an aspect, the AR environment may include a
plurality of physical objects. Each of the plurality of physi-
cal objects may be associated with a set of control actions.
The method may further comprise: identifying, by the at
least one computer processor, the physical object with which
the user is interacting within the AR environment; and
activating, by the at least one computer processor, a corre-
sponding set of control actions associated with the identified
physical object.

[0054] In a variation of this aspect, the feedback may
comprise a visual display within the AR environment. The
visual display may indicate the activated set of control
actions.

[0055] In another variation of this aspect, the method may
further comprise capturing, using at least one camera, at
least one image. The identifying may identify the physical
object from amongst the plurality of physical objects in the
AR environment based, at least in part, on the at least one
image captured by the at least one camera. The at least one
computer processor may identify that the user is interacting
with the identified physical object based, at least in part, on
the plurality of neuromuscular signals.

[0056] In another variation of this aspect, the determining
of the information relating to the interaction of the user with
the physical object may be based, at least in part, on the
activated set of control actions.

[0057] In another variation of this aspect, the determining
of the information relating to the interaction of the user with
the physical object may be based, at least in part, on an
output of an inference model to which the plurality of
neuromuscular signals, or information derived from the
plurality of neuromuscular signals, or the plurality of neu-
romuscular signals and the information derived from the
plurality of neuromuscular signals are provided as input. The
method may further comprise, prior to the output of the
inference model being rendered, providing to the inference
model information about the identified physical object, or
information associated with the activated set of control
actions, or the information about the identified physical
object and the information associated with the activated set
of control actions.

[0058] In another aspect, the AR environment may include
a plurality of physical objects. Each of the plurality of
physical objects may be associated with a set of control
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actions. The method may further comprise instructing, using
the at least one computer processot, the AR system to: select
a particular physical object of the plurality of physical
objects for active control in the AR environment, based at
least in part on the plurality of neuromuscular signals; and
activate a corresponding set of control actions associated
with the particular physical object.

[0059] In a variation of this aspect, the plurality of neu-
romuscular signals may comprise signals arising from a
gesture performed by the user. The gesture may comprise
any one or any combination of: a static gesture, a dynamic
gesture, a covert gesture, a muscular activation state, and a
sub-muscular activation state.

[0060] In an aspect, the method may further comprise
modifying, by the at least one computer processor, an
operation of the AR system based, at least in part, on the
information relation to the interaction of the user with the
physical object.

[0061] In a variation of this aspect, the at least one
computer processor may modify the operation of the AR
system by instructing the AR system to enter a higher-
precision mode for detecting finer-grained interactions of the
user with the physical object. In a further variation, when in
the higher-precision mode, the AR system may use a greater
weight for the plurality of neuromuscular signals than a
weight used for auxiliary signals from at least one auxiliary
sensor, to determine the information relating to the interac-
tion of the user with the physical object.

[0062] According to aspects of the technology described
herein, a non-transitory computer-readable medium is pro-
vided in which is encoded a plurality of instructions that,
when executed by at least one computer processor, causes
the at least computer processor to perform a method for
enabling a user to interact with a physical object in an
augmented reality (AR) environment generated by an AR
system based, at least in part, on neuromuscular signals. The
method may comprise: receiving, as input, a plurality of
neuromuscular signals obtained from a user via a plurality of
neuromuscular sensors arranged on one or more wearable
devices worn by the user to sense the plurality of neuro-
muscular signals; determining, based at least in part, on the
plurality of neuromuscular signals, information relating to
an interaction of the user with the physical object in the AR
environment generated by the AR system; and instructing
the AR system to provide feedback based, at least in part, on
the information relating to the interaction of the user with the
physical object.

[0063] In an aspect, the method may further comprise
instructing the AR system to display at least one visual
indicator on the physical object in the AR environment.
[0064] In a variation of this aspect, the determining of the
information relating to the interaction of the user with the
physical object may be based, at least in part, on an
interaction of the user with the at least one visual indicator
displayed on the physical object.

[0065] Inanother aspect, the method may further comprise
receiving, as input from at least one camera, at least one
image of at least a part of the user, or at least a part of the
physical object, or at least a part of the user and at least a part
of the physical object. The determining of the information
relating to the interaction of the user with the physical object
may be based, at least in part, on the at least one image.
[0066] In an aspect, the instructing may instruct the AR
system to provide the feedback to the user.
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[0067] In a variation of this aspect, the instructing may
instruct the AR system to provide the feedback as visual
feedback to the user within the AR environment. In one
example, the instructing may instruct the AR system to
provide the visual feedback to the user within the AR
environment as a change in at least one property of at least
one visual indicator displayed by the AR system. In another
example, the visual feedback may be provided to the user
within the AR environment as a display of at least one new
visual indicator associated with the physical object within
the AR environment.

[0068] In another variation, the instructing may instruct
the AR system to provide the feedback to the user as audio
feedback, or electrical stimulation feedback, or audio feed-
back and electrical stimulation feedback.

[0069] In another variation, the feedback provided to the
user may comprise an indication of an amount of force
applied to the physical object by the user. The amount of
force may be determined based, at least in part, on the
plurality of neuromuscular signals. In one example, the
method may further comprise receiving, as input from at
least one camera, at least one image; the amount of force
applied to the physical object may be determined based, at
least in part, on the at least one image.

[0070] In another aspect, the instructing may instruct the
AR system to provide the feedback as a change in at least
one function of the physical object when the at least one
function is used within the AR environment.

[0071] In an aspect, the instructing may instruct the AR
system to provide the feedback to a different user other than
the user interacting with the physical object.

[0072] 1In a variation of this aspect, the feedback may be
provided to the different user within an AR environment
experienced by the different user.

[0073] In another aspect, the method may further comprise
instructing the AR system or a controller external to the AR
system to provide feedback to the user as haptic feedback
delivered via haptic circuitry arranged to deliver haptic
signals to the user. The haptic circuitry may be arranged on
a wearable device worn by the user.

[0074] In a variation of this aspect, the haptic circuitry
may comprise any one or any combination of: a vibration
actuator, a skin-tap actuator, a low-voltage electrical-jolt
stimulation circuit, and a force actuator.

[0075] In another variation of this aspect, the wearable
device on which the haptic circuitry is arranged may com-
prise a wearable patch.

[0076] In another variation of this aspect, the haptic cir-
cuitry may be arranged on the one or more wearable devices
on which the plurality of neuromuscular sensors are
arranged.

[0077] In an aspect, the information relating to the inter-
action of the user with the physical object may comprise
information that the user has interacted with a particular
physical object. The instructing may instructs the AR system
to provide the feedback as a modification of at least one
interaction property of the particular physical object, and as
an indication of the modification to the user.

[0078] Ina variation of this aspect, the modification of the
at least one interaction property of the particular physical
object may comprise an enablement of at least one virtual
control associated with the particular physical object. In a
further variation, the method may further comprise disabling
the at least one virtual control associated with the particular
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physical object in response to input from the user. In one
example, the at least one virtual control associated with the
particular physical object may be disabled by the at least one
computer processor based, at least in part, on the plurality of
neuromuscular signals.

[0079] In another variation of this aspect, the particular
physical object may comprise a writing implement. The
modification of the at least one interaction property may
comprise activation of a set of augmented features for the
writing implement. In a further variation, the set of aug-
mented features may include features that enable the user to
interact with the writing implement in one or more ways to
change one or more writing characteristics of the writing
implement in the AR environment. In a further variation, the
method may further comprise: determining, based at least in
part on the plurality of neuromuscular signals, that the user
is interacting with the writing implement in one of the one
or more ways; and changing a corresponding writing char-
acteristic of the writing implement in response to a deter-
mination that the user is interacting with the writing imple-
ment in the one of the one or more ways. The one or more
writing characteristics may comprise any one or any com-
bination of: a writing color, a line thickness, a brush shape,
a drawing mode, and an erasing mode.

[0080] In another aspect, functions of the physical object
in the AR environment may be controlled by a set of virtual
controls. The method may further comprise instructing the
AR system, using the at least one, based at least in part on
the plurality of neuromuscular signals, to perform any one or
any combination ofi an activation of the set of virtual
controls, a deactivation of the set of virtual controls, and a
modification of the set of virtual controls.

[0081] In a variation of this aspect, the plurality of neu-
romuscular signals may comprise signals arising from a
gesture performed by the user. The gesture may comprise
any one or any combination of: a static gesture, a dynamic
gesture, a covert gesture, a muscular activation state, and a
sub-muscular activation state.

[0082] In an aspect, the AR environment may include a
plurality of physical objects. Each of the plurality of physi-
cal objects may be associated with a set of control actions.
The method may further comprise: identifying the physical
object with which the user is interacting within the AR
environment; and activating a corresponding set of control
actions associated with the identified physical object.
[0083] 1In a variation of this aspect, the feedback may
comprise a visual display within the AR environment. The
visual display may indicate the activated set of control
actions.

[0084] In another variation of this aspect, the method may
further comprise capturing, using at least one camera, at
least one image. The identifying may identify the physical
object from amongst the plurality of physical objects in the
AR environment based, at least in part, on the at least one
image captured by the at least one camera. The user may be
determined to be interacting with the identified physical
object based, at least in part, on the plurality of neuromus-
cular signals.

[0085] In another variation of this aspect, the determining
of the information relating to the interaction of the user with
the physical object may be based, at least in part, on the
activated set of control actions.

[0086] In another variation of this aspect, the determining
of the information relating to the interaction of the user with
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the physical object may be based, at least in part, on an
output of an inference model to which the plurality of
neuromuscular signals, or information derived from the
plurality of neuromuscular signals, or the plurality of neu-
romuscular signals and the information derived from the
plurality of neuromuscular signals are provided as input. The
method may further comprise, prior to the output of the
inference model being rendered, providing to the inference
model information about the identified physical object, or
information associated with the activated set of control
actions, or the information about the identified physical
object and the information associated with the activated set
of control actions.

[0087] Inanother aspect, the AR environment may include
a plurality of physical objects. Each of the plurality of
physical objects may be associated with a set of control
actions. The method may further comprise instructing the
AR system to: select a particular physical object of the
plurality of physical objects for active control in the AR
environment, based at least in part on the plurality of
neuromuscular signals; and activate a corresponding set of
control actions associated with the particular physical
object.

[0088] In a variation of this aspect, the plurality of neu-
romuscular signals may comprise signals arising from a
gesture performed by the user. The gesture may comprise
any one or any combination of: a static gesture, a dynamic
gesture, a covert gesture, a muscular activation state, and a
sub-muscular activation state.

[0089] In an aspect, the method may further comprise
modifying an operation of the AR system based, at least in
part, on the information relating to the interaction of the user
with the physical object.

[0090] In a variation of this aspect, the modifying of the
operation of the AR system may comprise instructing the AR
system to enter a higher-precision mode for detecting finer-
grained interactions of the user with the physical object. In
a further variation, when in the higher-precision mode, the
AR system may use a greater weight for the plurality of
neuromuscular signals than a weight used for auxiliary
signals from at least one auxiliary sensor, to determine the
information relating to the interaction of the user with the
physical object.

[0091] According to aspects of the technology described
herein, kit for controlling an augmented reality (AR) system
is provided. The kit may comprise: a wearable device
comprising a plurality of neuromuscular sensors configured
to sense a plurality of neuromuscular signals of a user; and
a non-transitory computer-readable medium encoded with a
plurality of instructions that, when executed by at least one
computer processor, causes the at least one computer pro-
cessor to perform a method for enabling a user to interact
with a physical object in an AR environment generated by
the AR system. The method may comprise: receiving, as
input, the plurality of neuromuscular signals sensed from the
user by the plurality of neuromuscular sensors; determining,
based at least in part on the plurality of neuromuscular
signals, information relating to an interaction of the user
with the physical object in the AR environment generated by
the AR system; and instructing the AR system to provide
feedback based, at least in part, on the information relating
to the interaction of the user with the physical object.
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[0092] 1In an aspect, the wearable device may comprise a
wearable band structured to be worn around a part of the
user.

[0093] In another aspect, the wearable device may com-
prise a wearable patch structured to be worn on a part of the
user.

[0094] It should be appreciated that all combinations of
the foregoing concepts and additional concepts discussed in
greater detail below (provided such concepts are not mutu-
ally inconsistent) are contemplated as being part of the
inventive subject matter disclosed herein. In particular, all
combinations of claimed subject matter appearing at the end
of this disclosure are contemplated as being part of the
inventive subject matter disclosed herein.

BRIEF DESCRIPTION OF DRAWINGS

[0095] Various non-limiting embodiments of the technol-
ogy will be described with reference to the following figures.
It should be appreciated that the figures are not necessarily
drawn to scale.

[0096] FIG. 1 is a schematic diagram of a computer-based
system for processing neuromuscular sensor data, such as
signals obtained from neuromuscular sensors, in accordance
with some embodiments of the technology described herein;
[0097] FIG. 2 is a schematic diagram of a distributed
computer-based system that integrates an AR system with a
neuromuscular activity system, in accordance with some
embodiments of the technology described herein;

[0098] FIG. 3 is a flowchart of a process for using neu-
romuscular signals to provide an enhanced AR experience,
in accordance with some embodiments of the technology
described herein;

[0099] FIG. 4 is a flowchart of a process for providing
virtual controls for physical objects in an AR environment,
in accordance with some embodiments of the technology
described herein;

[0100] FIG. 5 is a flowchart of a process for activating a
set of control actions for a physical object in an AR
environment, in accordance with some embodiments of the
technology described herein;

[0101] FIGS. 6A, 6B, 6C, and 6D schematically illustrate
patch type wearable systems with sensor electronics incor-
porated thereon, in accordance with some embodiments of
the technology described herein;

[0102] FIG. 7A illustrates a wristband having EMG sen-
sors arranged circumferentially thereon, in accordance with
some embodiments of the technology described herein;
[0103] FIG. 7B illustrates a user wearing the wristband of
FIG. 7A, while performing a typing task;

[0104] FIG. 8A illustrates a wearable system with sixteen
EMG sensors arranged circumferentially around a band
configured to be worn around a user’s lower arm or wrist, in
accordance with some embodiments of the technology
described herein;

[0105] FIG. 8B is a cross-sectional view through one of
the sixteen EMG sensors illustrated in FIG. 8A;

[0106] FIGS. 9A and 9B schematically illustrate compo-
nents of a computer-based system in which some embodi-
ments of the technology described herein are implemented.
FIG. 9A illustrates a wearable portion of the computer-based
system, and FIG. 9B illustrates a dongle portion connected
to a computer, wherein the dongle portion is configured to
communicate with the wearable portion;
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[0107] FIG. 10 is a diagram schematically showing an
example of an implementation using EMG sensors and a
camera, in accordance with some embodiments of the tech-
nology described herein.

