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(57) ABSTRACT

Arrangements for improving neuromuscular recording elec-
trode contact with a body surface are described. According
to some aspects, a sensor assembly may include a housing
and one or more electrodes that are moveable relative to the
housing. The electrodes may rotate and/or translate relative
to the housing and/or have at least two degrees of freedom
relative to the housing. The sensor may include a spring
element that stores potential energy and biases the electrodes
toward a starting position in which the electrodes extend at
least partially out of the sensor housing. In some embodi-
ments, application of a contact force to one or more of the
electrodes of the sensor compresses the spring element,
causing the spring element to store potential energy.
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METHODS AND APPARATUS FOR
IMPROVED SIGNAL ROBUSTNESS FOR A
WEARABLE NEUROMUSCULAR
RECORDING DEVICE

RELATED APPLICATIONS

[0001] This application claims priority under 35 US.C. §
119(e) to U.S. Provisional Application No. 62/700,434 filed
Jul. 19, 2018 and titled, “METHODS AND APPARATUS
FOR IMPROVED SIGNAL ROBUSTNESS FOR A
WEARABLE NEUROMUSCULAR DEVICE,” the entire
contents of which is incorporated by reference herein.

BACKGROUND

[0002] Neuromuscular signals arising from the human
central nervous system may reflect neural activation that
results in the contraction of one or more muscles in the
human body. Neuromuscular recording sensors, an example
of which includes surface electromyography (SEMG) sen-
sors, placed on the surface of the human body record
neuromuscular activity produced when skeletal muscle cells
are activated. The neuromuscular activity measured by neu-
romuscular recording sensors may result from neural acti-
vation, muscle excitation, muscle contraction, or a combi-
nation of the neural activation and muscle excitation and
contraction. Signals recorded by neuromuscular recording
sensors are routinely used to assess neuromuscular dysfunc-
tion in patients with motor control disorders and have been
used in some applications as control signals for devices such
as prosthetic limbs. High quality surface electromyography
(sEMG) signals are typically acquired from wet electrodes
in a laboratory setting using skin preparations that require
application of a gel or paste at the electrode-skin interface to
improve the conductivity between the skin and the elec-
trodes.

SUMMARY

[0003] Coordinated movements of skeletal muscles in the
human body that collectively result in the performance of a
motor task originate with neural signals arising in the central
nervous system. The neural signals travel from the central
nervous system to muscles via spinal motor neurons, each of
which has a cell body in the spinal cord and axon terminals
on one or more muscle fibers. In response to receiving the
neural signals, the muscle fibers contract resulting in muscle
movement. A spinal motor neuron and the muscle fiber(s) it
innervates are collectively referred to as a “motor unit.”
Muscles typically include muscle fibers from hundreds of
motor units and simultaneous contraction of muscle fibers in
multiple motor units is usually required for muscle contrac-
tion that results in movement and forces in the musculo-
skeletal system.

[0004] Neuromuscular recording sensors such as EMG
sensors record biological signals that result in motor activity,
such as contraction of a muscle. In the case of EMG sensors
arranged on the surface of the human body, the biological
signals recorded relate to the generation of action potentials
in motor units, though the signals are dominated by signals
originating from muscle fibers. Some embodiments are
directed to analyzing neuromuscular signals to identify
patterns of activation associated with sub-muscular biologi-
cal structures (e.g., individual motor units or groups of
motor units). Control signals determined based on activation
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of muscle groups or sub-muscular structures may be used to
control the operation of devices.

[0005] According to some aspects, a weatable bioelectri-
cal sensing device is provided. The wearable bioelectrical
sensing device comprises a plurality of electrodes including
a first electrode, a second electrode, a third electrode, and a
fourth electrode. The wearable bioelectrical sensing device
further comprises a first housing containing at least a portion
of the first electrode and at least a portion of the second
electrode, each of the first and second electrode being
configured to rotate relative to the first housing from a
starting position to a rotated position, and a second housing
containing at least a portion of the third electrode and at least
a portion of the fourth electrode, each of the third and fourth
electrodes being configured to rotate relative to the second
housing, wherein the first housing and the second housing
are coupled to each other in an arrangement that enables the
first, second, third, and fourth electrode to contact a body
part of a user when the wearable bioelectrical sensing device
is worn around the body part of the user. The wearable
bioelectrical sensing device further comprises a first flexible
circuit electrically connecting the first electrode to the
second electrode within the first housing, a second flexible
circuit electrically connecting the third electrode to the
fourth electrode within the second housing, and a spring
element configured to bias the first electrode toward the
starting position of the first electrode.

[0006] According to some aspects, a wearable bioelectri-
cal sensing device is provided. The wearable bioelectrical
sensing device comprises a plurality of electrodes including
a first electrode, a second electrode, a third electrode, and a
fourth electrode. The wearable bioelectrical sensing device
further comprises a first housing containing at least a portion
of the first electrode and at least a portion of the second
electrode, each of the first and second electrodes being
movable relative to the first housing with at least one degree
of freedom such that each of the first electrode and second
electrode is movable from a starting position to a different
position relative to the first housing. The wearable bioelec-
trical sensing device further comprises a second housing
containing at least a portion of the third electrode and at least
a portion of the fourth electrode, each of the third and fourth
electrodes being movable relative to the second housing
with at least one degree of freedom such that each of the
third electrode and the fourth electrode is movable from a
starting position to a different position relative to the second
housing, wherein the first housing and the second housing
are coupled to each other in an arrangement that enables the
first, second, third, and fourth electrode to contact a body
part of a user when the wearable bioelectrical sensing device
is worn around the body part of the user. The wearable
bioelectrical sensing device further comprises, a first flexible
circuit electrically connecting the first electrode to the
second electrode within the first housing, a second flexible
circuit electrically connecting the third electrode to the
fourth electrode within the second housing, and a spring
element configured to bias the first electrode toward the
starting position of the first electrode.

[0007] According to some aspects, a method of using a
wearable bioelectrical sensing device is provided. The
method comprises wearing the wearable bioelectrical sens-
ing device to contact a first electrode, a second electrode, a
third electrode, and a fourth electrode of the device with
skin, wherein the wearable bioelectrical sensing device
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includes a first housing containing at least a portion of the
first electrode and at least a portion of the second electrode,
and a second housing containing at least a portion of the
third electrode and at least a portion of the fourth electrode,
and rotating the first electrode relative to the first housing
from a starting position to a rotated position while keeping
the first electrode in contact with the skin throughout the
rotation.

[0008] According to some aspects, a method of using a
wearable bioelectrical sensing device is provided. The
method comprises wearing the wearable bioelectrical sens-
ing device to contact a first electrode, a second electrode, a
third electrode, and a fourth electrode of the device with
skin, wherein the wearable bioelectrical sensing device
includes a first housing containing at least a portion of the
first electrode and at least a portion of the second electrode,
and a second housing containing at least a portion of the
third electrode and at least a portion of the fourth electrode,
and moving the first electrode relative to the first housing
with at least two degrees of freedom from a starting position
to a different position.

[0009] According to some aspects, a wearable device is
provided, including a first electrode and a first housing
containing at least a portion of the first electrode. The first
electrode is configured to rotate relative to the first housing
from a starting position to a rotated position. The wearable
device also includes a band that is coupled to the first
housing and is configured to be worn by a user.

[0010] According to some aspects, a wearable device is
provided, including a first electrode and a first housing
containing at least a portion of the first electrode. The first
electrode is movable relative to the first housing with at least
two degrees of freedom such that the first electrode is
movable from a starting position to a different position
relative to the first housing. The wearable device also
includes a band that is coupled to the first housing and is
configured to be worn by a user.

[0011] According to some aspects, a method of using a
wearable device is provided, including: wearing a band to
contact a first electrode with skin, where a first housing is
coupled to the band and the first housing contains at least a
portion of the first electrode, and rotating the first electrode
relative to the first housing from a starting position to a
rotated position.

