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FACIAL MOVEMENT AND EXPRESSION
DETECTION AND STIMULATION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Provisional Patent Application No.

61/752,175, filed on January 14, 2013, the entire contents of which are incorporated by

reference herein.

STATEMENT AS TO FEDERALLY SPONSORED RESEARCH

This invention was made with Government support under National Institute of

Neurological Disorders and Stroke Grant # R01-NS070167. The Government has certain

rights in the invention.

TECHNICAL FIELD

This disclosure relates to detection and stimulation of facial expressions and facial

movements such as eye blinks.

BACKGROUND

Ipsilateral peripheral facial nerve palsy (FNP) due to an impaired facial nerve affects

0.3% of the population per year in Western Europe and the United States. The most common

cause is Bell's Palsy, which afflicts about 20 out of every 100,000 individuals yearly, but

there are many other causes as well, including traumas, infections, neoplasms, iatrogenic

palsies, and congenital palsies. Loss of the blink reflex and eyelid closure with concomitant

corneal damage is one of the most severe consequences of FNP.

SUMMARY

This disclosure features systems and methods for detecting and stimulating facial

expressions and facial movements such as eye blinks. The systems include or consist of one

or more radiation sources and one or more radiation detectors. The sources and detectors are

paired so that the radiation emitted by each one of the sources is detected by one of the

detectors. The sources and detectors are positioned so that, for each source-detector pair,

radiation emitted by the source propagates adjacent to a different portion of the user's face.

Depending upon the user's facial expression (i.e., the position of different features of the

user's face), radiation emitted from each source may be blocked by the user's face (so that no



radiation reaches the corresponding detector), or radiation may remain unblocked, so it is

detected by the corresponding detector. By determining which of the radiation sources are

blocked by the user's face, the user's facial movements and facial expression can be inferred.

The systems can be integrated into a wearable prosthetic device such as eyeglass frames, or

implemented as an apparatus that can be attached to a user's existing eyeglasses.

The systems can also include one or more electrodes configured to stimulate impaired

facial nerves in one side of the user's face. For example, information about facial movements

on one side of a user's face determined from the source-detector pairs can be transmitted to a

controller, which can then transmit signals to the one or more electrodes to stimulate

complementary facial movements in the other side of the user's face. By doing so, the user's

entire face appears to move and respond to stimuli in a concerted, symmetric, and ordinary

way, despite the impairment to his or her facial nerves.

In general, in a first aspect, the disclosure features systems for detecting a user's facial

movement and expression, wherein the systems include or consist of a plurality of radiation

sources, a plurality of radiation detectors, where each radiation detector is paired with a

different one of the radiation sources and configured to detect radiation emitted by its paired

radiation source, and a controller connected to the radiation detectors and configured to

receive signals corresponding to measurements of emitted radiation from each of the

radiation detectors, determine, for each radiation source-detector pair, information about

whether a radiation path between the source and detector is blocked by a portion of the user's

face, and determine a facial movement or expression of the user based on the information.

Embodiments of the systems can include or consist of any one or more of the

following features.

The plurality of radiation sources can include at least three or four radiation sources.

The system can include a support structure, where the plurality of radiation sources and the

plurality of radiation detectors are integrated into or attached to the support structure. The

support structure can include eyeglass frames. The plurality of radiation sources and the

plurality of radiation detectors can be connected to the controller through or by means of the

support structure.

The systems can include a plurality of electrodes each configured to transmit an

electrical signal to a facial nerve of the user. The plurality of electrodes can be attached to

the support structure. The plurality of electrodes can be connected to the controller through

the support structure. The controller can be configured to transmit electrical signals to the

plurality of electrodes to apply the electrical signals to one or more facial nerves of the user.



Each of the plurality of radiation sources can emit radiation having a different central

wavelength. Radiation emitted by each of the radiation sources can have a modulation

frequency and a modulation phase, and the modulation phase of the emitted radiation can be

different for each of the radiation sources. Each of the radiation detectors can include a

photodiode.

The controller can be configured to determine the user's facial movement or

expression based on a rate of change of detected emitted radiation from one or more of the

plurality of radiation sources. The controller can be configured to determine whether the

user's facial movement or expression corresponds to one of at least eight different facial

movements or expressions. The at least eight different facial movements or expressions can

include a forward gaze, a lateral gaze, a downward gaze, an upward gaze, an eye blink, a

squeezed eye closure, a smile, and an eyebrow raised movement or expression.

The support structure can include a member to which the plurality of radiation sources

and the plurality of detectors are attached, and the support structure can be configured to be

attached to eyeglass frames.

Embodiments of the systems can also include any of the other features or aspects

disclosed herein, in any combination or subcombination, as appropriate.