DETAILED DESCRIPTION

[0108] The inventors have developed novel techniques for
controlling AR systems as well as other types of XR
systems, such as VR systems and MR systems. Various
embodiments of the technologies presented herein offer
certain advantages, including avoiding the use of an unde-
sirable or burdensome physical keyboard or microphone;
overcoming issues associated with time-consuming and/or
high-latency processing of low-quality images of a user
captured by a camera; allowing for capture and detection of
subtle, small, or fast movements and/or variations in pres-
sure on an object (e.g., varying amounts of force exerted
through a stylus, writing instrument, or finger being pressed
against a surface) that can be important for resolving, e.g.,
text input; collecting and analyzing various sensory infor-
mation that enhances a control identification process, which
may not be readily achievable using conventional input
devices; and allowing for hand-based control to be possible
in cases where a user’s hand is obscured or outside a
camera’s field of view, e.g., in the user’s pocket, or while the
user is wearing a glove.

[0109] Some embodiments of the technology described
herein are directed to coupling a system that senses neuro-
muscular signals, via neuromuscular sensors worn by a user,
with a system that performs AR functions. In particular, a
neuromuscular system that senses neuromuscular signals for
the purpose of determining a position of a body part (e.g., a
hand, an arm, etc.) may be used in conjunction with an AR
system to provide an improved AR experience for a user. For
instance, information gained within both systems may be
used to improve the overall AR experience. The AR system
may include a camera to capture image information regard-
ing one or more body part(s) of the user, and this image
information may be used to improve the user’s interaction
with an AR environment produced by the AR system. For
example, a musculoskeletal representation associated with
one or more body part(s) of the user may be generated based
on sensor data from the neuromuscular sensors, and image
data of the user, captured by the camera in the AR system,
may be used to supplement the sensor data to, for instance,
enable a more realistic visualization of the user relative to
one or more object(s) in the AR environment. In one
implementation of this example. the image data of the user
may be used to determine an object of interest to the user,
and the sensor data may provide muscle activation informa-
tion used to determine a type of action to be performed
relative to the object and/or an amount of force to be used
for the action (e.g., a gentle push of the object, a forceful
push of the object, a tap on the object, etc.). In another
implementation, display information in the AR environment
may be used as feedback to the user to permit the user to
more accurately control histher musculoskeletal input (e.g.,
movement input) to the neuromuscular system.

[0110] The inventors recognize that neither cameras nor
neuromuscular sensors are by themselves ideal input sys-
tems. Cameras such as those that may be provided in an AR
system may provide good positional information (relative
both to other skeletal segments and to external objects)
when, e.g., joint segments of the user are clearly within
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view, but may be limited by field of view restrictions and
occlusion, and may be ill-suited for measuring forces. At the
same time, signals measured or detected by neuromuscular
sensors (e.g., electromyography (EMG) signals or another
modality of neuromuscular signals as described herein) may,
on their own, be insufficient for distinguishing between
forces that a user is applying against himself/herself versus
forces that he/she applies to an external object, and such
signals may not provide sufficiently accurate information
about skeletal geometry, for example finger lengths. Accord-
ing to some embodiments, it is appreciated that it would be
beneficial to increase the accuracy of AR systems and
neuromuscular-sensor-based systems to provide more accu-
rate and more realistic user experiences.

[0111] Some conventional AR systems include camera-
based technologies that are used to identify and map physi-
cal objects in the user’s real-world environment. Such
camera-based technologies are often insufficient in measur-
ing and enabling a full range of possible physical and virtual
interactions with physical objects in an AR environment
generated by an AR system. To this end, some embodiments
of the technology described herein are directed to an AR-
based system comprising an improved AR system that
provides an enriched AR user experience through interpre-
tation of neuromuscular signals obtained via a wearable
neuromuscular-sensor device worn by a user of the AR-
based system. In some embodiments, motor activity states
determined from the neuromuscular signals may be used to
determine whether and how a user is interacting with a
physical object in the AR environment. In other embodi-
ments, the motor activity states determined from the neuro-
muscular signals may be used to change a mode of the AR
system, e.g., to turn a physical object into one or more
“augmented” object(s) by activating a set of control actions
for the physical object in response to the determined motor
activity states. In various embodiments, visual indicators
based on the user’s neuromuscular signals may be used to
improve user experience when the user interacts with physi-
cal objects in the AR environment. Further examples of
using neuromuscular signals to enhance interactions with
physical objects in an AR environment are described in more
detail below.

[0112] As will be appreciated, although various embodi-
ments may be described herein with reference to an AR-
based system, the scope of the present technology disclosed
herein is such that those embodiments may be implemented
using other types of XR-based systems.

[0113] Inaccordance with some embodiments of the tech-
nology disclosed herein, neuromuscular signals sensed and
recorded by one or more wearable sensors may be used to
determine information a user’s interaction or desired inter-
action with a physical object in an AR environment genet-
ated by an AR-based system. Such signals may also be
referred to as “sensed signals™ herein. Sensed signals may be
used directly as an input to an AR system (e.g. by using
motor-unit action potentials as an input signal) and/or the
sensed signals may be processed (including by using an
inference model as described herein) for the purpose of
determining a movement, a force, and/or a position of a part
of the user’s body (e.g. fingers, hand, wrist, etc.). For
example, neuromuscular signals obtained by neuromuscular
sensors arranged on a wearable device may be used to
determine a force (e.g.. a grasping force) applied to a
physical object. The inventors have recognized that a num-
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ber of muscular activation states of a user may be identified
from the sensed signals and/or from information based on
the sensed signals, to provide an improved AR experience.
The muscular activation states may include, but are not
limited to, a static gesture or pose performed by the user, a
dynamic gesture or motion performed by the user, a sub-
muscular activation state of the user, a muscular tensing or
relaxation performed by the user, or any combination of the
foregoing. As described herein, the user’s interaction with
one or more physical objects in the AR environment can take
many forms, including but not limited to: selection of one or
more objects, control of one or more objects, activation or
deactivation of one or more objects, adjustment of settings
or features relating to one or more objects, etc. As will be
appreciated, the user’s interaction may take other forms
enabled by the AR system for the environment, and need not
be the interactions specifically listed herein. For instance,
control performed in an AR environment may include con-
trol based on activation of one or more individual motor
units, e.g., control based on a detected sub-muscular acti-
vation state of the user, such as a sensed tensing of a muscle.
As will be appreciated, the phrases “sensed”, “obtained”,
“collected”, “sensed and recorded”, “measured”,
“recorded”, and the like, when used in conjunction with a
sensor signal from a neuromuscular sensor comprises a
signal detected by the sensor. As will be appreciated, signal
may be recorded, or sensed and recorded, without storage in
a nonvolatile memory, or the signal may be recorded, or
sensed and recorded, with storage in a local nonvolatile
memory or in an external nonvolatile memory. For example,
after detection, the signal may be stored at the sensor
“as-detected” (i.e., raw), or the signal may undergo process-
ing at the sensor prior to storage at the sensor, or the signal
may be communicated (e.g., via a Bluetooth technology or
the like) to an external device for processing and/or storage,
or any combination of the foregoing.

[0114] Identification of one or more muscular activation
state(s) may allow a layered or multi-level approach to
interacting with physical objects in an AR environment. For
instance, at a first layer/level, one muscular activation state
may indicate that the user is interacting with a physical
object; at a second layer/level, another muscular activation
state may indicate that the user wants to activate a set of
virtual controls and/or features for the physical object in the
AR environment with which they are interacting; and at a
third layer/level, vet another muscular activation state may
indicate which of the activated virtual controls and/or fea-
tures the user wants to use when interacting with the object.
It will be appreciated that any number of muscular activation
states and layers may be used without departing from the
scope of this disclosure. For example, in some embodi-
ments, one or more muscular activation state(s) may corre-
spond to a concurrent gesture based on activation of one or
more motor units, e.g., the user’s hand bending at the wrist
while pointing the index finger at the object. In some
embodiments, one or more muscular activation state(s) may
correspond to a sequence of gestures based on activation of
one or more motor units, e.g., the user’s hand grasping the
object and lifting the object. In some embodiments, a single
muscular activation state may both indicate a user’s desire to
interact with a physical object and to activate a set of virtual
controls and/or features for interacting with the object.

[0115] As an example, sensor signals may be sensed and
recorded for a first activity of the user, e.g., a first gesture
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performed by the user, and a first muscular activation state
of the user may be identified from these sensed signals
using, for example, a trained inference model, as discussed
below. The first muscular activation state may indicate that
the user is interacting with a particular physical object (e.g.,
a writing implement) in the user’s environment. In response
to the system detecting the first activity, feedback may be
provided to identify the interaction with the physical object
indicated by the first muscular activation state. Examples of
the types of feedback that may be provided in accordance
with some embodiments of the present technology are
discussed in more detail below. Sensor signals may continue
to be sensed and recorded, and a second muscular activation
state may be determined. Responsive to identifying the
second muscular activation state (e.g., corresponding to a
second gesture, which may the same as or different from the
first gesture), the AR system may activate a set of virtual
controls (e.g., controls for selecting writing characteristics
for a writing implement) for the object. Sensor signals may
continue to be sensed and recorded, and a third muscular
activation state may be determined. The third muscular
activation state may indicate a selection from among the
virtual controls. For example, the third muscular activation
state may indicate a selection of a particular line thickness
of the writing implement.

[0116] According to some embodiments, the muscular
activation states may be identified, at least in part, from raw
(e.g., unprocessed) sensor signals collected by one or more
of the wearable sensors. In some embodiments, the muscular
activation states may be identified, at least in part, from
information based on the raw sensor signals (e.g., processed
sensor signals), where the raw sensor signals collected by
the one or more of the wearable sensors are processed to
perform, e.g., amplification, filtering, rectification, and/or
other form of signal processing, examples of which are
described in more detail below. In some embodiments, the
muscular activation states may be identified, at least in part,
from an output of a trained inference model that receives the
sensor signals (raw or processed versions of the sensor
signals) as input.

[0117] As disclosed herein, muscular activation states, as
determined based on sensor signals in accordance with one
or more of the techniques described herein, may be used to
interact with one or more physical object(s) in an AR
environment without the need to rely on cumbersome and
inefficient input devices, as discussed above. For example,
sensor data (e.g., signals obtained from neuromuscular sen-
sors or data derived from such signals) may be sensed and
recorded, and muscular activation states may be identified
from the sensor data without the user having to carry a
controller and/or other input device(s), and without having
the user remember complicated button or key manipulation
sequences. Also, the identification of the muscular activation
states (e.g., poses, gestures, etc.) from the sensor data can be
performed relatively fast, thereby reducing the response
times and latency associated with issuing control signals to
the AR system. Furthermore, some embodiments of the
technology described herein enable user customization of an
AR-based system, such that each user may define a control
scheme for interacting with physical objects in an AR
environment of an AR system of the AR-based system,
which is typically not possible with conventional AR sys-
tems.
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[0118] Signals sensed by wearable sensors placed at loca-
tions on a user’s body may be provided as input to an
inference model trained to generate spatial information for
rigid segments of a multi-segment articulated rigid-body
model of a human body. The spatial information may
include, for example, position information of one or more
segments, orientation information of one or more segments,
joint angles between segments, and the like. Based on the
input, and as a result of training, the inference model may
implicitly represent inferred motion of the articulated rigid
body under defined movement constraints. The trained infer-
ence model may output data useable for applications such as
applications for rendering a representation of the user’s body
in an XR environment (e.g.. the AR environment mentioned
above), in which the user may interact with one or more
physical and/or one or more virtual object(s), and/or appli-
cations for monitoring the user’s movements as the user
performs a physical activity to assess, for example, whether
the user is performing the physical activity in a desired
manner. As will be appreciated, the output data from the
trained inference model may be used for applications other
than those specifically identified herein.

[0119] For instance, movement data obtained by a single
movement sensor positioned on a user (e.g., on a user’s wrist
or arm) may be provided as input data to a trained inference
model. Corresponding output data generated by the trained
inference model may be used to determine spatial informa-
tion for one or more segments of a multi-segment articulated
rigid-body model for the user. For example, the output data
may be used to determine the position and/or the orientation
of one or more segments in the multi-segment articulated
rigid body model. In another example, the output data may
be used to determine angles between connected segments in
the multi-segment articulated rigid-body model.

[0120] As will be appreciated, an inference model used in
conjunction with neuromuscular signals may involve a gen-
eralized skeletal geometry for a type of user (e.g., a typical
adult male, a typical child, a typical adult female) or may
involve a user-specific skeletal geometry for a particular
user.

[0121] Different types of sensors may be used to provide
input data to a trained inference model, as discussed below.
[0122] As described briefly herein, in some embodiments
of the present technology, various muscular activation states
may be identified directly from sensor data. In other embodi-
ments, handstates, gestures, postures, and the like (which
may be referred to herein individually or collectively as
muscular activation states) may be identified based, at least
in part, on the output of a trained inference model. In some
embodiments, the trained inference model may output
motor-unit or muscle activations and/or position, orienta-
tion, and/or force estimates for segments of a computer-
generated musculoskeletal model. In one example, all or
portions of the human musculoskeletal system can be mod-
eled as a multi-segment articulated rigid body system, with
joints forming the interfaces between the different segments,
and with joint angles defining the spatial relationships
between connected segments in the model.