[0012] According to some aspects, a method of using a
wearable device is provided, including: wearing a band to
contact a first electrode with skin, where a first housing is
coupled to the band and the first housing contains at least a
portion of the first electrode, and moving the first electrode
relative to the first housing with at least two degrees of
freedom from a starting position to a different position.

[0013] 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.
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BRIEF DESCRIPTION OF DRAWINGS

[0014] 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.

[0015] FIG. 1 is a schematic diagram of components of a
neuromuscular recording system in accordance with some
embodiments of the technology described herein;

[0016] FIG. 2 illustrates a wristband having neuromuscu-
lar recording sensors arranged circumferentially thereon, in
accordance with some embodiments of the technology
described herein;

[0017] FIG. 3 illustrates a user wearing the wristband of
FIG. 2 while typing on a keyboard, in accordance with some
embodiments of the technology described herein;

[0018] FIG. 4 depicts an illustrative embodiment of an
neuromuscular recording sensor having moveable elec-
trodes, according to some embodiments;

[0019] FIG. 5 depicts a cross-sectional view of the sensor
shown in FIG. 4 along the X-Z plane, with the moveable
electrode shown in three different positions;

[0020] FIG. 6A depicts a perspective section view of the
sensor shown in FIG. 4;

[0021] FIG. 6B depicts the neuromuscular recording sen-
sor of FIG. 6A with the electrodes shown in phantom;
[0022] FIG. 7A depicts an illustrative embodiment of a
neuromuscular recording sensor according to an alternative
embodiment;

[0023] FIG. 7B depicts a cross-sectional view of the
neuromuscular recording sensor shown in FIG. 7A;

[0024] FIG. 8A depicts an illustrative embodiment of an
electrode for neuromuscular recording sensor according to
an alternative embodiment;

[0025] FIG. 8B depicts a cross-sectional view of the
neuromuscular recording sensor shown in FIG. 8A;

[0026] FIG. 9A illustrates a wearable system with sixteen
neuromuscular recording sensors arranged circumferentially
around an elastic band configured to be worn around a user’s
lower arm or wrist, in accordance with some embodiments
of the technology described herein;

[0027] FIG. 9B is a cross-sectional view through one of
the sixteen neuromuscular recording sensors illustrated in
FIG. 9A;

[0028] FIGS. 10A and 10B schematically illustrate com-
ponents of a computer-based system on which some
embodiments are implemented. FIG. 10A illustrates a wear-
able portion of the computer-based system and FIG. 10B
illustrates a dongle portion connected to a computer,
wherein the dongle portion is configured to communicate
with the wearable portion;

[0029] FIG. 11A shows a cross-sectional view through a
neuromuscular recording sensor and its associated sensor
housing, in accordance with some embodiments of the
technology described herein; and

[0030] FIG. 11B shows a cross-sectional view through a
plurality of neuromuscular recording sensors coupled via
hinge structures, in accordance with some embodiments of
the technology described herein.

DETAILED DESCRIPTION

[0031] Obtaining consistent high-quality neuromuscular
(e.g., sSEMQ) signals using neuromuscular recording (e.g,
sEMG) electrodes and conventional signal processing tech-
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niques is challenging, in part due to the difficulty of main-
taining sufficient contact between a neuromuscular record-
ing electrode and a moving body surface, e.g., skin.

[0032] Aspects herein relate to the use of sensors to detect
biological signals resulting from the activation of motor
unit. The sensors may include a plurality of neuromuscular
recording sensors configured to detect signals arising from
neuromuscular activity in skeletal muscle of a human body.
The term “neuromuscular activity” as used herein refers to
neural activation of spinal motor neurons that innervate a
muscle, muscle activation, muscle contraction, or any com-
bination of neural activation, muscle activation, and muscle
contraction. In some embodiments, the plurality of neuro-
muscular recording sensors may be used to sense sub-
muscular activity associated with a sub-muscular structure
(e.g., a motor unit or set of motor units). In various embodi-
ments of the systems, apparatuses, and methods described
herein, neuromuscular signals may be used to derive control
signals for machine control, to create an immersive render-
ing of a virtual hand (e.g., a rendering of the user’s ‘hand-
state’), or other applications. In general, consistent and
high-quality neuromuscular signals (e.g., high signal-to-
noise ratio (SNR), consistent noise characteristics in the
frequency-domain, etc.) enable the neuromuscular signals to
be more effectively used for immersive, control, and other
applications. The inventors have recognized that in at least
some instances, motion artifacts may cause an epoch of
recorded data to be unsatisfactory or unusable (e.g., on one
or more channels of a neuromuscular recording sensor array)
due to the magnitude of the artifact being larger than the
biological signals of interest. Motion artifacts may change
the baseline (e.g., direct current level) of a recording. In
some instances, motion artifacts may cause an amplifier in
a neuromuscular recording system to saturate, rendering the
underlying biological signal completely unresolvable.

[0033] To detect signals arising from neuromuscular activ-
ity, neuromuscular recording electrodes are held in contact
against a body surface (e.g., skin). When the contact
between skin and an electrode changes, motion artifacts may
be generated. For example, an electrode may partially or
fully lift off of the skin due to movement of a wearable
neuromuscular recording device and/or conformational
changes in a user’s body due to movement, muscle contrac-
tion, or other reason. Motion artifacts may also be generated
from a change in the pressure between electrode and skin, a
change of the orientation (e.g., an angle as parametrized by
pitch, yaw, and roll) of an electrode relative to the skin, a
translation of the electrode (e.g., a change in the position of
the electrode on the skin), or a conformational change in the
tissue underlying the electrode due to a muscle contraction,
movement, or other reason.

[0034] Dry biosensor electrodes that interface mechani-
cally with skin for recording neuromuscular activity are
preferred relative to electrodes that require the use of adhe-
sive and/or conductive gels (i.e., ‘wet electrodes’). Com-
pared to wet electrodes, dry electrodes require less set up
time, can be re-used numerous times without degrading
signal quality, and provide a more pleasant user experience
due to the absence of residue on the skin after an electrode
has been removed. The inventors have appreciated that dry
electrodes or those that interface with a body surface without
the use of adhesive and/or conductive gels are susceptible to
signal variations—in part due to several kinds of motion
artifacts—that make downstream processing of biological
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signals challenging. For example, the neuromuscular record-
ing sensors (i.e., electrodes) may interface with a part of the
body that changes in size and cross-section during muscle
contractions, or the electrodes may be integrated in a wear-
able form factor that shifts relative to the skin due to
movements and forces of a user’s musculoskeletal system.
For example, as the body part changes conformation, the
electrodes may lift off of the body part surface (fully or
partially), become further pressed into the surface (possibly
changing the impedance of the skin-electrode contact), shift
laterally across the skin, or otherwise experience a change in
the recording contact with the skin.

[0035] The inventors have recognized that variable pres-
sure across electrodes can cause inaccuracies and motion
artifacts. The inventors have also appreciated that an elec-
trode lifting off the body surface may permit electrical line
noise (e.g., 50 Hz or 60 Hz noise) to completely infiltrate the
signal, reducing the fidelity of the neuromuscular record-
ings.

[0036] The inventors have also recognized that body hair
can contribute to reduced quality of neuromuscular record-
ings because hair between the electrode surface and the skin
is not conductive, which may have one or more deleterious
effects on the quality of neuromuscular signals, including:
increased noise (e.g., electrical line noise) and a propensity
for exacerbated motion artifacts when the hairs between an
electrode and the skin shift or otherwise change in position
and/or composition.

[0037] The inventors have observed that epochs of poor
signal quality in neuromuscular recordings often coincide
with muscle contractions that cause the body surface to pull
away from the electrode surface. Mechanical or other strat-
egies to maintain a consistent electrode-skin interface for
neuromuscular recording despite conformational changes or
movement of a user’s body would improve the quality and
consistency of neuromuscular recordings.

[0038] In addition to signal variations due to hair or
movement of the subject’s skin and muscle, the inventors
have also recognized that movement of the housing or other
component of a wearable neuromuscular recording appara-
tus mechanically coupled to a neuromuscular recording
sensor (e.g., an sEMG electrode) may impart an inertial
moment at the electrode-skin interface and can likewise
cause motion artifacts in the recorded neuromuscular sig-
nals.