In another aspect, the disclosure features methods for detecting a user's facial

movement or expression, the methods include or consist of: positioning a plurality of pairs of

radiation sources and radiation detectors adjacent to a user's face, where each source-detector

pair forms a radiation path; for each source-detector pair, directing radiation from the source

toward the detector along the radiation path, and determining information about whether the

radiation path is blocked by a portion of the user's face; and determining a facial movement

or expression of the user based on the information.

Embodiments of the methods can include or consist of any one or more of the

following features.

The radiation can include infrared radiation. Each of the radiation sources can emit

radiation having a different central wavelength. The method can include modulating the

radiation emitted by each of the radiation sources according to a modulation frequency and a

modulation phase, where the modulation phases of each of the radiation sources are different.

The methods can include transmitting signals corresponding to measurements of

emitted radiation from the radiation detectors to a controller through a support structure. The

support structure can include eyeglass frames.



The methods can include transmitting electrical signals to a plurality of electrodes

positioned on the user's face based on the facial movement or expression of the user. The

method can include selecting at least one of an amplitude and a number of pulses of the

transmitted electrical signals to cause movement of a portion of the user's face based on the

facial movement or expression of the user.

The methods can include determining the user's facial movement or expression based

on a rate of change of detected radiation emitted from one or more of the plurality of

radiation sources. The methods can include determining whether the user's facial movement

or expression corresponds to one of at least eight different facial movements or expressions.

The at least eight different facial movements or expressions can include a forward gaze, a

lateral gaze, a downward gaze, an upward gaze, an eye blink, a squeezed eye closure, a smile,

and an eyebrow raised movement or expression. The methods can include assessing a level

of alertness of the user based on the facial movement or expression.

Embodiments of the methods can also include any of the other features or steps

disclosed herein, in any combination, as appropriate.

In general, although specific embodiments are disclosed herein, combinations and

sub-combinations of features disclosed in connection with different embodiments can be

present in other embodiments, which are also within the scope of the disclosure. Unless

specifically excluded herein, different combinations of features are operable and can be used

together. The features, aspects, and steps disclosed herein - although they may be discussed

in the context of specific embodiments for illustrative purposes - are not restricted to the

embodiments in which they are disclosed, but instead are general to this disclosure and to the

various embodiments disclosed herein and appreciated by a person of ordinary skill in the art.

In the claims, the phrase "comprising," which is open-ended and means "includes, but is not

limited to," can be replaced by the phrase "consisting of," which is closed and means

"includes only."

Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this disclosure

belongs. Although methods and materials similar or equivalent to those described herein can

be used in the practice or testing of the subject matter herein, suitable methods and materials

are described below. All publications, patent applications, patents, and other references

mentioned herein are incorporated by reference in their entirety. In case of conflict, the

present specification, including definitions, will control. In addition, the materials, methods,

and examples are illustrative only and not intended to be limiting.



The details of one or more embodiments are set forth in the accompanying drawings

and the description below. Other features and advantages will be apparent from the

description, drawings, and claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic diagram of a front view of a facial movement detection system.

FIG. 2 is a schematic diagram showing a plurality of radiation sources and detectors

for detecting facial movements.

FIG. 3 is a schematic diagram showing a plurality of radiation sources for detecting a

forward gaze.

FIG. 4 is a schematic diagram showing a plurality of radiation sources for detecting a

lateral gaze.

FIG. 5 is a schematic diagram showing a plurality of radiation sources for detecting

an upward gaze.

FIG. 6 is a schematic diagram showing a plurality of radiation sources for detecting a

downward gaze.

FIG. 7 is a schematic diagram showing a plurality of radiation sources for detecting

an eye blink.

FIG. 8 is a schematic diagram showing a plurality of radiation sources for detecting

eyelids squeezed closed.

FIG. 9 is a schematic diagram showing a plurality of radiation sources for detecting a

smile.

FIG. 10 is a schematic diagram showing a plurality of radiation sources for detecting

an eyebrow raise.

FIG. 11 is a schematic diagram showing a source-detector pair for detecting facial

movements.

FIG. 12 is a series of graphs showing changes in measured radiation source signals for

detecting an eye blink and a downward gaze.

FIG. 13 is a schematic diagram of a side view of a facial movement detection system.

FIG. 14 is a schematic diagram of a side view of a user's facial nerves and the facial

movement detection system of FIG. 13.

FIG. 15 is a schematic diagram of an electrical waveform for stimulating facial

nerves.



FIG. 16 is a schematic diagram of a controller for a facial movement detection

system.