[0123] As used herein, the term “gestures” may refer to a
static or dynamic configuration of one or more body parts
including a position of the one or more body parts and forces
associated with the configuration. For example, gestures
may include discrete gestures, such as placing or pressing
the palm of a hand down on a solid surface or grasping a ball,
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continuous gestures, such as waving a finger back and forth,
grasping and throwing a ball, or a combination of discrete
and continuous gestures. Gestures may include covert ges-
tures that may be imperceptible to another person, such as
slightly tensing a joint by co-contracting opposing muscles
or using sub-muscular activations. In training an inference
model, gestures may be defined using an application con-
figured to prompt a user to perform the gestures or, alter-
natively, gestures may be arbitrarily defined by a user. The
gestures performed by the user may include symbolic ges-
tures (e.g., gestures mapped to other gestures, interactions,
or commands, for example, based on a gesture vocabulary
that specifies the mapping). In some cases, hand and arm
gestures may be symbolic and used to communicate accord-
ing to cultural standards.

[0124] In some embodiments of the technology described
herein, sensor signals may be used to predict information
about a position and/or a movement of a portion of a user’s
arm and/or the user’s hand, which may be represented as a
multi-segment articulated rigid-body system with joints con-
necting the multiple segments of the rigid-body system. For
example, in the case of a hand movement, signals sensed and
recorded by wearable neuromuscular sensors placed at loca-
tions on the user’s body (e.g., the user’s arm and/or wrist)
may be provided as input to an inference model trained to
predict estimates of the position (e.g., absolute position,
relative position, orientation) and the force(s) associated
with a plurality of rigid segments in a computer-based
musculoskeletal representation associated with a hand when
the user performs one or more hand movements. The com-
bination of position information and force information asso-
ciated with segments of a musculoskeletal representation
associated with a hand may be referred to herein as a
“handstate” of the musculoskeletal representation. As a user
performs different movements, a trained inference model
may interpret neuromuscular signals sensed and recorded by
the wearable neuromuscular sensors into position and force
estimates (handstate information) that are used to update the
musculoskeletal representation. Because the neuromuscular
signals may be continuously sensed and recorded, the mus-
culoskeletal representation may be updated in real time and
a visual representation of a hand (e.g., within an AR envi-
ronment) may be rendered based on current estimates of the
handstate. As will be appreciated, an estimate of a user’s
handstate may be used to determine a gesture being pet-
formed by the user and/or to predict a gesture that the user
will perform.

[0125] Constraints on the movement at a joint are gov-
erned by the type of joint connecting the segments and the
biological structures (e.g., muscles, tendons, ligaments) that
may restrict the range of movement at the joint. For
example, a shoulder joint connecting the upper arm to a
torso of a human subject, and a hip joint connecting an upper
leg to the torso, are ball and socket joints that permit
extension and flexion movements as well as rotational
movements. By contrast, an elbow joint connecting the
upper arm and a lower arm (or forearm), and a knee joint
connecting the upper leg and a lower leg of the human
subject, allow for a more limited range of motion. In this
example, a multi-segment articulated rigid body system may
be used to model portions of the human musculoskeletal
system. However, it should be appreciated that although
some segments of the human musculoskeletal system (e.g,,
the forearm) may be approximated as a rigid body in the
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articulated rigid body system, such segments may each
include multiple rigid structures (e.g., the forearm may
include ulna and radius bones), which may enable more
complex movements within the segment that is not explicitly
considered by the rigid body model. Accordingly, a model of
an articulated rigid body system for use with some embodi-
ments of the technology described herein may include
segments that represent a combination of body parts that are
not strictly rigid bodies. It will be appreciated that physical
models other than the multi-segment articulated rigid body
system may be used to model portions of the human mus-
culoskeletal system without departing from the scope of this
disclosure.

[0126] Continuing with the example above, in kinematics,
rigid bodies are objects that exhibit various attributes of
motion (e.g., position, orientation, angular velocity, accel-
eration). Knowing the motion attributes of one segment of a
rigid body enables the motion attributes for other segments
of the rigid body to be determined based on constraints in
how the segments are connected. For example, the hand may
be modeled as a multi-segment articulated body, with joints
in the wrist and each finger forming interfaces between the
multiple segments in the model. In some embodiments,
movements of the segments in the rigid body model can be
simulated as an articulated rigid body system in which
position (e.g., actual position, relative position, or orienta-
tion) information of a segment relative to other segments in
the model are predicted using a trained inference model.
[0127] For some embodiments of the present technology
described herein, the portion of the human body approxi-
mated by a musculoskeletal representation is a hand or a
combination of a hand with one or more arm segments. The
information used to describe a current state of the positional
relationships between segments, force relationships for indi-
vidual segments or combinations of segments, and muscle
and motor unit activation relationships between segments, in
the musculoskeletal representation is referred to herein as
the handstate of the musculoskeletal representation (see
discussion above). It should be appreciated, however, that
the techniques described herein are also applicable to mus-
culoskeletal representations of portions of the body other
than the hand including, but not limited to, an arm, a leg, a
foot, a torso, a neck, or any combination of the foregoing.
[0128] In addition to spatial (e.g., position and/or orien-
tation) information, some embodiments enable a prediction
of force information associated with one or more segments
of the musculoskeletal representation. For example, linear
forces or rotational (torque) forces exerted by one or more
segments may be estimated. Examples of linear forces
include, but are not limited to, the force of a finger or hand
pressing on a solid object such as a table, and a force exerted
when two segments (e.g., two fingers) are pinched together.
Examples of rotational forces include, but are not limited to,
rotational forces created when a segment, such as in a wrist
or a finger, is twisted or flexed relative to another segment.
In some embodiments, the force information determined as
a portion of a current handstate estimate includes one or
more of pinching force information, grasping force infor-
mation, and information about co-contraction forces
between muscles represented by the musculoskeletal repre-
sentation.

[0129] Turning now to the figures, FIG. 1 schematically
illustrates a system 100, for example, a neuromuscular
activity system, in accordance with some embodiments of
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the technology described herein. The system 100 may com-
prise one or more sensor(s) 110 configured to sense and
record signals resulting from activation of motor units
within one or more portion(s) of a human body. The sensor
(s) 110 may include one or more neuromuscular sensor(s)
configured to sense and record signals arising from neuro-
muscular activity in skeletal muscle of a human body. The
term “neuromuscular activity” as used herein refers to neural
activation of spinal motor neurons or units that innervate a
muscle, muscle activation, muscle contraction, or any com-
bination of the neural activation, muscle activation, and
muscle contraction. The one or more neuromuscular sensor
(s) may include one or more electromyography (EMG)
sensors, one or more mechanomyography (MMG) sensors,
one or more sonomyography (SMG) sensors, a combination
of two or more types of EMG sensors, MMG sensors, and
SMG sensors, and/or one or more sensors of any suitable
type able to detect neuromuscular signals. In some embodi-
ments, information relating to an interaction of a user with
a physical object in an AR environment may be determined
from neuromuscular signals sensed by the one or more
neuromuscular sensor(s). Spatial information (e.g., position
and/or orientation information) and force information relat-
ing to the movement may be predicted based on the sensed
neuromuscular signals as the user moves over time. In some
embodiments, the one or more neuromuscular sensor(s) may
sense muscular activity related to movement caused by
external objects, for example, movement of a hand being
pushed by an external object.

[0130] The one or more sensor(s) 110 may include one or
more auxiliary sensor(s), such as one or more Inertial
Measurement Unit(s) or IMU(s), which measure a combi-
nation of physical aspects of motion, using, for example, an
accelerometer, a gyroscope, a magnetometer, or any com-
bination of one or more accelerometers, gyroscopes and
magnetometers. In some embodiments, one or more IMU(s)
may be used to sense information about movement of the
part of the body on which the IMU(s) is or are attached, and
information derived from the sensed IMU data (e.g., posi-
tion and/or orientation information) may be tracked as the
user moves over time. For example, one or more IMU(s)
may be used to track movements of portions (e.g., arms,
legs) of a user’s body proximal to the user’s torso relative to
the IMU(s) as the user moves over time.

[0131] In embodiments that include at least one IMU and
one or more neuromuscular sensor(s), the IMU(s) and the
neuromuscular sensor(s) may be arranged to detect move-
ment of different parts of a human body. For example, the
IMU(s) may be arranged to detect movements of one or
more body segments proximal to the torso (e.g., movements
of an upper arm), whereas the neuromuscular sensors may
be arranged to detect motor unit activity within one or more
body segments distal to the torso (e.g., movements of a
lower arm (forearm) or a wrist). It should be appreciated,
however, that the sensors (i.e., the IMU(s) and the neuro-
muscular sensor(s)) may be arranged in any suitable way,
and embodiments of the technology described herein are not
limited based on the particular sensor arrangement. For
example, in some embodiments, at least one IMU and a
plurality of neuromuscular sensors may be co-located on a
body segment to track motor unit activity and/or movements
of the body segment using different types of measurements.
In one implementation, an IMU and a plurality of EMG
sensors may be arranged on a wearable device structured to
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be worn around the lower arm or the wrist of a user. In such
an arrangement, the IMU may be configured to track, over
time, movement information (e.g., positioning and/or orien-
tation) associated with one or more arm segments, to deter-
mine, for example, whether the user has raised or lowered
his/her arm, whereas the EMG sensors may be configured to
determine finer-grained or more subtle movement informa-
tion and/or sub-muscular information associated with acti-
vation of muscular or sub-muscular structures in muscles of
the wrist and/or the hand.

[0132] As the tension of a muscle increases during per-
formance of a motor task, the firing rates of active neurons
increases and additional neurons may become active, which
is a process that may be referred to as motor-unit recruit-
ment. The pattern by which neurons become active and
increase their firing rate is stereotyped, such that expected
motor-unit recruitment patterns, may define an activity
manifold associated with standard or normal movement. In
some embodiments, sensor signals may identify activation
of a single motor unit or a group of motor units that are
“off-manifold,” in that the pattern of motor-unit activation is
different than an expected or typical motor-unit recruitment
pattern. Such off-manifold activation may be referred to
herein as “sub-muscular activation” or “activation of a
sub-muscular structure,” where a sub-muscular structure
refers to the single motor unit or the group of motor units
associated with the off-manifold activation. Examples of
off-manifold motor-unit recruitment patterns include, but are
not limited to, selectively activating a higher-threshold
motor unit without activating a lower-threshold motor unit
that would normally be activated earlier in the recruitment
order and modulating the firing rate of a motor unit across
a substantial range without modulating the activity of other
neurons that would normally be co-modulated in typical
motor-unit recruitment patterns. In some embodiments, the
one or more neuromuscular sensors may be arranged relative
to the human body and used to sense sub-muscular activa-
tion without observable movement, i.e., without a corre-
sponding movement of the body that can be readily
observed. Sub-muscular activation may be used, at least in
part, to interact with physical objects in an AR environment,
in accordance with some embodiments of the technology
described herein.

[0133] Some or all of the sensor(s) 110 may each include
one or more sensing components configured to sense infor-
mation about a user. In the case of IMUs, the sensing
component(s) of an IMU may include one or more: accel-
erometer, gyroscope, magnetometer, or any combination
thereof, to measure or sense characteristics of body motion,
examples of which include, but are not limited to, accelera-
tion, angular velocity, and a magnetic field around the body
during the body motion. In the case of neuromuscular
sensors, the sensing component(s) may include, but are not
limited to, electrodes that detect electric potentials on the
surface of the body (e.g., for EMG sensors), vibration
sensors that measure skin surface vibrations (e.g.. for MMG
sensors), acoustic sensing components that measure ultra-
sound signals (e.g., for SMG sensors) arising from muscle
activity, or any combination thereof. Optionally, the sensor
(s) 110 may include any one or any combination of: a
thermal sensor that measures the user’s skin temperature
(e.g., a thermistor); a cardio sensor that measure’s the user’s
pulse, heart rate, a moisture sensor that measures the user’s
state of perspiration, and the like. Exemplary sensors that
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may be used as part of the one or more sensor(s) 110, in
accordance with some embodiments of the technology dis-
closed herein, are described in more detail in U.S. Pat. No.
10,409,371 entitled “METHODS AND APPARATUS FOR
INFERRING USER INTENT BASED ON NEUROMUS-
CULAR SIGNALS,” which is incorporated by reference
herein.

[0134] In some embodiments, the one or more sensor(s)
110 may comprise a plurality of sensors 110, and at least
some of the plurality of sensors 110 may be arranged as a
portion of a wearable device structured to be worn on or
around a part of a user’s body. For example, in one non-
limiting example, an IMU and a plurality of neuromuscular
sensors may be arranged circumferentially on an adjustable
and/or elastic band, such as a wristband or an armband
structured to be worn around a user’s wrist or arm, as
described in more detail below. In some embodiments,
multiple wearable devices, each having one or more IMU(s)
and/or one or more neuromuscular sensor(s) included
thereon, may be used to determine information relating to an
interaction of a user with a physical object based on acti-
vation from sub-muscular structures and/or based on move-
ment that involve multiple parts of the body. Alternatively,
at least some of the sensors 110 may be arranged on a
wearable patch structured to be affixed to a portion of the
user’s body. FIGS. 6A-6D show various types of wearable
patches. FIG. 6A shows a wearable patch 62 in which
circuitry for an electronic sensor may be printed on a flexible
substrate that is structured to adhere to an arm, e.g., near a
vein to sense blood flow in the user. The wearable patch 62
may be an RFID-type patch, which may transmit sensed
information wirelessly upon interrogation by an external
device. FIG. 6B shows a wearable patch 64 in which an
electronic sensor may be incorporated on a substrate that is
structured to be worn on the user’s forehead, e.g., to measure
moisture from perspiration. The wearable patch 64 may
include circuitry for wireless communication, or may
include a connector structured to be connectable to a cable,
e.g., a cable attached to a helmet, a heads-mounted display,
or another external device. The wearable patch 64 may be
structured to adhere to the user’s forehead or to be held
against the user’s forehead by, e.g., a headband, skullcap, or
the like. FIG. 6C shows a wearable patch 66 in which
circuitry for an electronic sensor may be printed on a
substrate that is structured to adhere to the user’s neck, e.g.,
near the user’s carotid artery to sense flood flow to the user’s
brain. The wearable patch 66 may be an RFID-type patch or
may include a connector structured to connect to external
electronics. FIG. 6D shows a wearable patch 68 in which an
electronic sensor may be incorporated on a substrate that is
structured to be worn near the user’s heart, e.g., to measure
the user’s heartrate or to measure blood flow to/from the
user’s heart. As will be appreciated, wireless communication
is not limited to RFID technology, and other communication
technologies may be employed. Also, as will be appreciated,
the sensors 110 may be incorporated on other types of
wearable patches that may be structured differently from
those shown in FIGS. 6A-6D.