[0039] In addition to being undesirable in the resulting
signal, the inventors have also recognized that large artifacts
and shifts in the baseline of a signal often dictate choice of
an amplifier gain and filter components such that the ampli-
fier will not saturate and/or will recover quickly. Reducing
motion artifacts, electrode contact issues, 50 or 60 Hz noise,
and amplifier saturation allows for more flexibility in the
choice of circuit components and allows for use of a larger
portion of the ADC (analog digital converter) dynamic range
for biosignal recording, resulting in finer resolution/preci-
sion in the neuromuscular (e.g., SEMG) signal output from
a recording system such as that shown in FIG. 1 and FIGS.
10A-B.

[0040] In some clinical applications, wet contact elec-
trodes containing a hydrogel or other conductive material at
the dermal surface are often used in combination with
adhesive pads for signal stability. The inventors have appre-
ciated that these electrodes can be time consuming to apply
and are usually single use due to the degradation of the
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hydrogel (or other ‘wet”) interface and adhesive due to dirt
and oils on the skin. The inventors have also recognized that,
in some clinical applications, semi-dry electrodes are used
instead of wet contact electrodes. The inventors have appre-
ciated that, while semi-dry electrodes are not typically
applied with adhesive and may be multi-use, they may
require maintenance, proper storage, and can be less durable
than a dry electrode.

[0041] The inventors have thus recognized the need for an
arrangement that provides improved contact between elec-
trodes for neuromuscular and other biosignal recording and
a user’s body surface. The systems and methods described
herein may be used for any bioelectrical surface recording,
including neuromuscular recordings (e.g., electromyogra-
phy, electrical impedance tomography) and other biosignal
recordings.

[0042] FIG. 1 schematically depicts components of an
illustrative neuromuscular recording system 100, in accor-
dance with some embodiments. System 100 includes a pair
of neuromuscular recording (e.g., dry sEMQG) electrodes
110. In some embodiments, electrodes 110 may be arranged
as a portion of a wearable device configured to be worn on
or around a part of a user’s body. For example, in one
non-limiting example, a plurality of neuromuscular record-
ing sensors including neuromuscular recording electrodes
(e.g., electrodes 110) are arranged circumferentially around
an adjustable and/or elastic band such as a wristband or
armband configured to be worn around a user’s wrist or arm.
Alternatively, at least some of the neuromuscular recording
sensors may be arranged on a wearable patch configured to
be affixed to a portion of the user’s body.

[0043] Surface potentials recorded by neuromuscular
recording electrodes are typically small (uV to mV) and
amplification of the signals recorded by the neuromuscular
recording electrodes is typically desired. As shown in FIG.
1, neuromuscular recording (e.g., dry SEMG) electrodes 110
are coupled to amplification circuitry 112, configured to
amplify the neuromuscular signals recorded by the elec-
trodes. The output of the amplification circuitry 112 is
provided to analog-to-digital converter (ADC) circuitry 114,
which converts the amplified neuromuscular signals to digi-
tal signals for further processing by microprocessor 116.
Microprocessor 116 may be implemented by one or more
hardware processors. The processed signals output from
microprocessor 116 may be interpreted by host machine
120, examples of which include, but are not limited to, a
desktop computer, a laptop computer, a smartwatch, a smart-
phone, or any other computing device. In some implemen-
tations, host machine 120 may be configured to output one
or more control signals for controlling a physical or virtual
device based, at least in part, on an analysis of the signals
output from microprocessor 116.

[0044] As shown, neuromuscular recording system 100
also includes sensors 118, which may be configured to
record types of information about a state of a user other than
neuromuscular information. For example, sensors 118 may
include, but are not limited to, temperature sensors config-
ured to measure skin/electrode temperature, inertial mea-
surement unit (IMU) sensors configured to measure move-
ment information such as rotation and acceleration,
humidity sensors, heart-rate monitor sensors, camera and
video input, and other bio-chemical sensors configured to
provide information about the user and/or the user’s envi-
ronment.
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[0045] In one implementation, sixteen neuromuscular
recording sensors including neuromuscular recording (e.g.,
dry sSEMG) electrodes are arranged circumferentially around
an elastic band configured to be worn around a body part,
such as a user’s lower arm. For example, FIG. 2 shows
neuromuscular recording sensors 504 coupled to a band 502,
which may be an elastic band. The sensors may be arranged
circumferentially around the band. It should be appreciated
that any suitable number of neuromuscular recording sen-
sors having any suitable number of neuromuscular recording
(e.g., dry sEMG) electrodes may be used and the number
and arrangement of sensors/electrodes may depend on the
particular application for which the wearable device is used.
For example, as shown in FIG. 2. some of the neuromuscular
recording sensors 504 include two neuromuscular recording
electrodes 600 and 602, whereas others of the neuromuscu-
lar recording sensors 504 include three neuromuscular
recording electrodes 600, 602, and 604, with the middle of
the three electrodes being a ground or reference electrode.
The ground electrode may be included on one or more of the
neuromuscular recording sensors 504 to, for example, fur-
ther bias the skin potential and/or to filter out noise. Each of
the sensors 504 may include a sensor housing 510. Although
the schematic diagram in FIG. 1 illustrates only two or three
electrodes being connected to an amplifier, it should be
appreciated that for sEMG sensors 504 in which one, two,
three, or more than three electrodes are used, a correspond-
ing number of connections between the electrodes and the
amplification circuitry would be included.

[0046] In one example application of the technology
described herein, FIG. 3 shows a user 506 wearing elastic
band 502 on hand 508. In this way, neuromuscular recording
sensors 504 may be configured to record neuromuscular
signals as a user controls keyboard 519 using fingers 511.

[0047] FIG. 9A shows an alternate configuration of a
wearable bioelectrical recording system with sixteen neuro-
muscular recording sensors 910 (e.g., sEMG sensors)
arranged circumferentially around an elastic band 920 con-
figured to be worn around a user’s lower arm or wrist in
accordance with some embodiments. As shown, neuromus-
cular recording sensors 910 are arranged circumferentially
around elastic band 920. It should be appreciated that any
suitable number of neuromuscular recording sensors may be
used. The number and arrangement of neuromuscular
recording sensors may depend on the particular application
for which the wearable system is used. For example, a
wearable armband or wristband can be used to generate
control information for controlling an augmented reality
system, a robot, controlling a vehicle, scrolling through text,
controlling a virtual avatar, or any other suitable control
task. As shown, the sensors may be coupled together using
flexible electronics incorporated into the wireless device,
FIG. 9B illustrates a cross-sectional view through one of the
sensors of the wearable system shown in FIG. 9A.

[0048] In some embodiments, the output of one or more of
the sensing components can be optionally processed using
hardware signal processing circuitry (e.g., to perform ampli-
fication, filtering, and/or rectification). In other embodi-
ments, at least some signal processing of the output of the
sensing components can be performed in software. Thus,
signal processing of signals sampled by the sensors can be
performed in hardware, software, or by any suitable com-
bination of hardware and software, as aspects of the tech-
nology described herein are not limited in this respect. A
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non-limiting example of a signal processing chain used to
process recorded data from sensors 910 are discussed in
more detail below with reference to FIGS. 10A and 10B.
[0049] FIGS. 10A and 10B illustrate a schematic diagram
with internal components of a wearable system with sixteen
sEMG sensors. As shown, the wearable system includes a
wearable portion 1010 (FIG. 10A) and a dongle portion
1020 (FIG. 10B) in communication with the wearable por-
tion 1010 (e.g., via Bluetooth or another suitable short range
wireless communication technology). As shown in FIG.
10A, the wearable portion 1010 includes sensors 910,
examples of which are described in connection with FIGS.
9A and 9B. The output of the sensors 910 is provided to
analog front end 1030 configured to perform analog pro-
cessing (e.g., noise reduction, filtering, etc.) on the recorded
signals. The processed analog signals are then provided to
analog-to-digital converter 1032, which converts the 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 microcontroller (MCU) 1034 illustrated in
FIG. 10A. As shown, MCU 1034 may also include inputs
from other sensors (e.g., IMU sensor 1040), and power and
battery module 1042. The output of the processing per-
formed by MCU may be provided to antenna 1050 for
transmission to dongle portion 1020 shown in FIG. 10B.
[0050] Dongle portion 1020 includes antenna 1052 con-
figured to communicate with antenna 1050 included as part
of wearable portion 1010. Communication between antenna
1050 and 1052 may occur using any suitable wireless
technology and protocol, non-limiting examples of which
include radiofrequency signaling and Bluetooth. As shown,
the signals received by antenna 1052 of dongle portion 1020
may be provided to a host computer for further processing,
display, and/or for effecting control of a particular physical
or virtual object or objects.