[0135] In one implementation, the sensor(s) 110 may
include sixteen neuromuscular sensors arranged circumfer-
entially around a band (e.g., an elastic band) structured to be
worn around a user’s lower arm (e.g., encircling the user’s
forearm). For example, FIG. 7A shows an embodiment of a
wearable system in which neuromuscular sensors 704 (e.g.,
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EMG sensors) are arranged circumferentially around an
elastic band 702. It should be appreciated that any suitable
number of neuromuscular sensors may be used and the
number and arrangement of neuromuscular sensors used
may depend on the particular application for which the
wearable system is used. For example, a wearable armband
or wristband may be used to generate control information for
controlling a robot, controlling a vehicle, scrolling through
text, controlling a virtual avatar, or any other suitable control
task. In some embodiments, the elastic band 702 may also
include one or more IMUs (not shown).

[0136] For example, as shown in FIG. 7B, a user 706 may
wear the elastic band 702 on his/her hand 708. In this way,
the neuromuscular sensors 704 (e.g., EMG sensors) may be
configured to sense and record neuromuscular signals as the
user 706 controls or manipulates a keyboard 730 using
his/her fingers 740. In some embodiments, the elastic band
702 may also include one or more IMUs (not shown),
configured to sense and obtain or record movement infor-
mation, as discussed above.

[0137] FIGS. 8A-8B and 9A-9B show other embodiments
of a wearable system of the present technology. In particular,
FIG. 8A illustrates a wearable system with a plurality of
sensors 810 arranged circumferentially around an elastic
band 820 structured to be worn around a user’s lower arm or
wrist. The sensors 810 may be neuromuscular sensors (e.g.,
EMG sensors). As shown, there may be sixteen sensors 810
arranged circumferentially around the elastic band 820 at a
regular spacing. It should be appreciated that any suitable
number of sensors 810 may be used, and the spacing need
not be regular. The number and arrangement of the sensors
810 may depend on the particular application for which the
wearable system is used. For instance, the number and
arrangement of the sensors 810 may differ when the wear-
able system is to be worn on a wrist in comparison with a
thigh. A wearable system (e.g., armband, wristband, thigh-
band, etc.) can be used to generate control information for
controlling a robot, controlling a vehicle, scrolling through
text, controlling a virtual avatar, and/or performing any other
suitable control task.

[0138] Insome embodiments, the sensors 810 may include
only a set of neuromuscular sensors (e.g., EMG sensors). In
other embodiments, the sensors 810 may include a set of
neuromuscular sensors and at least one auxiliary device. The
auxiliary device(s) may be configured to continuously sense
and record one or a plurality of auxiliary signal(s). Examples
of auxiliary devices include, but are not limited to, IMUs,
microphones, imaging devices (e.g., cameras), radiation-
based sensors for use with a radiation-generation device
(e.g., a laser-scanning device), heart-rate monitors, and other
types of devices, which may capture a user’s condition or
other characteristics of the user. As shown in FIG. 8A, the
sensors 810 may be coupled together using flexible elec-
tronics 830 incorporated into the wearable system. F1G. 8B
illustrates a cross-sectional view through one of the sensors
810 of the wearable system shown in FIG. 8A.

[0139] In some embodiments, the output(s) of one or more
of sensing component(s) of the sensors 810 can be option-
ally processed using hardware signal-processing circuitry
(e.g., to perform amplification, filtering, and/or rectifica-
tion). In other embodiments, at least some signal processing
of the output(s) of the sensing component(s) can be per-
formed using software. Thus, signal processing of signals
sampled by the sensors 810 can be performed by hardware
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or by software, or by any suitable combination of hardware
and software, as aspects of the technology described herein
are not limited in this respect. A non-limiting example of a
signal-processing procedure used to process recorded data
from the sensors 810 is discussed in more detail below in
connection with FIGS. 9A and 9B.

[0140] FIGS. 9A and 9B illustrate a schematic diagram
with internal components of a wearable system with sixteen
sensors (e.g., EMG sensors), in accordance with some
embodiments of the technology described herein. As shown,
the wearable system includes a wearable portion 910 (FIG.
9A) and a dongle portion 920 (FIG. 9B). Although not
illustrated, the dongle portion 920 is in communication with
the wearable portion 910 (e.g., via Bluetooth or another
suitable short range wireless communication technology).
As shown in FIG. 9A, the wearable portion 910 includes the
sensors 810, examples of which are described above in
connection with FIGS. 8A and 8B. The sensors 810 provide
output (e.g., signals) to an analog front end 930, which
performs analog processing (e.g., noise reduction, filtering,
etc.) on the signals. Processed analog signals produced by
the analog front end 930 are then provided to an analog-to-
digital converter 932, which converts the processed analog
signals to digital signals that can be processed by one or
more computer processors. An example of a computer
processor that may be used in accordance with some
embodiments is a microcontroller (MCU) 934. As shown in
FIG. 9A, the MCU 934 may also receive inputs from other
sensors (e.g., an IMU 940) and from a power and battery
module 942. As will be appreciated, the MCU 934 may
receive data from other devices not specifically shown. A
processing output by the MCU 934 may be provided to an
antenna 950 for transmission to the dongle portion 920,
shown in FIG. 9B.

[0141] The dongle portion 920 includes an antenna 952
that communicates with the antenna 950 of the wearable
portion 910. Communication between the antennas 950 and
952 may occur using any suitable wireless technology and
protocol, non-limiting examples of which include radiofre-
quency signaling and Bluetooth. As shown, the signals
received by the antenna 952 of the dongle portion 920 may
be provided to a host computer for further processing, for
display, and/or for effecting control of a particular physical
or virtual object or objects (e.g., to perform a control
operation in an AR environment).

[0142] Although the examples provided with reference to
FIGS. 8A, 8B, 9A, and 9B are discussed in the context of
interfaces with EMG sensors, it is to be understood that the
wearable systems described herein can also be implemented
with other types of sensors, including, but not limited to,
mechanomyography (MMG) sensors, sonomyography
(SMG) sensors, and electrical impedance tomography (EIT)
Sensors.

[0143] Returning to FIG. 1, in some embodiments, sensor
data or signals obtained by the sensor(s) 110 may be
optionally processed to compute additional derived mea-
surements, which may then be provided as input to an
inference model, as described in more detail below. For
example, signals obtained from an IMU may be processed to
derive an orientation signal that specifies the orientation of
a segment of a rigid body over time. The sensor(s) 110 may
implement signal processing using components integrated
with the sensing components of the sensor(s) 110, or at least
a portion of the signal processing may be performed by one
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or more components in communication with, but not directly
integrated with, the sensing components of the sensor(s)
110.

[0144] The system 100 also includes one or more com-
puter processor(s) 112 programmed to communicate with
the sensor(s) 110. For example, signals obtained by one or
more of the sensor(s) 110 may be output from the sensor(s)
110 and provided to the processor(s) 112, which may be
programmed to execute one or more machine-learning algo-
rithm(s) to process the signals output by the sensor(s) 110.
The algorithm(s) may process the signals to train (or retrain)
one or more inference model(s) 114, and the trained (or
retrained) inference model(s) 114 may be stored for later use
in generating selection signals and/or control signals for
controlling an AR system, as described in more detail below.
As will be appreciated, in some embodiments, the inference
model(s) 114 may include at least one statistical model.

[0145] In some embodiments, the inference model(s) 114
may include a neural network and, for example, may be a
recurrent neural network. In some embodiments, the recur-
rent neural network may be a long short-term memory
(LSTM) neural network. It should be appreciated, however,
that the recurrent neural network is not limited to being an
LSTM neural network and may have any other suitable
architecture. For example, in some embodiments, the recur-
rent neural network may be any one or any combination of:
a fully recurrent neural network, a gated recurrent neural
network, a recursive neural network, a Hopfield neural
network, an associative memory neural network, an Elman
neural network, a Jordan neural network, an echo state
neural network, and a second-order recurrent neural net-
work, and/or any other suitable type of recurrent neural
network. In other embodiments, neural networks that are not
recurrent neural networks may be used. For example, deep
neural networks, convolutional neural networks, and/or
feedforward neural networks may be used.

[0146] In some embodiments, the inference model(s) 114
may produce discrete outputs. Discrete outputs (e.g., dis-
crete classifications) may be used, for example, when a
desired output is to know whether a particular pattern of
activation (including individual neural spiking events) is
detected in the neuromuscular signals. For example, the
inference model(s) 114 may be trained to estimate whether
the user is activating a particular motor unit, activating a
particular motor unit with a particular timing, activating a
particular motor unit with a particular firing pattern, or
activating a particular combination of motor units. On a
shorter timescale, a discrete classification may be used in
some embodiments to estimate whether a particular motor
unit fired an action potential within a given amount of time.
In such a scenario, these estimates may then be accumulated
to obtain an estimated firing rate for that motor unit.

[0147] In embodiments in which an inference model is
implemented as a neural network configured to output a
discrete output (e.g., a discrete signal), the neural network
may include an output layer that is a softmax layer, such that
outputs of the inference model add up to one and may be
interpreted as probabilities. For instance, outputs of the
softmax layer may be a set of values corresponding to a
respective set of control signals, with each value indicating
a probability that the user wants to perform a particular
control action. As one non-limiting example, the outputs of
the softmax layer may be a set of three probabilities (e.g.,
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0.92, 0.05, and 0.03) indicating the respective probabilities
that a detected pattern of activity is one of three known
patterns.

[0148] It should be appreciated that when an inference
model is a neural network configured to output a discrete
output (e.g., a discrete signal), the neural network is not
required to produce outputs that add up to one. For example,
instead of a softmax layer, the output layer of the neural
network may be a sigmoid layer, which does not restrict the
outputs to probabilities that add up to one. In such embodi-
ments, the neural network may be trained with a sigmoid
cross-entropy cost. Such an implementation may be advan-
tageous in cases where multiple different control actions
may occur within a threshold amount of time and it is not
important to distinguish an order in which these control
actions occur (e.g., a user may activate two patterns of
neural activity within the threshold amount of time). In some
embodiments, any other suitable non-probabilistic multi-
class classifier may be used, as aspects of the technology
described herein are not limited in this respect.

[0149] In some embodiments, an output of the inference
model(s) 114 may be a continuous signal rather than a
discrete output (e.g., a discrete signal). For example, the
model(s) 114 may output an estimate of a firing rate of each
motor unit, or the model(s) 114 may output a time-series
electrical signal corresponding to each motor unit or sub-
muscular structure.

[0150] It should be appreciated that aspects of the tech-
nology described herein are not limited to using neural
networks, as other types of inference models may be
employed in some embodiments. For example, in some
embodiments, the inference model(s) 114 may comprise a
hidden Markov model (HMM), a switching HMM in which
switching allows for toggling among different dynamic
systems, dynamic Bayesian networks, and/or any other
suitable graphical model having a temporal component. Any
such inference model may be trained using sensor signals
obtained by the sensor(s) 110.

[0151] As another example, in some embodiments, the
inference model(s) 114 may be or may include a classifier
that takes, as input, features derived from the sensor signals
obtained by the sensor(s) 110. In such embodiments, the
classifier may be trained using features extracted from the
sensor signals. The classifier may be, e.g., a support vector
machine, a Gaussian mixture model, a regression based
classifier, a decision tree classifier, a Bayesian classifier,
and/or any other suitable classifier, as aspects of the tech-
nology described herein are not limited in this respect. Input
features to be provided to the classifier may be derived from
the sensor signals in any suitable way. For example, the
sensor signals may be analyzed as timeseries data using
wavelet analysis techniques (e.g., continuous wavelet trans-
form, discrete-time wavelet transform, etc.), Fourier-ana-
Iytic techniques (e.g., short-time Fourier transform, Fourier
transform, etc.), and/or any other suitable type of time-
frequency analysis technique. As one non-limiting example,
the sensor signals may be transformed using a wavelet
transform and the resulting wavelet coeflicients may be
provided as inputs to the classifier.

[0152] Insome embodiments, values for parameters of the
inference model(s) 114 may be estimated from training data.
For example, when the inference model(s) 114 is or includes
a neural network, parameters of the neural network (e.g.,
weights) may be estimated from the training data. In some
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embodiments, parameters of the inference model(s) 114 may
be estimated using gradient descent, stochastic gradient
descent, and/or any other suitable iterative optimization
technique. In embodiments where the inference model(s)
114 is or includes a recurrent neural network (e.g., an
LSTM), the inference model(s) 114 may be trained using
stochastic gradient descent and backpropagation through
time. The training may employ a cross-entropy loss function
and/or any other suitable loss function, as aspects of the
technology described herein are not limited in this respect.
[0153] The system 100 also may include one or more
controller(s) 116. For example, the controller(s) 116 may
include a display controller configured to display a visual
representation (e.g., a representation of a hand) on a display
device (e.g., a display monitor). As discussed in more detail
below, one or more computer processor(s) 112 may imple-
ment one or more trained inference models that receive, as
input, sensor signals obtained by the sensor(s) 110 and that
provide, as output, information (e.g., predicted handstate
information) that is used to generate control signals that may
be used to control, for example, an AR system.

[0154] The system 100 also may optionally include a user
interface 118. Feedback determined based on the signals
obtained by the sensor(s) 110 and processed by the processor
(s) 112 may be provided via the user interface 118 to
facilitate a user’s understanding of how the system 100 is
interpreting the user’s muscular activity (e.g., an intended
muscle movement). The user interface 118 may be imple-
mented in any suitable way, including, but not limited to, an
audio interface, a video interface, a tactile interface, and
electrical stimulation interface, or any combination of the
foregoing.

[0155] The system 100 may have an architecture that may
take any suitable form. Some embodiments may employ a
thin architecture in which the processor(s) 112 is or are
included as a portion of a device separate from and in
communication with the sensor(s) 110 arranged on the one
or more wearable device(s). The sensor(s) 110 may be
configured to wirelessly stream, in substantially real time,
sensor signals and/or information derived from the sensor
signals to the processor(s) 112 for processing. The device
separate from and in communication with the sensors(s) 110
may be, for example, any one or any combination of: a
remote server, a desktop computer, a laptop computer, a
smartphone, a wearable electronic device such as a smart-
watch, a health monitoring device, smart glasses, and an AR
system.

[0156] Some embodiments employ a thick architecture in
which the processor(s) 112 may be integrated with the one
or more wearable device(s) on which the sensor(s) 110 is or
are arranged. In yet further embodiments, processing of
signals obtained by the sensor(s) 110 may be divided
between multiple processors, at least one of which may be
integrated with the sensor(s) 110, and at least one of which
may be included as a portion of a device separate from and
in communication with the sensor(s) 110. In such an imple-
mentation, the sensor(s) 110 may be configured to transmit
at least some of the sensed signals to a first computer
processor remotely located from the sensor(s) 110. The first
computer processor may be programmed to train, based on
the transmitted signals obtained by the sensor(s) 110, at least
one inference model of the at least one inference model(s)
114. The first computer processor may then be programmed
to transmit the trained at least one inference model to a
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second computer processor integrated with the one or more
wearable devices on which the sensor(s) 110 is or are
arranged. The second computer processor may be pro-
grammed to determine information relating to an interaction
between a user wearing the one or more wearable device(s)
and a physical object in an AR environment using the trained
at least one inference model transmitted from the first
computer processor. In this way, the training/fitting process
and a real-time process that utilizes the trained at least one
model may be performed separately by using different
processors.

[0157] In some embodiments, a computer application that
simulates and XR environment, (e.g., a VR environment, an
AR environment, etc.) may be instructed to provide a visual
representation by displaying a visual character, such as an
avatar (e.g., via the controller(s) 116). Positioning, move-
ment, and/or forces applied by portions of visual character
within the XR environment may be displayed based on an
output of the trained inference model(s). The visual repre-
sentation may be dynamically updated as continuous signals
are obtained by the sensor(s) 110 and processed by the
trained inference model(s) 114 to provide a computer-
generated representation of the character’s movement that is
updated in real-time.

[0158] Information obtained by or provided to the system
100, (e.g., inputs obtained from an AR camera, inputs
obtained from the sensor(s) 110) can be used to improve user
experience, accuracy, feedback, inference models, calibra-
tion functions, and other aspects in the overall system. To
this end, in an AR environment for example, the system 100
may include an AR system that includes one or more
processors, a camera, and a display (e.g., the user interface
118, or other interface via AR glasses or another viewing
device) that provides AR information within a view of a
user. The system 100 may also include system elements that
couple the AR system with a computer-based system that
generates a musculoskeletal representation based on sensor
data (e.g., signals from at least one neuromuscular sensor).
For example, the systems may be coupled via a special-
purpose or other type of computer system that receives
inputs from the AR system that generates a computer-based
musculoskeletal representation. Such a system may include
a gaming system, robotic control system, personal computer,
or other system that is capable of interpreting AR and
musculoskeletal information. The AR system and the system
that generates the computer-based musculoskeletal repre-
sentation may also be programmed to communicate directly.
Such information may be communicated using any number
of interfaces, protocols, and/or media.

[0159] As discussed above, some embodiments are
directed to using an inference model 114 for predicting
musculoskeletal information based on signals obtained by
wearable sensors. As discussed briefly above in the example
where portions of the human musculoskeletal system can be
modeled as a multi-segment articulated rigid body system,
the types of joints between segments in a multi-segment
articulated rigid body model may serve as constraints that
constrain movement of the rigid body. Additionally, different
human individuals may move in characteristic ways when
performing a task that can be captured in statistical patterns
that may be generally applicable to individual user behavior.
At least some of these constraints on human body movement
may be explicitly incorporated into one or more inference
model(s) (e.g., the model(s) 114) used for prediction of user
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movement, in accordance with some embodiments. Addi-
tionally or alternatively, the constraints may be learned by
the inference model(s) 114 though training based on sensor
data obtained from the sensor(s) 110, as discussed briefly
above.

[0160] Some embodiments are directed to using an infer-
ence model for predicting information to generate a com-
puter-based musculoskeletal representation and/or to update
in real-time a computer-based musculoskeletal representa-
tion. For example, the predicted information may be pre-
dicted handstate information. The inference model may be
used to predict the information based on IMU signals,
neuromuscular signals (e.g., EMG, MMG, and/or SMG
signals), external or auxiliary device signals (e.g., camera or
laser-scanning signals), or a combination of IMU signals,
neuromuscular signals, and external or auxiliary device
signals detected as a user performs one or more movements.
For instance, as discussed above, a camera associated with
an AR system may be used to capture data of an actual
position of a human subject of the computer-based muscu-
loskeletal representation, and such actual-position informa-
tion may be used to improve the accuracy of the represen-
tation. Further, outputs of the inference model may be used
to generate a visual representation of the computer-based
musculoskeletal representation in an AR environment. For
example, a visual representation of muscle groups firing,
force being applied, text being entered via movement, or
other information produced by the computer-based muscu-
loskeletal representation may be rendered in a visual display
of an AR system. In some embodiments, other input/output
devices (e.g., auditory inputs/outputs, haptic devices, etc.)
may be used to further improve the accuracy of the overall
system and/or to improve user experience.

[0161] Some embodiments of the technology described
herein are directed to using an inference model, at least in
part, to map muscular activation state information, which is
information identified from neuromuscular signals obtained
by neuromuscular sensors, to control signals. The inference
model may receive as input IMU signals, neuromuscular
signals (e.g., EMG, MMG, and SMG signals), external
device signals (e.g., camera or laser-scanning signals), or a
combination of IMU signals, neuromuscular signals, and
external or auxiliary device signals detected as a user
performs one or more sub-muscular activations, one or more
movements, and/or one or more gestures. The inference
model may be used to predict control information without
the user having to make perceptible movements.

[0162] As discussed above, according to some embodi-
ments of the present technology, camera information may be
used to improve interpretation of neuromuscular signals and
their relationship to movement, position, and force genera-
tion. As will be appreciated, the camera information may be,
for example, an image signal corresponding to at least one
image captured by a camera; thus, as used herein, an image
from a camera may be understood to refer to an image signal
from a camera. The camera may be a still camera, a video
camera, an infrared camera, and the like, which is able to
capture or record an image of a user. One or more filters may
be used on the camera, so that the camera may capture
images only within a particular range of wavelengths of
light. As will be appreciated, the image may be a still image,
a sequence of still images (or image sequence), a moving
image (or video sequence), and the like, which may be
captured and recorded as a signal. The terms “camera
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information,” “camera data,” and “camera signal,” may be
used herein to represent information about the user that may
be captured by a camera. It should be understood that
although various embodiments may refer to “a” camera or
“the” camera, such embodiments may utilize two or more
cameras instead of one camera. Further, the camera infor-
mation may relate to any one or any combination of: an
image produced by visible light, an image produced by
non-visible (e.g., infrared) light, an image produced by light
of a predetermined range of wavelengths, and an image
produced by light of two or more different predetermined
ranges of wavelengths. For example, non-visible light may
be used to capture an image that shows heat distribution in
the user’s body, which may provide an indication of blood
flow within the user, which in turn may be used to infer a
condition of the user (e.g., a force being exerted by a finger
of the user may have a different blood-flow pattern than a
finger that is not exerting force).

[0163] A camera may be mounted on the user (e.g., on an
head-mounted display worn by the user, or on a glove worn
on the user’s hand) or may be mounted external to the user
to capture the user and/or the user’s environment. When a
camera is mounted on the user, the camera may be used to
capture the user’s environment and/or portions of the user’s
body (e.g., a hand-mounted camera may be used to capture
an image of the user’s other hand).

[0164] FIG. 10 is a diagram showing an example imple-
mentation of a system 1000 that utilizes one or more EMG
sensor(s) 1040 and a camera 1060, in accordance with some
embodiments of the technology described herein. For
example, FIG. 10 shows a user’s arm and an attached hand
(“arm/hand””) 1010, which is made up of one or more joints
and segments, and which can be depicted as a musculoskel-
etal representation. More particularly, the user’s hand seg-
ments 1020 are connected by joints. The arm and hand
positions and segment lengths of the arm and the hand can
be determined by the system 1000 and positioned within a
three-dimensional space of a model musculoskeletal repre-
sentation. Further, the user’s hand may also include an
interpolated forearm segment 1030. As discussed above, a
neuromuscular activity system may be used to determine
one or more representations of a user’s hand/arm positions.
To this end, the user may wear a band comprising the one or
more EMG sensor(s) 1040, which sense and record neuro-
muscular signals that are used to determine a musculoskel-
etal skeletal representation. Concurrently with the EMG
sensor(s) 1040 sensing and recording the neuromuscular
signals, a camera 1060 may be used to capture objects within
the camera’s field of view 1050. For example, in FIG. 10, the
camera’s field of view 1050 include the user’s arm/hand
1010. Camera data in addition to the neuromuscular activity
signals determined by the EMG sensors 1040 may be used
to reconstruct positions, geometries, and forces being
applied by the user’s arm/hand 1010. Further, outputs from
the system 1000 can be provided that allow the system 1000
to render a representation of the user’s arm/hand 1010, such
as within an AR environment of an AR system.

[0165] FIG. 2 illustrates a schematic diagram of an AR-
based system 200, which may be a distributed computer-
based system that integrates an AR system 201 with a
neuromuscular activity system 202. The neuromuscular
activity system 202 is similar to the system 100 described
above with respect to FIG. 1.
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[0166] Generally, an XR system such as the AR system
201 may take the form of a pair of goggles or glasses or
eyewear, or other type of display device that shows display
elements to a user that may be superimposed on the user’s
“reality.” This reality in some cases could be the user’s view
of the environment (e.g., as viewed through the user’s eyes),
or a captured version (e.g., by camera(s)) of the user’s view
of the environment. In some embodiments, the AR system
201 may include one or more camera(s) 204, which may be
mounted within a device worn by the user, that captures one
or more views experienced by the user in the user’s envi-
ronment. The system 201 may have one or more processor
(s) 205 operating within the device worn by the user and/or
within a peripheral device or computer system, and such
processor(s) 205 may be capable of transmitting and receiv-
ing video information and other types of data (e.g., sensor
data).

[0167] The AR system 201 may also include one or more
sensor(s) 207, such as microphones, GPS elements, accel-
erometers, infrared detectors, haptic feedback elements or
any other type of sensor, or any combination thereof. In
some embodiments, the AR system 201 may be an audio-
based or auditory AR system, and the one or more sensor(s)
207 may also include one or more headphones or speakers.
Further, the AR system 201 may also have one or more
display(s) 208 that permit the AR system 201 to overlay
and/or display information to the user in addition to provide
the user with a view of the user’s environment presented via
the AR system 201. The AR system 201 may also include
one or more communication interface(s) 206, which enable
information to be communicated to one or more computer
systems (e.g., a gaming system or other system capable of
rendering or receiving AR data). AR systems can take many
forms and are available from a number of different manu-
facturers. For example, various embodiments may be imple-
mented in association with one or more types of AR systems
or platforms, such as HoloLens holographic reality glasses
available from the Microsoft Corporation (Redmond, Wash.,
USA); Lightwear AR headset from Magic Leap (Plantation,
Fla., USA); Google Glass AR glasses available from Alpha-
bet (Mountain View, Calif., USA); R-7 Smartglasses System
available from Osterhout Design Group (also known as
ODG; San Francisco, Calif., USA); Oculus Quest, Oculus
Rift S, and Spark AR Studio available from Facebook
(Menlo Park, Calif., USA); or any other type of AR or other
XR device. Although discussed using AR by way of
example, it should be appreciated that one or more embodi-
ments of the technology disclosed herein may be imple-
mented within one or more XR system(s).

[0168] The AR system 201 may be operatively coupled to
the neuromuscular activity system 202 through one or more
communication schemes or methodologies, including but
not limited to, Bluetooth protocol, Wi-Fi, Ethernet-like
protocols, or any number of connection types, wireless
and/or wired. It should be appreciated that, for example, the
systems 201 and 202 may be directly connected or coupled
through one or more intermediate computer systems or
network elements. The double-headed arrow in FIG. 2
represents the communicative coupling between the systems
201 and 202.

[0169] As mentioned above, the neuromuscular activity
system 202 may be similar in structure and function to the
system 100 described above with reference to FIG. 1. In
particular, the system 202 may include one or more neuro-
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muscular sensor(s) 209, one or more inference model(s) 210,
and may create, maintain, and store a musculoskeletal
representation 211. In an example embodiment, similar to
one discussed above, the system 202 may include or may be
implemented as a wearable device, such as a band that can
be worn by a user, in order to collect (i.e., obtain) and
analyze neuromuscular signals from the user. Further, the
system 202 may include one or more communication inter-
face(s) 212 that permit the system 202 to communicate with
the AR system 201, such as by Bluetooth, Wi-Fi, or other
communication method. Notably, the AR system 201 and the
neuromuscular activity system 202 may communicate infor-
mation that can be used to enhance user experience and/or
allow the AR system 201 to function more accurately and
effectively.

[0170] Although FIG. 2 shows a distributed computer-
based system 200 that integrates the AR system 201 with the
neuromuscular activity system 202, it will be understood
that integration of these systems 201 and 202 may be
non-distributed in nature. In some embodiments, the neuro-
muscular activity system 202 may be integrated into the AR
system 201 such that the various components of the neuro-
muscular activity system 202 may be considered as part of
the AR system 201. For example, inputs from the neuro-
muscular signals recorded by the neuromuscular sensor(s)
209 may be treated as another of the inputs (e.g., from the
camera(s) 204, from the sensor(s) 207) to the AR system
201. In addition, processing of the inputs (e.g., sensor
signals obtained) obtained from the neuromuscular sensor(s)
209 may be integrated into the AR system 201.