[0051] Although the examples provided with reference to
FIGS. 9A, 9B and FIGS. 10A, 10B are discussed in the
context of interfaces with EMG sensors, it is understood that
the techniques described herein for reducing electromag-
netic interference can also be implemented in wearable
interfaces with other types of sensors including, but not
limited to, mechanomyography (MMG) sensors, sonomyo-
graphy (SMG) sensors, and electrical impedance tomogra-
phy (EIT) sensors.

[0052] When a user performs a motor task, such as moving
their arm, a group of muscles necessary to perform the motor
task is activated. When the motor task is performed while the
user is wearing a wearable device that includes neuromus-
cular recording sensors, the neuromuscular signals recorded
by the sensors on the surface of the body correspond to
superimposed and spatiotemporally filtered activity of all
motor units in the muscles in the group activated during
performance of the motor task. The neuromuscular signals
may be analyzed and mapped to control signals to control a
device based on the type of movement, pose, force, or
gesture that the user performs. For example, if the user
performs a thumbs-up gesture with their hand, a correspond-
ing control signal to select an object in a user interface may
be generated. The mapping between sensor signals and
control signals may be implemented, for example, using an
inferential model trained to associate particular sensor signal
inputs with control signal outputs. In some embodiments,
the output of the trained inferential model may be muscu-
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loskeletal position information that describes, for example,
the positions and/or forces of elements in a computer-
implemented musculoskeletal model. As neuromuscular sig-
nals are continuously recorded, the musculoskeletal model
may be updated with predictions of the musculoskeletal
position information (e.g., joint angles and/or forces) output
from the inferential model. Control signals may then be
generated based on the updated musculoskeletal position
information. In other embodiments, the output of the trained
inferential model may be the control information itself, such
that a separate musculoskeletal model is not used.

[0053] Described herein are neuromuscular (e.g., sSEMG)
sensor arrangements that provide improved contact between
sensor electrodes and a user’s body surface (e.g., skin) for
improved signal detection.

[0054] According to one aspect, some embodiments
described herein are directed to a neuromuscular recording
sensor having electrodes that are moveable relative to the
sensor housing to permit the electrodes to remain in contact
with the body surface as the body portion changes confor-
mation and/or the sensor housing moves relative to the body
surface (e.g., due to a user moving their arm about their
shoulder joint to wave and causing inertial forces on the
housing of the neuromuscular recording sensor(s) to trans-
late the position of an electrode relative to a portion of the
surface of the user’s body (e.g., skin)). In some embodi-
ments, the electrodes may be configured in an assembly that
permits them to rotate relative to the sensor housing. In some
embodiments, the electrodes may be configured in an assem-
bly that permits them to rotate and translate relative to the
sensor housing. The electrodes may have at least two, at
least three, at least four, at least five, or six degrees of
freedom relative to the sensor housing. In some embodi-
ments, where an electrode has five degrees of freedom
relative to the sensor housing, the electrode may translate
along three perpendicular axes (i.e., in three dimensions) and
rotate about two of these axes relative to the sensor housing.
In some embodiments, an electrode may have three degrees
of freedom comprising rotation about three axes (i.e. pitch,
yaw, and roll). In general, an electrode for neuromuscular
recording configured in a wearable assembly or housing may
rotate in any or all of the three translational axes (i.e.
translating laterally along the skin in two dimensions or
vertically as the skin position moves in the vertical plane
relative to the housing of the neuromuscular recording
system) and/or in any or all of the rotational axes (pitch,
yaw, and roll).

[0055] In some embodiments, the electrodes may have a
starting position in which at least a portion of the electrodes
extend out of an opening of the housing, and the electrodes
may be configured to move inwardly into the housing
through the opening during application of force upon the
electrodes. The electrodes and the housing may each be
shaped to cooperate with one another to permit movement of
the electrodes and to guide the electrode toward a starting
position in which the electrode is seated within the housing
when the contact force applied to the electrode is removed.
[0056] In some embodiments, the electrodes may be free
of attachments from the sensor housing, allowing the elec-
trodes to move relative to the housing. In other embodi-
ments, however, the electrodes may be physically attached
to the housing, but with slack and/or elasticity in the
attachment arrangement (e.g., via a spring) to permit move-
ment of the electrodes relative to the housing.
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[0057] According to another aspect, in some embodiments
described herein, a neuromuscular (e.g., SEMG) electrode
(also referred to herein as a sensor) arrangement includes a
spring element that biases the neuromuscular electrode to
press against the body surface when the neuromuscular
recording system that contains the neuromuscular electrode
is worn by a user. The spring element may be configured to
bias the electrode in a starting position in which the elec-
trode extends outwardly from the sensor housing, while
permitting the electrode to move inwardly into the housing
upon application of sufficient force against the electrode.
[0058] One illustrative implementation of the neuromus-
cular (e.g.. sEMG) electrode (also referred to herein as a
sensor) 504 shown in FIGS. 2, 3, and 9A-B is provided in
FIG. 4, according to some embodiments. The neuromuscular
recording sensor 504 includes dry electrodes 600, 602 and a
housing 510, which may be made up of an upper housing
512 and a lower housing 516. The electrodes 600, 602 are
moveable relative to the housing 510. In the embodiment
shown in FIG. 4, the electrodes are free from attachment to
the housing. The sensor housing 510 defines an opening 517
through which the electrode extends and/or moves through.
The sensor includes a spring element 530 to bias the
electrodes 600, 602 in a stationary starting position relative
to the housing. At least a portion of the spring element may
be contained within the housing 510. The inventors have
recognized that other materials that function as a spring may
be used instead of or in addition to the spring element 530.
For example, a foam component may be positioned above
the electrode within the housing.

[0059] When a force is applied to the electrodes 600, 602,
e.g., due to contact of skin against the electrodes, the
electrodes move relative to the housing, e.g. by rotating,
translating, or both. Movement of the electrodes relative to
the housing compresses the spring element 530, causing the
spring element to store potential energy. When the force
applied to the electrodes decreases, the spring element
releases the stored potential energy and decompresses, push-
ing the electrodes back toward their starting positions.
[0060] In the illustrative embodiment shown in FIG. 4, the
electrodes 600, 602 have five degrees of freedom relative to
the housing 510. The electrodes can translate in the X, Y, and
7 axes, and rotate about the X and Y axes. The vertical Z axis
is oriented along the height of the sensor, the Y axis is
oriented along the depth of the sensor, and the X axis is
oriented along the width of the sensor. In some embodi-
ments, the electrode has a longitudinal axis 200 that passes
through a center of the electrode. The longitudinal axis 200
may bisect the electrode. The longitudinal axis is parallel to
the 7 axis when the electrode is in the starting position. In
some embodiments, the plane of the opening 517 is parallel
with the X-Y plane, and an axis normal to the plane of the
opening 517 is parallel with the Z axis and with the
longitudinal axis 200 of the electrode.

[0061] In some embodiments, the electrode is configured
to translate relative to the housing in a direction perpen-
dicular to the plane of the opening of the housing. In some
embodiments, the electrode is configured to translate rela-
tive to the housing in a direction parallel to the plane of the
opening of the housing.