[0171] FIG. 3 illustrates a process 300 for using neuro-
muscular signals to provide a user with an enhanced inter-
action with a physical object in an AR environment genet-
ated by an AR system, such as the AR system 201, in
accordance with some embodiments of the technology
described herein. The process 300 may be performed at least
in part by the neuromuscular activity system 202 and/or the
AR system 201 of the AR-based system 200. At act 310,
sensor signals (also referred to herein as “raw sensor sig-
nals”) may be obtained (e.g., sensed and recorded) by one or
more sensors of the neuromuscular activity system 202. In
some embodiments, the sensor(s) may include a plurality of
neuromuscular sensors 209 (e.g., EMG sensors) arranged on
a wearable device worn by a user. For example, the sensors
209 may be EMG sensors arranged on an elastic band
configured to be worn around a wrist or a forearm of the user
to sense and record neuromuscular signals from the user as
the user performs muscular activations (e.g., movements,
gestures). In some embodiments, the EMG sensors may be
the sensors 704 arranged on the band 702, as shown in FIG.
7A; in some embodiments, the EMG sensors may be the
sensors 810 arranged on the band 820, as shown in FIG. 8A.
The muscular activations performed by the user may include
static gestures, such as placing the user’s hand palm down
on a table; dynamic gestures, such as waving a finger back
and forth; and covert gestures that are imperceptible to
another person, such as slightly tensing a joint by co-
contracting opposing muscles, or using sub-muscular acti-
vations. The muscular activations performed by the user
may include symbolic gestures (e.g., gestures mapped to
other gestures, interactions, or commands, for example,
based on a gesture vocabulary that specifies the mapping).

[0172] In addition to the plurality of neuromuscular sen-
sors 209, in some embodiments of the technology described
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herein, the neuromuscular activity system 202 may include
one or more auxiliary sensor(s) configured to obtain (e.g.,
sense and record) auxiliary signals that may also be provided
as input to the one or more trained inference model(s), as
discussed above. Examples of auxiliary sensors include
IMUs, imaging devices, radiation detection devices (e.g.,
laser scanning devices), heart rate monitors, or any other
type of biosensors able to sense biophysical information
from a user during performance of one or more muscular
activations. Further, it should be appreciated that some
embodiments of the present technology may be imple-
mented using camera-based systems that perform skeletal
tracking, such as, for example, the Kinect system available
from the Microsoft Corporation (Redmond, Wash., USA)
and the LeapMotion system available from Leap Motion,
Inc. (San Francisco, Calif., USA). It should be appreciated
that any combination of hardware and/or software may be
used to implement various embodiments described herein.

[0173] The process 300 then proceeds to act 320, where
raw sensor signals, which may include signals sensed and
recorded by the one or more sensor(s) (e.g., EMG sensors,
auxiliary sensors, etc.), as well as optional camera input
signals from one more camera(s), may be optionally pro-
cessed. In some embodiments, the raw sensor signals may be
processed using hardware signal-processing circuitry (e.g.,
to perform amplification, filtering, and/or rectification). In
other embodiments, at least some signal processing of the
raw sensor signals may be performed using software.
Accordingly, signal processing of the raw sensor signals,
sensed and recorded by the one or more sensor(s) and
optionally obtained from the one or more camera(s), may be
performed using hardware, or software, or any suitable
combination of hardware and software. In some implemen-
tations, the raw sensor signals may be processed to derive
other signal data. For example, accelerometer data obtained
by one or more IMU(s) may be integrated and/or filtered to
determine derived signal data associated with one or more
muscle(s) during activation of a muscle or performance of a
gesture,

[0174] The process 300 then proceeds to act 330, where
one or more visual indicators may be optionally displayed in
the AR environment, based, at least in part, on the neuro-
muscular signals obtained by the plurality of neuromuscular
sensors 209. For example, the AR system 201 may operate
in conjunction with the neuromuscular activity system 202
to overlay one or more visual indicators on or near a physical
object within the AR environment. The one or more visual
indicators may instruct the user that the physical object is an
object that has a set of virtual controls associated with it such
that, if the user interacted with the object (e.g., by picking it
up), the user could perform one or more “enhanced” or
“augmented” interactions with the object. The one or more
visual indicator(s) may be displayed within the AR envi-
ronment in any suitable way. For example, the physical
object may change colors or glow, thereby indicating that it
is an object capable of enhanced interaction. In another
example, an indication of a set of virtual controls for the
physical object, which may be activated by the user to
control the physical object, may be overlaid on or displayed
near the physical object in the AR environment. The user
may interact with the indicator(s) of the set of virtual
controls by, for example, performing a muscular activation
to select one of the virtual controls. In response to the
interaction of the user with the indicator(s) of the set of
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virtual controls, information relating to an interaction with
the physical object may be determined. For example, if the
physical object is a writing implement and a displayed
indicator of the set of virtual controls indicates that the user
may use the writing implement as a pen, a paintbrush, or a
pointing device within the AR environment, the user may
perform a gesture to select a paintbrush functionality, such
that, when the user picks up the writing implement, it may
be used to paint within the AR environment.

[0175] The process 300 then proceeds to act 340, where
information relating to an interaction of the user with the
physical object is determined, based, at least in part, on the
neuromuscular signals obtained by the plurality of neuro-
muscular sensors 209 and/or information derived from the
neuromuscular signals. Optionally, auxiliary signals from
one or more auxiliary device(s) (e.g., a camera, an IMU,
etc.) may supplement the neuromuscular signals to deter-
mine the information relating to the interaction of the user
with the physical object. For example, based, at least in part,
on the neuromuscular signals (and optionally supplemented
with auxiliary signals), the AR-based system 200 may
determine how tightly the user is grasping the physical
object, and a control signal may be sent to the AR-based
system 200 based on an amount of grasping force being
applied to the physical object. Continuing with the example
above, the physical object may be a writing implement, and
applying different amounts of grasping force to a surface of
the writing implement and/or pressing on different parts of
the writing implement may transform the writing implement
into an “enhanced” or “augmented” writing implement in
which a set of virtual control actions for the physical object
may be enabled or activated.

[0176] In some embodiments, the information relating to
the interaction of the user with the physical object in the AR
environment may be determined based on a combination of
the neuromuscular signals and at least one other sensor (e.g,,
a camera, an IMU, etc.). For example, some embodiments
may include at least one camera (e.g., as part of the AR
system 201), which may be arranged or configured to
capture one or more images. An example of such an arrange-
ment is shown in FIG. 10. The neuromuscular signals
obtained by the plurality of neuromuscular sensors 209 and
the image(s) captured by the camera(s) may be used, for
example, to determine a force that that the user is applying
to the physical object. Neuromuscular signal data and aux-
iliary sensor data (e.g., camera data) may be combined in
any other suitable way to determine information associated
with the user’s interaction with the physical object, and
embodiments are not limited in this respect.

[0177] The process 300 then proceeds to act 350, where
feedback based on the determined information about the
interaction of the user with the physical object is provided.
In some embodiments, the feedback is provided to the user
interacting with the object. For example, the AR-based
system 200 may provide feedback (e.g., visual feedback,
auditory feedback, haptic feedback) to the user within the
AR environment. In embodiments where visual feedback is
provided within the AR environment, the visual feedback
may be provided in any suitable way. For example, the
physical object with which the user is interacting may
change colors or glow indicating that the user is interacting
with the object. Alternatively, the feedback may be provided
using a visual indicator separate from the physical object.
For example, an icon or other visual indicator may be
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displayed within the AR environment showing an interac-
tion mode (e.g., paintbrush mode) for the object with which
the user is interacting. In some embodiments that provide
feedback to the user, the feedback may be provided using
non-visual forms of feedback such as auditory or haptic
feedback. The feedback may, for example, instruct the user
that the physical object that he/she is interacting with may
have augmented properties or functions that may not be
available through ordinary real-world interactions with the
object.

[0178] In some embodiments of the technology described
herein, the AR system (e.g., the system 201) may include
haptic circuitry able to deliver haptic signals to the user. The
haptic signals may be used to provide feedback to the user,
and may comprise any one or any combination of a vibration
actuator, a skin-tap actuator, a low-voltage electrical jolt
circuit, and a force actuator. Such haptic actuators are known
in the art, and my involve electromagnetic transducers,
motors, and the like. The haptic circuitry may be arranged on
a wearable device worn by the user, and may be included on
a wearable patch or a wearable band, such as those discussed
above. For example, the haptic circuitry may be included on
the band 702 together with one or more neuromuscular
sensor(s).

[0179] The AR system may be controlled to provide
feedback to the user as haptic feedback delivered via the
haptic circuitry. In some embodiments, the AR system may
be controlled in this regard by a controller within the AR
system or by a controller of the AR-based system (e.g., the
system 200) encompassing the AR system. In other embodi-
ments, the AR system may be controlled in this regard by
control signals from a controller external to the AR system
and external to the AR-based system.

[0180] In some embodiments, feedback may be provided
to the user as an altered functionality of the physical object
itself, rather than being provided as an indication separate
from the altered functionality. For example, feedback may
be provided to the user based on a current functionality of
one or more physical object(s). Using the example above,
the user may pick up a writing implement in the AR
environment and grip the writing implement with a certain
amount of force. Gripping the writing implement with a
particular amount of force may transform the physical
writing implement into an augmented writing implement (or
AR writing implement), which may have different writing
characteristics for writing within the AR environment. When
the user uses the augmented writing implement to write
within the AR environment, an augmented functionality of
the writing implement may be apparent through use of the
physical object itself to write. For example, a color of
writing produced by the augmented writing implement,
and/or a pixel size of writing produced by the augmented
writing implement, and/or some other writing characteristic
or combination of writing characteristics may provide feed-
back about the augmented functionality of the physical
object.

[0181] In some embodiments, feedback may be provided
to someone other than the user interacting with the physical
object. For example, in a shared AR environment that
includes a first user who is interacting with the object and a
second user who is not interacting with the object, an
indication may be provided to the second user about an
interaction between the first user and the physical object in
the AR environment. Such feedback may enable the second
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user to understand how the first user is interacting with the
physical object as well as one or more other physical
object(s) in the AR environment without directly observing
the first user interacting with the object. For example, the
second user may be able to determine how forceful the first
user is grasping a ball in the AR environment, which may not
be visibly apparent by observing an interaction of the first
user with the ball.

[0182] The feedback provided at act 350 may reflect
information relating to the interaction of the user with the
physical object in any suitable way. For example, in some
embodiments, the information relating to the interaction
may include force information relating to a force that the
user is applying to the object (e.g., by pressing, grasping,
etc.). In such embodiments, a visual rendering of the force
may be displayed within the AR environment to let the user
(or another user in a shared AR environment) visualize an
amount of force being applied to the object. In other
embodiments in which force information is included in the
information relating to the interaction, the feedback may be
provided using a non-visual technique. For example, audi-
tory and/or haptic feedback may be provided, based, at least
in part, on an amount of force being applied to the object.

[0183] As discussed above, in some embodiments of the
technology disclosed herein, physical objects in an AR
environment may be transformed into “augmented” objects.
An augmented object may have a set of enhanced or
augmented features in the AR environment, and such aug-
mented features may not be available when the user interacts
with the object in a real-world environment. For example, a
writing implement, such as a pen, may typically be capable
of writing only in a single color of ink supplied in the pen,
and using a line width dictated in part by a tip of the pen. In
some embodiments, such a pen may be transformed into an
augmented pen endowed with a set of augmented features
for use within the AR environment. For example, an aug-
mented writing implement when used within the AR envi-
ronment may have a set of augmented features that enable a
selection from among multiple writing colors, line thick-
nesses, brush shapes, tip shapes, drawing modes (e.g., a pen
up/down functionality such that writing only occurs when a
certain amount of pressure is applied to the writing imple-
ment), and writing-implement types (e.g., paintbrush, spray
can, pen, pencil, highlighter). In some embodiments, the
augmented features may also include functions not typically
associated with use of the object in a real-world environ-
ment. For example, an augmented writing implement may
be used as a remote controller or as a pointer within the AR
environment, for selection and/or manipulation of one or
more other object(s) at a distance from the user in the AR
environment. In yet further embodiments, a physical object
that is not typically used as a writing implement (e.g., a
stick, ruler, or other object that can be held in the user’s
hand) may be transformed into a writing implement for use
within the AR environment, based, at least in part, on the
user’s interaction with the physical object. For example, the
user may pick up a physical object (e.g., a stick) in their
environment and “double grasp” the object (i.e., grasp the
object twice) with greater than a threshold amount of force
to transform the object into a writing instrument within the
AR environment, thereby transforming the physical object
into an augmented object that may be used for providing
writing input within the AR environment.
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[0184] In some embodiments, selection by the user (e.g.,
selection of a physical object and/or a function relating to the
physical object) may be performed based, at least in part, on
user context and/or user behavior. For example, selection of
a physical object may be based, at least in part, on user
behavior such as information about one or more recent
interactions between the user and one or more physical
objects. In another example, if the user had most recently
controlled a particular device such as a smart speaker by
pressing play on a new track, then the smart speaker may be
automatically selected, and a muscular activation deter-
mined based, at least in part, on the sensed neuromuscular
signals may be used to change the volume of the selected
smart speaker. In a further example, selection of a physical
object may be based, at least in part, on user context such as
information about a current location of the user (e.g., which
environment (e.g., room) the user currently is located). The
information about the user’s current location may be deter-
mined in any suitable way including, but not limited to,
using NFC technology, RFID technology, another field-
based technology, and a global positioning technology (e.g.,
GPS). Based. at least in part, on the location information, a
physical object in the user’s environment (e.g., a light switch
in a particular room) may be selected for control.

[0185] FIG. 4 illustrates a process 400 for enabling and/or
disabling virtual controls associated with an object in an AR
environment, in accordance with some embodiments of the
technology disclosed herein. At act 410, a plurality of
neuromuscular signals are obtained by a plurality of neuro-
muscular sensors (e.g., the neuromuscular sensors 209)
worn by a user. For example, the plurality of neuromuscular
signals may be sensed and recorded by the plurality of
neuromuscular sensors. The process 400 then proceeds to act
420, at which the plurality of neuromuscular signals may be
optionally processed (e.g., amplified, filtered, rectified, etc.),
examples of which are discussed above. The process 400
then proceeds to act 430, at which the plurality of neuro-
muscular signals and/or information derived from the plu-
rality of neuromuscular signals are interpreted to, for
example, determine a muscular activation performed by the
user. Examples of interpreting neuromuscular signals may
include, but are not limited to, processing the plurality of
neuromuscular signals using one or more trained inference
model(s) (e.g., the inference model(s) 114) to identify a
muscular activation state that the user has performed, deter-
mining an amount of force applied to an object with which
the user is interacting (e.g., an amount of force used to hold
or grasp the object, an amount of force used to push against
a stationary surface such as a table, etc.), determining
co-contraction forces, and determining sub-muscular acti-
vation (e.g., activation of a single motor unit).

[0186] The process 400 then proceeds to act 440, where it
is determined whether a set of virtual controls is to be
enabled (if currently disabled) or disabled (if currently
enabled), based, at least in part, on the interpreted neuro-
muscular signals. Determining whether to enable or disable
a set of virtual controls may be made in any suitable way.
Some embodiments map a particular muscle activation state
(e.g., a particular gesture, or a particular muscle tension, or
a particular sub-muscular activation, or any combination
thereof) to a control signal for enabling or disabling the set
of virtual controls associated with a physical object. For
example, in some embodiments, the neuromuscular activity
system (e.g., the neuromuscular activity system 202) may be
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configured to associate a pinch gesture involving the user’s
thumb and index finger with a command to enable or disable
the set of virtual controls for the physical object. In other
embodiments, the neuromuscular activity system may be
configured to associate detection of a particular amount of
force applied to the object with which the user is interacting
with a command to enable or disable the set of virtual
controls for the physical object. The amount of force applied
to the object may be a static amount of force applied at a
single point in time or a dynamic sequence of forces applied
to the object (e.g., a double-squeeze of the object may enable
or disable the set of virtual controls). In yet other embodi-
ments, the neuromuscular activity system may be configured
to associate activation of a single motor unit, or activation of
a defined set of motor units, with a command to enable or
disable the set of virtual controls for the physical object. At
act 440, an output of the neuromuscular signal interpretation
process at act 430 may be compared against stored infor-
mation associating a muscle activation state or states to a
control signal for enabling or disabling the set of virtual
controls for the physical object to determine whether to
enable or disable the set of virtual controls for the object. In
some embodiments, the same muscle activation state(s) may
be used to enable and disable virtual controls for all physical
objects in the AR environment. In other embodiments,
different muscle activation states may be associated with
enabling and disabling virtual controls for different objects
in the AR environment.

[0187] In some embodiments, the AR-based system (e.g.,
the system 200) may be configured to automatically enable
virtual controls for physical objects in the AR environment
without requiring the user to perform a muscular activation.
For example, components of the AR-based system may be
configured to determine which physical object(s) in the
user’s proximity that have virtual controls associated with
the object(s), and the AR-based system may automatically
enable virtual controls for those physical objects, and
optionally may provide appropriate feedback to the user
and/or one or more other user(s) (e.g., in a shared AR
environment). Alternatively, the AR-based system may auto-
matically enable virtual controls for a particular physical
object in response to the user interacting with the object
(e.g., when the user touches the object). Regardless of
whether the AR-based system automatically enables virtual
controls for object(s) or whether the user is required to
perform muscular activation to enable the virtual controls,
the AR-based system may disable virtual controls for an
object in response to interpreting neuromuscular signals
obtained from the user and/or information derived from the
neuromuscular signals. In some embodiments, the muscular
activation state(s) used to enable the virtual controls are the
same as the muscular activation state(s) used to disable the
virtual controls. In other embodiments, the muscular acti-
vation states used to enable and disable virtual controls for
one or more object(s) in the AR environment are different.

[0188] Ifitis determined at act 440 that the virtual controls
for the physical object in the AR environment should be
enabled or disabled, the process proceeds to act 450, at
which the virtual controls for the physical object are enabled
or disabled. For example, a control signal may be sent to the
AR system (e.g., the system 201) instructing the AR system
to enable or disable virtual controls for a particular physical
object, all physical objects within proximity of the user
within the AR environment, or all physical objects within the
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user’s field of view within the AR environment. In some
embodiments, enabling a set of virtual controls for a physi-
cal object comprises providing an indication that the physi-
cal object has been transformed into an augmented object to
which the virtual controls apply. Examples of providing an
indication may include, but are not limited to, providing a
visual, an audio, and/or a haptic indication within the AR
environment to the user.

[0189] When virtual controls for an augmented or
enhanced physical object are enabled, the process 400
optionally may proceed to act 460, where an interaction of
the user with the object using the enabled set of virtual
controls is determined. For example, if the augmented
physical object is a writing implement and a set of enabled
augmented features for the object includes a paintbrush
mode, a pointer mode, and a remote control mode, the user
may select one of the three modes by performing different
muscular activations sensed and interpreted by the neuro-
muscular activity system (e.g., the system 202).

[0190] An AR environment may include a plurality of
physical objects with which a user can interact. One or more
of the plurality of physical objects in the AR environment
may have a set of control actions associated with it. For
example, as discussed above, the AR system (e.g., the
system 201) of the AR-based system (e.g., the system 200)
may be configured to associate a set of virtual controls with
a physical object in the AR environment, and neuromuscular
control signals obtained by the neuromuscular activity sys-
tem (e.g., the system 202) may be used to enable or activate
the set of virtual controls. From among the plurality of
physical objects in the AR environment, the AR system may
determine which object the user is interacting with, and may
activate an appropriate set of control actions for the deter-
mined object.

[0191] As described herein, AR components (e.g., cam-
eras, sensors, etc.) may be used in combination with a
neuromuscular controller (e.g., the one or more controller(s)
116) to provide enhanced functionally for interacting with
physical objects in an AR environment. FIG. 5 illustrates a
process 500 for activating a set of control actions associated
with a physical object, in accordance with some embodi-
ments of the technology disclosed herein. At act 510,
physical objects in the AR environment are identified using
one or more cameras (e.g., the camera(s) 204) associated
with the AR-based system (e.g., the system 200). Images
captured by camera(s) may be particularly useful in mapping
environments and identifying physical objects in an AR
environment. For example, if the user of the AR-based
system is located in the user’s kitchen, the camera(s) asso-
ciated with the AR-based system may detect multiple physi-
cal objects in the user’s AR environment, such as a refrig-
erator, a microwave oven, a stove, a pen, or an electronic
device on a kitchen counter. As described above, in some
embodiments, at least some of the physical objects in the AR
environment may be associated with virtual controls that,
when enabled, allow the user to interact with the objects in
ways not possible when the user interacts with the objects in
a real-world environment. In one exemplary embodiment of
the technology disclosed herein, visual feedback may be
provided to the user in the AR environment, to help guide or
instruct the user in the real world. For example, a set of dials
in the real world may be represented in the AR environment
with overlaid visual interfaces and/or graphics, to inform the
user about each dial, e.g., a type of the dial, a sefting range
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of the dial, a purpose of the dial, or another characteristic of
the dial as it relates to the real world and the user’s
interaction with the dial in the real world. In another
example, visual instructions may be overlaid onto piano
keys in an AR environment to instruct a user in the real
world how to play a song on the piano. In another exemplary
embodiment, if the stove in the kitchen was recently used
and the surface of the stove is still hot, the AR system can
present a warning label to the user in the AR environment,
so that the user can avoid getting burned by the stove in real
life. As another example, the AR system can present status
information in the AR environment, to provide the user with
information regarding the status of physical objects, e.g.,
device battery life, whether the device is switched on or off,
etc.

[0192] The process 500 then proceeds to act 512, where an
interaction of the user with a physical object in the AR
environment is identified. The identification of the interac-
tion may be made, at least in part, based on one or more
images captured by the camera(s) associated with the AR
system. For example, it may be determined from the one or
more images that the user is holding a physical object (e.g,,
a writing implement), touching an object (e.g., a surface of
a table) or reaching toward an object (e.g., a thermostat on
the wall). In some embodiments, the identification of the
interaction of the user with the object and/or a determination
of how the user is interacting with the object may be made
based, at least in part, on a plurality of neuromuscular
signals obtained (e.g., sensed and recorded) by wearable
sensors, as described above. For example, it may be deter-
mined based, at least in part, on the neuromuscular signals
that the user is interacting with an object by pushing against
the object with a force. After identifying the user’s interac-
tion with a physical object, the process 500 proceeds to act
514, where a set of control actions associated with the object
with which the user is interacting is activated. For example,
the set of control actions may be virtual controls, examples
of which are described above.

[0193] In some embodiments, an interpretation of the
neuromuscular signals by at least one trained inference
model may be based, at least in part, on a particular object
that the user is interacting with. For example, information
about the physical object and/or information associated with
an activated set of control actions may be provided as input
to the trained inference model used to interpret the neuro-
muscular signals.

[0194] In some embodiments, an operation of the AR-
based system may be modified based, at least in part, on an
interaction of the user with a physical object in the AR
environment. For example, a mode of the AR-based system
may be changed from a coarse interaction mode (e.g., to
determine whether a user is interacting with a physical
object in the AR environment) into a higher-precision inter-
action mode for detecting finer-grained (e.g., more subtle or
more detailed) interactions of the user with the physical
object. The finer-grained interactions may include informa-
tion about how the user is interacting with the physical
object to perform different tasks within the AR environment
using the physical object. The higher-precision interaction
mode of the AR-based system may, for example, weight the
neuromuscular signals more strongly than input from other
sensors (e.g., a camera of the AR-based system) when
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determining information about one or more interaction(s) of
the user with one or more physical object(s) in the AR
environment.

[0195] In some embodiments, the neuromuscular signals
may be used, at least in part, to affect how objects within the
AR environment are digitized or rendered by the AR system.
For some embodiments, AR applications may use one or
more camera(s) to scan a physical environment to create a
3D model of the environment and physical objects within
the physical environment so that, for example, virtual
objects may be appropriately placed within an AR environ-
ment, which may be generated based on the physical envi-
ronment, in a way that enables the virtual objects to interact
properly with the physical objects in the AR environment.
For example, a virtual character created within the generated
AR environment may be presented as jumping up and down
on a physical table in the AR environment. To ensure that the
virtual character is represented within the AR environment
correctly, properties about the table and its position are
characterized in the 3D model of the physical environment
created by the AR system. A potential limitation of camera-
based scanning techniques for creating a 3D model of a
physical environment is that non-visible properties of
objects in the environment, which may include, but are not
limited to, weight, texture, compressibility, bulk modulus,
center of mass, and elasticity, are inferred from a visible
appearance of the objects. In some embodiments, when a
user interacts with a physical object in the physical envi-
ronment (e.g., by picking up, pressing on, or otherwise
manipulating the object), information about at least one
non-visible property of the object may be determined with
more specificity based on the neuromuscular signals
obtained by the wearable sensors worn by the user, and this
information about the non-visible properties of the object
may be used to create a more accurate model of the object
in the AR environment. For instance, neuromuscular signals
obtained while the user picks up a soft furry pillow may
differ from neuromuscular signals obtained while the user
picks up a can of cold soda. Differences in, e.g., texture,
temperature, and/or elasticity of a physical object may not be
readily visible but may be sensed by one or more neuro-
muscular sensor(s) and/or one or more auxiliary sensor(s)
and provided as feedback to the user.

[0196] The above-described embodiments can be imple-
mented in any of numerous ways. For example, the embodi-
ments may be implemented using hardware, software, or a
combination thereof. When implemented in software, code
comprising the software can be executed on any suitable
processor or collection of processors, whether provided in a
single computer or distributed among multiple computers. It
should be appreciated that any component or collection of
components that perform the functions described above can
be generically considered as one or more controllers that
control the above-discussed functions. The one or more
controllers can be implemented in numerous ways, such as
with dedicated hardware or with one or more processors
programmed using microcode or software to perform the
functions recited above.

[0197] In this respect, it should be appreciated that one
implementation of the embodiments of the present invention
comprises at least one non-transitory computer-readable
storage medium (e.g., a computer memory, a portable
memory, a compact disk, etc.) encoded with a computer
program (i.e., a plurality of instructions), which, when
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executed on a processor (or multiple processors), performs
the above-discussed functions of the embodiments of the
technologies described herein. The at least one computer-
readable storage medium can be transportable such that the
program stored thereon can be loaded onto any computer
resource to implement the aspects of the present invention
discussed herein. In addition, it should be appreciated that
reference to a computer program which, when executed,
performs the above-discussed functions, is not limited to an
application program running on a host computer. Rather, the
term computer program is used herein in a generic sense to
reference any type of computer code (e.g., software or
microcode) that can be employed to program a processor to
implement the above-discussed aspects of the present inven-
tion. As will be appreciated, a first portion of the program
may be executed on a first computer processor and a second
portion of the program may be executed on a second
computer processor different from the first computer pro-
cessor. The first and second computer processors may be
located at the same location or at different locations; in each
scenario the first and second computer processors maybe in
communication with each other via e.g., a communication
network.

[0198] In some embodiments of the present technology
provided herein, a kit may be provided for controlling an AR
system. The kit may include a wearable device comprising
a plurality of neuromuscular sensors configured to sense a
plurality of neuromuscular signals of a user, and a non-
transitory computer-readable storage medium encoded with
a plurality of instructions that, when executed by at least one
computer processor, causes the at least computer processor
to perform a method for enabling a user to interact with a
physical object in an AR environment generated by the AR
system. The method may comprise: receiving, as input, the
plurality of neuromuscular signals sensed from the user by
the plurality of neuromuscular sensors; determining, based
at least in part on the plurality of neuromuscular signals,
information relating to an interaction of the user with the
physical object in the AR environment generated by the AR
system; and instructing the AR system to provide feedback
based, at least in part, on the information relating to an
interaction of the user with the physical object. For example,
the wearable device may comprise a wearable band struc-
tured to be worn around a part of the user, or a wearable
patch structured to be worn on a part of the user, as described
above.