[0062] In some embodiments, such as that shown in FIG.
4, the electrode is prohibited from rotation about the Z axis
(vaw rotation). However, in other embodiments, the elec-
trode is permitted to rotate about the Z axis.
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[0063] FIG. 5 illustrates a few examples of different
positions to which an electrode 600 in an assembly config-
ured according to some embodiments may move during use.
At rest, without any contact forces being applied to the
electrode, the electrode is in the starting position 620, in
which the electrode extends through the opening 517 of the
housing, where a portion of the electrode is positioned
within the housing 510 and a portion of the electrode is
positioned outside the housing. In some embodiments, in the
starting position, the portion of the electrode positioned
outside the housing is larger than the portion of the electrode
positioned inside the housing. In some embodiments, in the
starting position, the electrode is aligned with the opening of
the housing such that the longitudinal axis 200 of the
electrode is parallel to the plane of the opening 517. If the
opening 517 has a midpoint, the longitudinal axis of the
electrode may extend through the midpoint of the opening.
[0064] Upon an application of force to the electrode, the
electrode may move into an intermediate position 621 in
which a greater portion of the electrode is positioned within
the housing 510 as compared to the starting position 620. In
the intermediate position 621 shown in FIG. 5, the electrode
is both rotated and raised relative to the original starting
position 620.

[0065] Finally, with an increase of force to the electrode,
the electrode may move into a compressed position 622 in
which an entirety of the electrode is positioned within the
housing. In some embodiments, the position 622 shown in
FIG. 5 is a fully raised position such that the electrode
cannot move any further into the housing. However, in other
embodiments, the electrode is able to move still further into
the housing. In yet other embodiments, when the electrode
is in the fully raised position, a portion of the electrode
remains outside the housing.

[0066] Distance D shown in FIG. 5 is the distance oftravel
of the electrode from the starting position 620 to the com-
pressed position 622. Distance D is also the distance from
the bottom surface 680 of the electrode to the bottom surface
513 of the housing 510. In some embodiments, distance D
is also the maximum travel distance of the electrode. The
inventors recognize that larger values of D permit a larger
range of motion of the electrode in the Z-dimension upon a
force being exerted upon the electrode (e.g., due to a change
in the relative force between the portion of a user’s body
underlying the electrode and the housing of a wearable
neuromuscular recording device that contains the electrode),
while also enabling electrode contact to be maintained if the
housing of the wearable neuromuscular recording apparatus
is positioned such that a particular electrode of the apparatus
is relatively far (e.g., having a distance<D) from the surface
of the body (e.g., skin). The inventors have recognized that
a larger value of D requires a larger housing for that section
of the wearable neuromuscular recording device to permit
movement of the electrode into the housing up to a distance
of D. The inventors have recognized that the value of D
should be selected to balance the various constraints listed
above for a given form factor of a neuromuscular recording
apparatus and portion of the body on which it is intended to
be worn.

[0067] In some embodiments, different electrodes of a
neuromuscular recording device that includes a plurality of
electrodes may be configured with different values of D
based on the expected range of motion required for that
electrode given the form factor of the apparatus and the



US 2020/0022606 A1

portion of the body on which it is meant to be worn. For
example, an apparatus for neuromuscular recording on the
wrist may be configured with electrodes having a larger
distance D for electrodes overlying the top and bottom of the
wrist and a smaller distance D for electrodes overlying the
sides of the wrist, because relative movement of tissue is
generally larger at the top and bottom of the wrist where soft
tissue (tendons, muscles, etc.) is present than for the side of
the wrist where bones are present with less soft tissue.
[0068] In some embodiments, distance D may be at least
about 0.01 mm, at least about 0.1 mm, at least about 1 mm,
at least about 1.2 mm, at least about 1.4 mm, at least about
1.6 mm, at least about 1.8 mm, at least about 2 mm, at least
about 2.2 mm, or at least about 2.4 mm. In some embodi-
ments, distance D may be less than or equal to about 4 mm,
less than or equal to about 3 mm, less than or equal to about
2.8 mm, less than or equal to about 2.6 mm, less than or
equal to about 2.4 mm, less than or equal to about 2.2 mm,
less than or equal to about 2 mm, or less than or equal to
about 1.8 mm. Combinations of the above-referenced ranges
are also possible. For example, in some embodiments, the
distance D may be about 1 mm to about 4 mm, or about 1.2
mm to about 3 mm, or about 1.4 mm to about 2.6 mm, or
about 1.6 mm to about 2.4 mm, or about 1.8 mm to about 2.2
mm, or about 2 mm.

[0069] In some embodiments, the electrode must move a
threshold distance in the Z direction along the height of the
sensor (e.g. in a direction perpendicular to the plane of the
opening into the housing) before the electrode is free to
translate and rotate on the other two axes perpendicular to
the Z axis. In other embodiments, no threshold distance is
needed.

[0070] The electrodes may be configured to contour to the
body, e.g., by reaching into a valley or cleft between muscles
and maintain contact while the user moves and contracts
muscles in the body part to which the electrodes are coupled
to, e.g., the arm. Thus, the inventors have recognized that the
assemblies of neuromuscular recording devices that permit
movement (e.g., translation and/or rotation) of one or more
electrodes as described herein must have dynamics that are
responsive (e.g., via appropriate selection of spring con-
stants of materials) at the timescales of movement of the
musculoskeletal system (e.g., hundreds of milliseconds to
seconds).

[0071] In some embodiments, the electrode 600 has a
contact surface 680 that is configured to make contact with
the body surface, e.g., skin. In some embodiments, the
contact surface 680 may have a surface that is curved in a
convex shape to help the electrode roll along the body
surface during muscle movements to decrease sliding arti-
facts. The surface may be contoured in a variety of ways,
such as to avoid hair, and to move with the skin. For
example, instead of having a uniformly curved convex
shape. the surface of the electrode may have some sections
that are concave or otherwise have a different curvature/
contour to facilitate movement relative to the skin.

[0072] It should be appreciated that different degree of
freedom arrangements are contemplated. In some embodi-
ments, an electrode rotates relative to the sensor housing. In
some embodiments, an electrode has at least two degrees of
freedom relative to the sensor housing. For example, the
electrode may translate and rotate, or, the electrode may
translate along two axes, or, the electrode may rotate about
two axes. In some embodiments, an electrode has at least
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two degree of freedom, or, at least three degrees of freedom,
or at least four degrees of freedom, or at least five degrees
of freedom, or six degrees of freedom relative to the
housing.

[0073] In some embodiments, the sensor includes a flex-
ible circuit that permits movement of the electrode relative
to the housing. In embodiments with the sensor having a
plurality of electrodes, the flexible circuit connects the
electrodes together. In some embodiments, a portion of the
circuit includes one or more rigid printed circuit boards
(“PCBs”) and a portion of the circuit includes one or more
flexible PCBs. In some embodiments, a rigid PCB is fixed to
each of the electrodes, and the flexible PCBs connect the
rigid PCBs to one another. In some embodiments, the
flexible PCB is also connected to each of the electrodes. The
inventors recognize that the use of one or more flexible
PCBs in the mechanical assemblies for a wearable neuro-
muscular recording device as described herein enable move-
ment of electrodes relative to rigid elements and the housing,
so that the electrode is able to maintain contact with the skin
as the wearable device moves relative to the user’s body
surface (e.g., skin).

[0074] In the illustrative embodiment shown in F1G. 4, the
sensor 504 has a rigid PCB 545 and a flexible PCB 542
attached to the electrode 600 on the longer base 670 side of
the electrode. The sensor 504 also includes another rigid
PCB 544 in an upper portion of the sensor, above the spring
element 530. The flexible PCB 542 may also connect to the
upper rigid PCB 544.

[0075] The illustrative embodiment shown in FIGS. 6A
and 6B shows an example of how a flexible circuit may be
used to connect the electrodes together. As best seen in FIG.
6A, a rigid PCB 544 may be attached to each of the
electrodes, and a flexible PCB 542 connects each of the rigid
PCBs 544 together. The flexible PCB is also connected to
each of the electrodes 600, 602, 604, with the flexible PCB
between each of the electrodes and their associated rigid
PCB. The flexible PCB also connects to an upper rigid PCB
544.

[0076] The flexible PCB may include portions of slack
543 between the clectrodes that allow for independent
movement between the electrodes. The portions of slack
may form a curved arc shape when each of the electrodes are
in a starting position. When one electrode moves relative to
another, the portions of slack may change conformation
from a curved shape to more of a linear shape.

[0077] In some embodiments, the electrodes are manufac-
tured as a single, monolithic piece of metal, and connected
to the flexible circuit. The electrodes may be soldered to the
flexible circuit using fabrication techniques such as wave or
reflow soldering, or pin/socket connectorization.

[0078] In the illustrative embodiment shown in FIG. 6B,
the electrodes 600, 602, 604 each include a socket 660. For
each of the electrodes, a pin 662 is passed through the socket
of the electrode and through the rigid and flexible PCBs,
connecting the electrodes to the PCBs.

[0079] In some embodiments, the electrode interacts with
the spring element via a pin and socket relationship. For
example, the electrode may have a protruding post, and the
spring element may have a socket that is sized to receive the
post of the electrode. In some embodiments, the diameter of
the socket is larger than the diameter of the post such that
there is some clearance around the post when the post sits
within the socket. In some embodiments, the diameter of the
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socket is equal to the diameter of the post. In some embodi-
ments, the diameter of the socket is smaller than the diam-
eter of the post to create an interference fit between the
socket and the post.

[0080] In the illustrative embodiment shown in F1G. 4, the
electrode 600 has a post 630 that is received within a socket
532 of the spring element. In some embodiments, the post is
integrally formed with the electrode as a single, monolithic
component.

[0081] In some embodiments, a thermal relief is posi-
tioned between the electrode and the PCB. A thermal relief
may be, for example, an indentation or cutout in a surface of
an electrode. For example, as shown in the FIG. 4 embodi-
ment, a thermal relief 640 is an indentation in the 670
surface of the electrode and is located between the electrode
600 and the PCBs 542 and 545. The thermal relief may be
located at the surface of the electrode that faces the PCBs.
The thermal relief may span across an area that is smaller
than the area of overlap between the PCBs and the electrode,
such that direct contact may be made between the electrode
and the PCBs.

[0082] In some embodiments, the electrode and post is
soldered to the PCBs of the circuit. The thermal relief 640
may help to dissipate heat from the soldering process to
decrease the amount of heat that is transferred to the PCBs.
In some embodiments, movement of the electrode may
cause the post to heat up, e.g. due to friction. The thermal
relief 640 of the electrode may serve to dissipate the heat
from the post to decrease the amount of heat that is trans-
ferred to the PCBs. In some embodiments, spring element
530 may be made of an insulating material that absorbs heat
from the post.

[0083] A wearable device may incorporate a plurality of
neuromuscular recording (e.g., sEMG) sensors having
moveable electrodes. Fach of the sensors may be electrically
connected with one another. The housings of each of the
sensors may be coupled to one another to form the wearable
device. In some embodiments, the housings of adjacent
sensors may be attached to one another while remaining
moveable relative to one another. The housings of adjacent
sensors may have one, two, three, four, five, or six degrees
of freedom relative to one another. In some embodiments,
the housings of adjacent sensors are attached to one another
via a hinge and are free to pivot relative to one another. In
some embodiments, the housings of adjacent sensors are
attached to one another via an elastic band and are free to
pivot and translate relative to one another.

[0084] In the illustrative embodiment shown in FIG. 2,
adjacent sensor housings are attached to one another via
joints 501. Sensors are connected to one another via joints
to form a curveable array of sensors extending from a first
end 410 to a second end 420. To form a closed loop, a band
502 may be used to connect the ends 410, 412 of the arc of
sensors. The joints 501 between the sensors may have the
ability to permit adjacent sensors to pivot relative to one
another and/or be pulled away from one another. The band
may form a complete loop that is coupled to the array of
sensors, as best seen in FIG. 3. The band 502 may have
elastic properties to create a biasing force that provides
continuous pressure of the electrodes against the wearer’s
body surface, e.g., the skin of the wearer’s arm. This
continuous pressure provided by the elastic band is opposed
by the biasing force provided by the spring elements in each
of the sensors. The pressure of the electrodes against the
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body surface created by the elastic band may cause the
electrodes of the sensors 504 to move relative to the sensor
housings, causing the spring elements of the sensors to
compress. As the wearer moves and/or contracts muscles in
the body part on which the device is worn, the continuous
pressure provided by the elastic band, along with the ability
of the electrodes to move relative to the sensor housings with
the moving skin, help to keep the electrodes in contact with
the skin. In some embodiments, the housings themselves and
the joints that connect them form a wearable device such that
a separate band coupled to the housings is not required.
[0085] The spring element 530 is a component that is
capable of storing potential energy. In the illustrative
embodiments shown in the figures, the spring element is an
elastically compressible block of material. Examples of
possible materials for the spring element include, but are not
limited to, neoprene, EPDM, foam, silicone rubber, natural
rubber, synthetic rubber, sponge rubber, foam rubber, other
rubbers, PVC, thermoplastic polymers. The spring element
may take on different forms other than a block of material.
For example, the spring element may be a helical spring
such as a coil spring, tapered spring, or hourglass spring, or
the spring element may be a leaf spring, torsion spring, disc
spring, clock spring, flat spring, wave spring, hourglass
spring, a stretchable fabric, an elastically compressible com-
ponent, or any other component that can be used to store
potential energy.

[0086] The spring element may be a single component, as
with the compressible block shown in the figures, or may be
a collection of multiple components, such as a plurality of
spring coils spread out over an area of the electrode, e.g., one
on each corner of the upper surface of the electrode and one
or more coils in a central region of the upper surface of the
electrode.

[0087] As discussed above, in some embodiments, the
housings of adjacent sensors are attached to one another via
a hinge and are free to pivot relative to one another. In some
embodiments, the electrode within the sensor housing only
has one degree of freedom relative to the sensor housing,
with extra degrees of freedom provided by the hinge con-
necting adjacent sensors. For example, a spring element
1110 oriented in the axis normal to the sensor housing may
provide the single degree of freedom for the electrode
relative to the housing as shown, for example, in FIG. 11A.
As shown in FIG. 11B, hinge 1120 may provide additional
degree(s) of freedom. In such an arrangement, the combi-
nation of the single degree of freedom provided by the
spring element 1110 and the additional one or more degrees
of freedom provided by the hinge 1120 provide a wearable
biosensor recording device with multiple degrees of freedom
to enable electrodes to remain in contact with the body
surface (e.g.. the skin) during movements and/or muscle
contractions, as described herein.

[0088] In some embodiments, the spring element may be
made of a material having a Young’s Modulus of at least
about 0.5 MPa, at least about 1 MPa, at least about 1.5 MPa,
at least about 2 MPa, at least about 2.5 MPa, at least about
3 MPa, at least about 3.5 MPa, at least about 4 MPa, at least
about 4.5 MPa, at least about 5 MPa, at least about 5.5 MPa,
at least about 6 MPa, at least about 6.5 MPa, at least about
7 MPa, at least about 7.5 MPa, at least about 8 MPa, at least
about 8.5 MPa, at least about 9 MPa, at least about 9.5 MPa,
or at least about 10 MPa. In some embodiments, the spring
element may be made of a material having a Young’s
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Modulus of less than or equal to about 10 MPa, less than or
equal to about 9.5 MPa, less than or equal to about 9 MPa,
less than or equal to about 8.5 MPa, less than or equal to
about 8 MPa, less than or equal to about 7.5 MPa, less than
or equal to about 7 MPa, less than or equal to about 6.5 MPa,
less than or equal to about 6 MPa, less than or equal to about
5.5 MPa, less than or equal to about 5 MPa, less than or
equal to about 4.5 MPa, less than or equal to about 4 MPa,
less than or equal to about 3.5 MPa, less than or equal to
about 3 MPa, less than or equal to about 2.5 MPa, less than
or equal to about 2 MPa, less than or equal to about 1.5 MPa,
or less than or equal to about 1 MPa. Combinations of the
above-referenced ranges are also possible. For example, in
some embodiments, the spring element may be made of a
material having a Young’s Modulus of about 0.5 MPa to
about 10 MPa, or about 1.5 MPa to about 9 MPa, or about
2.5 MPa to about 8 MPa, or about 3.5 MPa to about 7 MPa,
or about 5 MPa to about 6.5 MPa, or about 5 to 7 MPa, or
about 6 MPa.