[0199] Various aspects of the present invention may be
used alone, in combination, or in a variety of arrangements
not specifically discussed in the embodiments described
above and therefore are not limited in their application to the
details and arrangement of components set forth in the
foregoing description and/or illustrated in the drawings. For
example, aspects described in one embodiment may be
combined in any manner with aspects described in other
embodiments.

[0200] Also, embodiments of the invention may be imple-
mented as one or more methods, of which at least one
example has been provided. The acts performed as part of
the method(s) may be ordered in any suitable way. Accord-
ingly, embodiments may be constructed in which acts are
performed in an order different than illustrated and/or
described, which may include performing some acts simul-
taneously, even though shown and/or described as sequential
acts in illustrative embodiments.
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[0201] Use of ordinal terms such as “first,” “second,”
“third,” etc., in the claims to modify a claim element does
not by itself connote any priority, precedence, or order of
one claim element over another or the temporal order in
which acts of a method are performed.

[0202] Such terms are used merely as labels to distinguish
one claim element having a certain name from another
element having a same name (but for use of the ordinal
term).

[0203] The phraseology and terminology used herein is for
the purpose of description and should not be regarded as
limiting. The use of “including,” “comprising,” “having,”
“containing”, “involving”, and variations thereof, is meant
to encompass the items listed thereafter and additional
items.

[0204] Further, although advantages of the technology
described herein may be indicated, it should be appreciated
that not every embodiment of the invention will include
every described advantage. Some embodiments may not
implement any features described as advantageous herein.
Accordingly, the foregoing description and attached draw-
ings are by way of example only.

[0205] Variations on the disclosed embodiment are pos-
sible. For example, various aspects of the present technology
may be used alone, in combination, or in a variety of
arrangements not specifically discussed in the embodiments
described in the foregoing, and therefore they are not limited
in application to the details and arrangements of components
set forth in the foregoing description or illustrated in the
drawings. Aspects described in one embodiment may be
combined in any manner with aspects described in other
embodiments.

[0206] Use of ordinal terms such as “first,” “second,”
“third,” etc., in the description and/or the claims to modify
an element does not by itself connote any priority, prece-
dence, or order of one element over another, or the temporal
order in which acts of a method are performed, but are used
merely as labels to distinguish one element or act having a
certain name from another element or act having a same
name (but for use of the ordinal term) to distinguish the
elements or acts.

[0207] The indefinite articles “a” and “an,” as used herein
in the specification and in the claims, unless clearly indi-
cated to the contrary, should be understood to mean “at least
one.”

[0208] Any use of the phrase “at least one,” in reference
to a list of one or more elements, should be understood to
mean at least one element selected from any one or more of
the elements in the list of elements, but not necessarily
including at least one of each and every element specifically
listed within the list of elements and not excluding any
combinations of elements in the list of elements. This
definition also allows that elements may optionally be
present other than the elements specifically identified within
the list of elements to which the phrase “at least one” refers,
whether related or unrelated to those elements specifically
identified.

[0209] Any use of the phrase “equal” or “the same” in
reference to two values (e.g., distances, widths, etc.) means
that two values are the same within manufacturing toler-
ances. Thus, two values being equal, or the same, may mean
that the two values are different from one another by +5%.
[0210] The phrase “and/or,” as used herein in the speci-
fication and in the claims, should be understood to mean
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“either or both” of the elements so conjoined, i.c., elements
that are conjunctively present in some cases and disjunc-
tively present in other cases. Multiple elements listed with
“and/or” should be construed in the same fashion, i.e., “one
or more” of the elements so conjoined. Other elements may
optionally be present other than the elements specifically
identified by the “and/or” clause, whether related or unre-
lated to those elements specifically identified. Thus, as a
non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as
“comprising” can refer, in one embodiment, to A only
(optionally including elements other than B); in another
embodiment, to B only (optionally including elements other
than A); in yet another embodiment, to both A and B
(optionally including other elements); etc.

[0211] As used herein in the specification and in the
claims, “or” should be understood to have the same meaning
as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being
inclusive, i.e., the inclusion of at least one, but also including
more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly
indicated to the contrary, such as “only one of” or “exactly
one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or
list of elements. In general, the term “or” as used herein shall
only be interpreted as indicating exclusive alternatives (i.e.
“one or the other but not both”) when preceded by terms of
exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of.” “Consisting essentially of,” when used in
the claims, shall have its ordinary meaning as used in the
field of patent law.

[0212] The terms “approximately” and “about” if used
herein may be construed to mean within +20% of a target
value in some embodiments, within £10% of a target value
in some embodiments, within +5% of a target value in some
embodiments, and within +2% of a target value in some
embodiments. The terms “approximately” and “about” may
equal the target value.

[0213] The term “substantially” if used herein may be
construed to mean within 95% of a target value in some
embodiments, within 98% of a target value in some embodi-
ments, within 99% of a target value in some embodiments,
and within 99.5% of a target value in some embodiments. In
some embodiments, the term “substantially” may equal
100% of the target value.

[0214] Having described several embodiments of the
invention in detail, various modifications and improvements
will readily occur to those skilled in the art. Such modifi-
cations and improvements are intended to be within the
spirit and scope of the invention. Accordingly, the foregoing
description is by way of example only, and is not intended
as limiting. The invention is limited only as defined by the
following claims and the equivalents thereto.

What is claimed is:

1. A computerized system for interacting with a physical
object in an augmented reality (AR) environment generated
by an AR system. the computerized system comprising:

a plurality of neuromuscular sensors configured to sense

a plurality of neuromuscular signals from a user,
wherein the plurality of neuromuscular sensors are
arranged on one or more wearable devices worn by the
user to sense the plurality of neuromuscular signals;
and
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at least one computer processor programmed to:

determine, based at least in part, on the plurality of
neuromuscular signals sensed by the plurality of
neuromuscular sensors, information relating to an
interaction of the user with the physical object in the
AR environment generated by the AR system; and

instruct the AR system to provide feedback based, at
least in part, on the information relating to the
interaction of the user with the physical object.

2. The computerized system of claim 1, wherein the at
least one computer processor is further programmed to
instruct the AR system to display at least one visual indicator
on the physical object in the AR environment.

3. The computerized system of claim 2, wherein the at
least one computer processor determines the information
relating to the interaction of the user with the physical object
based, at least in part, on an interaction of the user with the
at least one visual indicator displayed on the physical object.

4. The computerized system of claim 1, wherein the at
least one computer processor instructs the AR system to
provide the feedback to the user.

5. The computerized system of claim 4, wherein the at
least one computer processor instructs the AR system to
provide the feedback as visual feedback to the user within
the AR environment.

6. The computerized system of claim 5, wherein the at
least one computer processor instructs the AR system to
provide the visual feedback to the user within the AR
environment as a change in at least one property of at least
one visual indicator displayed by the AR system.

7. The computerized system of claim 5, wherein the at
least one computer processor instructs the AR system to
provide the visual feedback to the user within the AR
environment as a display of at least one new visual indicator
associated with the physical object within the AR environ-
ment.

8. The computerized system of claim 4, wherein the at
least one computer processor instructs the AR system to
provide the feedback to the user as audio feedback, or
electrical stimulation feedback, or audio feedback and elec-
trical stimulation feedback.

9. The computerized system of claim 4,

wherein the feedback provided to the user comprises an

indication of an amount of force applied to the physical
object by the user, and

wherein the amount of force is determined based, at least

in part, on the plurality of neuromuscular signals.

10. The computerized system of claim 1, wherein the at
least one computer processor instructs the AR system to
provide the feedback as a change in at least one function of
the physical object when the at least one function is used
within the AR environment.

11. The computerized system of claim 1,

wherein the information relating to the interaction of the

user with the physical object comprises information
that the user has interacted with a particular physical
object, and

wherein the at least one computer processor instructs the

AR system to provide the feedback as a modification of
at least one interaction property of the particular physi-
cal object, and as an indication of the modification to
the user.

12. The computerized system of claim 11, wherein the
modification of the at least one interaction property of the
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particular physical object comprises an enablement of at
least one virtual control associated with the particular physi-
cal object.

13. The computerized system of claim 12, wherein the at
least one computer processor is programmed to disable the
at least one virtual control associated with the particular
physical object in response to receiving input from the user.

14. The computerized system of claim 13, wherein the at
least one virtual control associated with the particular physi-
cal object is disabled by the at least one computer processor
based, at least in part, on the plurality of neuromuscular
signals.

15. The computerized system of claim 11,

wherein the particular physical object comprises a writing

implement, and

wherein the modification of the at least one interaction

property comprises activation of a set of augmented
features for the writing implement.

16. The computerized system of claim 15, wherein the set
of augmented features includes features that enable the user
to interact with the writing implement in one or more ways
to change one or more writing characteristics of the writing
implement in the AR environment.

17. The computerized system of claim 1, wherein:

functions of the physical object in the AR environment are

controlled by a set of virtual controls, and

the at least one computer processor is programmed to

instruct the AR system, based at least in part on the
plurality of neuromuscular signals, to perform any one
or any combination of:

an activation of the set of virtual controls,

a deactivation of the set of virtual controls, and

a modification of the set of virtual controls.

18. The computerized system of claim 17, wherein the
plurality of neuromuscular signals comprises signals arising
from a gesture performed by the user, the gesture comprising
any one or any combination of:

a static gesture,

a dynamic gesture,

a covert gesture,

a muscular activation state, and

a sub-muscular activation state.

19. The computerized system of claim 1,

wherein the AR environment includes a plurality of

physical objects,

wherein each of the plurality of physical objects is asso-

ciated with a set of control actions, and

wherein the at least one computer processor is pro-

grammed to:

identify the physical object with which the user is
interacting within the AR environment, and

activate a corresponding set of control actions associ-
ated with the identified physical object.

20. The computerized system of claim 19, wherein the
feedback comprises a visual display within the AR environ-
ment, the visual display indicating the activated set of
control actions.

21. The computerized system of claim 19 wherein the at
least one computer processor is programmed to determine
the information relating to the interaction of the user with the
physical object based, at least in part, on the activated set of
control actions.

22. The computerized system of claim 19, wherein the at
least one computer processor:
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determines the information relating to the interaction of
the user with the physical object based, at least in part,
on an output of an inference model to which the
plurality of neuromuscular signals, or information
derived from the plurality of neuromuscular signals, or
the plurality of neuromuscular signals and the infor-
mation derived from the plurality of neuromuscular
signals are provided as input, and

prior to the output of the inference model being rendered,

provides to the inference model information about the
identified physical object, or information associated
with the activated set of control actions, or the infor-
mation about the identified physical object and the
information associated with the activated set of control
actions.

23. The computerized system of claim 1,

wherein the AR environment includes a plurality of

physical objects,

wherein each of the plurality of physical objects is asso-

ciated with a set of control actions, and

wherein the at least one computer processor is pro-

grammed to instruct the AR system to: select a par-
ticular physical object of the plurality of physical
objects for active control in the AR environment, based
at least in part on the plurality of neuromuscular
signals; and activate a corresponding set of control
actions associated with the particular physical object.

24. The computerized system of claim 23, wherein the
plurality of neuromuscular signals comprises signals arising
from a gesture performed by the user, the gesture comprising
any one or any combination of?

a static gesture,

a dynamic gesture,

a covert gesture,

a muscular activation state, and

a sub-muscular activation state.

25. The computerized system of claim 1, wherein the at
least one computer processor is programmed to modify an
operation of the AR system based, at least in part, on the
information relating to the interaction of the user with the
physical object.

26. The computerized system of claim 25, wherein the at
least one computer processor modifies the operation of the
AR system by instructing the AR system to enter a higher-
precision mode for detecting finer-grained interactions of the
user with the physical object.

27. The computerized system of claim 26, wherein, when
in the higher-precision mode, the AR system uses a greater
weight for the plurality of neuromuscular signals than a
weight used for auxiliary signals from at least one auxiliary
sensor, to determine the information relating to the interac-
tion of the user with the physical object.

28. A method performed by a computerized system for
enabling a user to interact with a physical object in an
augmented reality (AR) environment generated by an AR
system based, at least in part, on neuromuscular signals, the
method comprising:
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obtaining a plurality of neuromuscular signals from a user
using a plurality of neuromuscular sensors arranged on
one or more wearable devices worn by the user to sense
the plurality of neuromuscular signals;

determining, using at least one computer processor
coupled to a memory storing code executed by the at
least one computer processor, based at least in part on
the plurality of neuromuscular signals, information
relating to an interaction of the user with the physical
object in the AR environment generated by the AR
system; and

instructing, using the at least one computer processor, the
AR system to provide feedback based, at least in part,
on the information relating to the interaction of the user
with the physical object.

29. A non-transitory computer-readable medium encoded
with a plurality of instructions that, when executed by at
least one computer processor, causes the at least computer
processor to perform a method for enabling a user to interact
with a physical object in an augmented reality (AR) envi-
ronment generated by an AR system based, at least in part,
on neuromuscular signals, the method comprising:

receiving, as input, a plurality of neuromuscular signals
obtained from a user via a plurality of neuromuscular
sensors arranged on one or more wearable devices
worn by the user to sense the plurality of neuromus-
cular signals;

determining, based at least in part, on the plurality of
neuromuscular signals, information relating to an inter-
action of the user with the physical object in the AR
environment generated by the AR system; and

instructing the AR system to provide feedback based, at
least in part, on the information relating to the inter-
action of the user with the physical object.

30. A kit for controlling an augmented reality (AR)

system, the kit comprising:
a wearable device comprising a plurality of neuromuscu-
lar sensors configured to sense a plurality of neuro-
muscular signals of a user; and
a non-transitory computer-readable medium encoded with
a plurality of instructions that, when executed by at
least one computer processor, causes the at least one
computer processor to perform a method for enabling a
user to interact with a physical object in an AR envi-
ronment generated by the AR system, the method
comprising:
receiving, as input, the plurality of neuromuscular
signals sensed from the user by the plurality of
neuromuscular sensors;

determining, based at least in part on the plurality of
neuromuscular signals, information relating to an
interaction of the user with the physical object in the
AR environment generated by the AR system; and

instructing the AR system to provide feedback based, at
least in part, on the information relating to the
interaction of the user with the physical object.
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