[0089] In some embodiments, the spring element may
have a spring constant k of at least about 1.5 N/mm, 2
N/mm, 2.5 N/mm, 3 N/mm, 3.5 N/mm, 3.75 N/mm, 4
N/mm, 4.5 N/mm, or 5 N/mm. In some embodiments, the
spring element may have a spring constant k of less than or
equal to about 10 N/mm, 9 N/mm, 8 N/mm, 7 N/mm, 6
N/mm, 5 N/mm, 4 N/mm, 3.75 N/mm, 3.5 N/mm, 3 N/mm,
or 2 N/mm. Combinations of the above-referenced ranges
are also possible. For example, in some embodiments, the
spring element may have a spring constant k of about 1.5
N/mm to about 10 N/mm, or about 2 N/mm to about 8
N/mm, or about 2.5 N/mm to about 6 N/mm, or about 3
N/mm to about 4 N/mm, or about 3.5 N/mm to about 4
N/mm, or about 3.75 N/mm.

[0090] In some embodiments, the spring element may
behave as a nonlinear spring.

[0091] In some embodiments, the spring element may
provide different spring forces and/or mechanical resis-
tances on different axes. This may be accomplished by a
spring element that is a single component, or a spring
element that is a collection of components.

[0092] In some embodiments, the spring element is unat-
tached to the electrode and/or to the housing. In some
embodiments, the spring element is not physically attached
to any components of the sensor. Instead, the spring element
is free-floating. The spring element may be constrained from
movement due to the physical presence of other components
arranged on either side and/or surrounding the spring ele-
ment. For example, in the embodiment shown in FIG. 4, the
spring element 530 is sandwiched between rigid PCB 544
and rigid PCB 545. In some embodiments, the sides of the
spring element may be constrained from lateral movement
by the inner surfaces of the housing.

[0093] According to some aspects, in some embodiments,
physical interaction between the housing and the electrode
determines the starting position of the electrode. The hous-
ing may be shaped to accommodate the shape of the elec-
trode such that the housing guides the electrode back into its
starting position when the electrode is no longer subjected to
a contact force. In some embodiments, the electrode has
only a single starting position.

[0094] In some embodiments, the housing has an inner
surface with sloped walls that serve as a funnel to guide the
electrode back toward its starting position. For example, in
the illustrative embodiment shown in FIGS. 4 and 5, the
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housing 510 has inner surfaces 515 adjacent to the opening
517 into the housing,. The inner surfaces are angled inwardly
toward one another to create a funnel effect. To cooperate
with these inner surfaces, the electrode has side surfaces
682, 683 that are also sloped inwardly toward one another.
The side surfaces of the electrode may be sloped at a same
angle as that of the inner walls of the housing. As a result,
when the spring element releases potential energy and
pushes the electrode back out of the housing toward the
starting position, the inner surfaces of the housing may help
to properly seat the electrode within the opening 517 of the
housing into the starting position.

[0095] The electrodes shown in FIGS. 4-6B have a trap-
ezoidal prism shape. In some embodiments, when the elec-
trode is in the starting position, the longer base 670 of the
trapezoidal prism is located within the housing 510 and the
shorter base is the contact surface 680, which is located
outside the housing, and the two side surface 682 and 683
connect the longer base 670 to the shorter base/contact
surface 680. Note that, in embodiments where contact
surface 680 is curved in a convex shape, the approximate
shape of the electrode is still considered to be trapezoidal
even though the two bases 670, 680 are not technically
parallel to one another.

[0096] It should be appreciated that different electrode
shapes and housing shapes are contemplated. For example,
the electrode may have a cross-sectional shape that is or is
approximately trapezoidal, triangular, rectangular, square,
semicircular, semi-elliptical, domed, round, or any other
suitable shape. The electrode may be or may approximate
the shape of: a cylinder, prism (including rectangular prism
and trapezoidal prism), cube, cuboid, conical frustum,
square frustum, pentagonal frustum, a hemisphere, a dome,
an elongated dome, egg-shaped, an ellipsoid, a semi-ellip-
soid, or any other suitable shape.

[0097] In one illustrative embodiment shown in FIGS. 7A
and 7B, an electrode 600 may have side surfaces 682, 683
that are parallel to one another rather than sloped. As seen
in FIG. 7B, the electrode 600 has an approximately rectan-
gular cross-section, with the contact surface 680 being
outwardly curved in a convex shape.

[0098] In the embodiment shown in FIGS. 7A and 7B,
without sloped side surfaces to provide a funneling effect,
the electrode may include a different feature to permit the
electrode to be seated within the opening of the housing. The
electrode includes shoulders 650 that interact with the
housing to seat the electrode in place. The housing has
contact surfaces in the form of ledges 518 protruding from
the inner surface of the housing, where the ledges are sized
and shaped to receive the shoulders 650 of the electrode. As
seen in FIG. 7B, with the electrode 600 in the starting
position, the shoulders 650 of the electrode are pushed by
the spring element 530 against the ledges 518 of the housing
to seat the electrode in place within the opening 517 of the
housing. The shoulders of the electrode may protrude out-
wardly beyond the side surfaces 682, 683 of the electrode,
as shown in FIG. 7B.

[0099] In another illustrative embodiment shown in FIGS.
8A and 8B, electrode 600 has a round form. The electrode
has one continuous sidewall 686 that extends around the
entire electrode. The electrode 600 has an approximately
frustoconical shape, with a longer base 670 and a shorter
base 680 that serves as a contact surface. The contact surface
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680 may be curved outwardly in a convex shape. As seen in
FIG. 8B, the cross-sectional shape of the electrode is
approximately trapezoidal.

[0100] A housing shaped to accommodate a frustoconical
electrode such as the one shown in FIGS. 8A and 8B may
have a circular inner wall surface that is slanted to match the
angle of the sidewall 686 of the electrode. The opening
defined by the housing through which the electrode extends
and moves may be circular.

[0101] It should be appreciated that different electrode
shapes may be used for the sensor, and the sensor housing
may have different conformations to accommodate and
guide movement of such electrodes.

[0102] Having thus described several aspects of at least
one embodiment of this invention, it is to be appreciated that
various alterations, modifications, and improvements will
readily occur to those skilled in the art.

[0103] Such alterations, modifications, and improvements
are intended to be part of this disclosure, and are intended to
be within the spirit and scope of the invention. Further,
though advantages of the present invention are indicated, it
should be appreciated that not every embodiment of the
technology described herein will include every described
advantage. Some embodiments may not implement any
features described as advantageous herein and in some
instances one or more of the described features may be
implemented to achieve further embodiments. Accordingly,
the foregoing description and drawings are by way of
example only.

[0104] Various aspects of the apparatus and techniques
described herein may be used alone, in combination, or in a
variety of arrangements not specifically discussed in the
embodiments described in the foregoing description and is
therefore not limited in its application to the details and
arrangement of components set forth in the foregoing
description or illustrated in the drawings. For example,
aspects described in one embodiment may be combined in
any manner with aspects described in other embodiments.
[0105] 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, but 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) to distinguish the claim elements.
[0106] Also, the phraseology and terminology used herein
is for the purpose of description and should not be regarded
as limiting. The use of “including,” “comprising,” or “hav-
ing,” “containing,” “involving,” and variations thereof
herein, is meant to encompass the items listed thereafter and
equivalents thereof as well as additional items.

1. A wearable bioelectrical sensing device comprising:

a plurality of electrodes including a first electrode, a
second electrode, a third electrode, and a fourth elec-
trode;

a first housing containing at least a portion of the first
electrode and at least a portion of the second electrode,
each of the first and second electrode being configured
to rotate relative to the first housing from a starting
position to a rotated position;

a second housing containing at least a portion of the third
electrode and at least a portion of the fourth electrode,
each of the third and fourth electrodes being configured
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to rotate relative to the second housing, wherein the
first housing and the second housing are coupled to
each other in an arrangement that enables the first,
second, third, and fourth electrode to contact a body
part of a user when the wearable bioelectrical sensing
device is worn around the body part of the user;

a first flexible circuit electrically connecting the first
electrode to the second electrode within the first hous-
ing;

a second flexible circuit electrically connecting the third
electrode to the fourth electrode within the second
housing; and

a spring element configured to bias the first electrode
toward the starting position of the first electrode.

2. The wearable bioelectrical sensing device of claim 1,
wherein at least a portion of the spring element is contained
within the first housing.

3. The wearable bioelectrical sensing device of claim 1,
wherein the spring element comprises foam or neoprene.

4. The wearable bioelectrical sensing device of claim 1,
wherein the first housing defines an opening and, in the
starting position, the first electrode extends through the
opening of the first housing.

5. The wearable bioelectrical sensing device of claim 4,
wherein the first electrode is configured to translate relative
to the first housing in a direction perpendicular to a plane of
the opening.

6. The wearable bioelectrical sensing device of claim 4,
wherein the first electrode is configured to translate relative
to the first housing in a direction parallel to a plane of the
opening.

7. The wearable bioelectrical sensing device of claim 1,
wherein the first electrode is configured to translate relative
to the first housing.

8. The wearable bioelectrical sensing device of claim 7,
wherein the first electrode is configured to translate a
distance relative to the first housing before the first electrode
is permitted to rotate relative to the first housing.

9. The wearable bioelectrical sensing device of claim 1,
wherein the first electrode is configured to rotate relative to
the first housing about a first axis and a second axis that is
perpendicular to the first axis.

10. The wearable bioelectrical sensing device of claim 9,
wherein the first electrode is prohibited from rotating about
a third axis perpendicular to the first axis and the second
axis.

11. The wearable bioelectrical sensing device of claim 10,
wherein the first housing defines an opening and, in the
starting position, the first electrode extends through the
opening of the first housing, and the third axis comprises a
vertical axis that is perpendicular to a plane of the opening.

12. The wearable bioelectrical sensing device of claim 11,
wherein the first electrode is prohibited from yaw rotation
about the vertical axis.

13. The wearable bioelectrical sensing device of claim 1,
wherein the first electrode is configured to translate relative
to the first housing in three dimensions.

14. The wearable bioelectrical sensing device of claim 1,
further comprising a post attached to the first electrode and
extending through the spring element.

15. The wearable bioelectrical sensing device of claim 14,
wherein the post is integrally formed with the first electrode
as a single, monolithic component.
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16. The wearable bioelectrical sensing device of claim 1,
wherein a range of movement of the first electrode relative
to the first housing is different than a range of movement of
the third electrode relative to the second housing.

17. The wearable bioelectrical sensing device of claim 1,
wherein a cross section of the first electrode has a shape
selected from the group consisting of a trapezoidal shape, a
rectangular shape. a circular shape, and an elliptical shape.

18. The wearable bioelectrical sensing device of claim 17,
wherein the first electrode has a curved contact surface.

19. The wearable bioelectrical sensing device of claim 1,
further comprising a band coupled to the first housing and
the second housing to provide the arrangement that enables
the first, second, third, and fourth electrode to contact the
body part of the user when the wearable bioelectrical
sensing device is worn around the body part of the user.

20. The wearable bioelectrical sensing device of claim 1,
further comprising a hinge coupling the first housing and the
second housing to provide the arrangement that enables the
first, second, third, and fourth electrode to contact the body
part of the user when the wearable bioelectrical sensing
device is worn around the body part of the user.

21. A wearable bioelectrical sensing device, comprising:

a plurality of electrodes including a first electrode, a
second electrode, a third electrode, and a fourth elec-
trode;

a first housing containing at least a portion of the first
electrode and at least a portion of the second electrode,
each of the first and second electrodes being movable
relative to the first housing with at least one degree of
freedom such that each of the first electrode and second
electrode is movable from a starting position to a
different position relative to the first housing;

a second housing containing at least a portion of the third
electrode and at least a portion of the fourth electrode,
each of the third and fourth electrodes being movable
relative to the second housing with at least one degree
of freedom such that each of the third electrode and the
fourth electrode is movable from a starting position to
a different position relative to the second housing,
wherein the first housing and the second housing are
coupled to each other in an arrangement that enables
the first, second, third, and fourth electrode to contact
a body part of a user when the wearable bioelectrical
sensing device is worn around the body part of the user;

a first flexible circuit electrically connecting the first
electrode to the second electrode within the first hous-
ing;

a second flexible circuit electrically connecting the third
electrode to the fourth electrode within the second
housing; and

a spring element configured to bias the first electrode
toward the starting position of the first electrode.

22. The wearable bioelectrical sensing device of claim 21,
wherein each of the first and second electrodes is movable
relative to the first housing with at least two degrees of
freedom.

23. The wearable bioelectrical sensing device of claim 21,
wherein the first electrode is movable relative to the first
housing with five degrees of freedom, and wherein the five
degrees of freedom comprise translation along a first axis, a
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second axis, and a third axis, and rotation about the first axis
and the second axis, wherein the first axis, second axis and
third axis are perpendicular to one another.

24. The wearable bioelectrical sensing device of claim 21,
further comprising a hinge coupling the first housing and the
second housing to provide the arrangement that enables the
first, second, third, and fourth electrode to contact the body
part of the user when the wearable bioelectrical sensing
device is worn around the body part of the user.

25. The wearable bioelectrical sensing device of claim 24,
wherein the hinge is configured to enable the first electrode
to move relative to the first housing with at least one
additional degree of freedom.

26. A method of using a wearable bioelectrical sensing
device, the method comprising:

wearing the wearable bioelectrical sensing device to con-

tact a first electrode, a second electrode, a third elec-
trode, and a fourth electrode of the device with skin,
wherein the wearable bioelectrical sensing device
includes a first housing containing at least a portion of
the first electrode and at least a portion of the second
electrode, and a second housing containing at least a
portion of the third electrode and at least a portion of
the fourth electrode; and

rotating the first electrode relative to the first housing

from a starting position to a rotated position while
keeping the first electrode in contact with the skin
throughout the rotation.

27. The method of claim 26, further comprising;

compressing a spring element contained within the first

housing while rotating the first electrode relative to the
first housing, the spring element being configured to
bias the first electrode toward the starting position.

28. The method of claim 26, wherein rotating the first
electrode relative to the first housing occurs about a first
axis, and wherein the method further comprises rotating the
first electrode relative to the first housing about a second axis
that is perpendicular to the first axis while keeping the first
electrode in contact with the skin throughout the rotation.

29. A method of using a wearable bioelectrical sensing
device, the method comprising:

wearing the wearable bioelectrical sensing device to con-

tact a first electrode, a second electrode, a third elec-
trode, and a fourth electrode of the device with skin,
wherein the wearable bioelectrical sensing device
includes a first housing containing at least a portion of
the first electrode and at least a portion of the second
electrode, and a second housing containing at least a
portion of the third electrode and at least a portion of
the fourth electrode; and

moving the first electrode relative to the first housing with

at least two degrees of freedom from a starting position
to a different position.

30. The method of claim 29, further comprising moving
the first electrode with five degrees of freedom relative to the
first housing, wherein the five degrees of freedom comprise
translation along a first axis, a second axis, and a third axis,
and rotation about the first axis and the second axis, wherein
the first axis, second axis and third axis are perpendicular to
one another.
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