FIGS. 17-21 are photographs of an embodiment of a facial movement detection

system that includes an attachment mechanism to connect to goggles and eyeglass frames.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

General Considerations

The effects of FNP are both physiological and social. For example, loss of the blink

reflex due to impaired facial nerves can lead to eye irritation and even permanent corneal

damage, as the eye is not properly lubricated and particulate matter can come into contact

with the ocular surface. Further, for a subject afflicted with FNP, the subject's asymmetrical

facial response (e.g., blinking with only a single eye, smiling and/or raising eyebrows on only

one side of his or her face) to a variety of stimuli can be a source of embarrassment and self-

consciousness. Fortunately, however, in many cases the subject's facial nerves remain

largely intact and capable of eliciting a variety of facial movements when suitably stimulated.

Accordingly, where one half of the subject's face responds normally by adopting a particular

facial expression, the other half of the subject's face can, in principle, be stimulated to

produce a complementary response (i.e., the same facial expression), giving the subject's

entire face the appearance of moving concertedly to adopt the same facial expression on both

sides of the face.

To stimulate half of the subject's face to produce a facial expression that mimics the

other half of the subject's face, the subject's facial expression in the healthy other half of his

or her face must first be determined. The present disclosure features systems and methods for

determining facial expressions of a user (i.e., a wearer) of the systems. In particular, the

systems and methods establish radiation paths between pairs of radiation sources and

detectors that are positioned adjacent to various portions of the subject's face. By

determining which of the radiation paths are blocked and which are unblocked by portions or

parts of the subject's face, the systems and methods can determine the subject's facial

expression. This information can then be used to stimulate one or more electrodes to induce

a complementary response (i.e., produce a similar facial expression) in the other half of the

subject's face.



Systems and Methods for Detecting Facial Expressions

FIG. 1 is a schematic diagram of one example of a system 100 for detecting a user's

facial expression. System 100 includes radiation, e.g., visible or infrared light, sources 1-4,

e.g., LEDs or lasers, and detectors 101-104. Radiation sources 1-4 and 100-104 are paired so

that source 1 generates radiation that is detected only by detector 101, source 2 generates

radiation that is detected only by detector 102, source 3 generates radiation that is detected by

detector 103, and source 4 generates radiation that is detected only by detector 104. Each of

the sources and detectors is positioned at a specific different location adjacent to the face of

the subject so that each source-detector pair establishes a radiation path that extends from the

source to the detector. In different implementations, the system can include one, two, three,

four, or more pairs of radiation sources and detectors. During operation of system 100, each

source emits radiation. If the radiation path between the source and its paired detector is

unblocked by the user's face, then the paired detector measures the emitted radiation from the

source. However, if the radiation path between the source and its paired detector is partially

or fully blocked by a portion of the user's face, then the paired detector measures a reduced

signal (or no signal) due to the emitted radiation from the source. As will be explained

subsequently, the pattern of blocked and unblocked radiation paths between the source-

detector pairs can be used to infer the user's facial expression.

In FIG. 1, radiation sources 1-4 and detectors 101-104 are positioned proximate to the

user's eye on a side of the user's face that is not affected by FNP. In other words,

information about the blocked and unblocked radiation paths between sources 1-4 and

detectors 101-104 can be used to stimulate nerves in the other side of the user's face (e.g., the

side in FIG. 1 where no sources or detectors are positioned) to produce a complementary

response in the other side. In some embodiments, system 100 includes a plurality of

electrodes 111-1 14 attached to different regions of the side of the user's face afflicted with

FNP. These electrodes will be discussed further subsequently.

In some embodiments, system 100 includes a support structure 120. As shown in

FIG. 1, the support structure can have a variety of forms. For example, support structure 120

can be implemented as eyeglass frames, where radiation sources 1-4 and detectors 101-104

are integrated into, or attached to, the support structure. More generally, support structure

120 can be implemented as any structure that can be worn by the user and that maintains

sources 1-4 and detectors 101-104, or any other number of source-detector pairs, in position

relative to one another so that radiation paths are reliably established between the pairs of

sources and detectors when support structure 120 is worn by the user. Other examples of



suitable support structures include goggles, helmets, visors, and specific hats, which can also

be used with any number of source-detector pairs.

In different embodiments, support structure 120 can take different forms. For

example, referring to FIG. 2, support structure 120 can be implemented as a support member

to which sources 1-4 and detectors 101-104 are attached. In some embodiments, support

structure 120 can be affixed directly to the face of the user with, e.g., tape, or a deposited

adhesive medium. In certain embodiments, the support member can be configured to attach

to an apparatus such as conventional eyeglass frames worn by the user. For example, the

support member can include an attachment mechanism such as a clip, a magnetic connector,

and/or a threaded connector so that the support member can be fixed, e.g., rigidly fixed, to the

eyeglass frames. Other examples of apparatus to which support structure 120 can be attached

include goggles, helmets, visors, and specific hats.

FIGs. 17-19 are photographs of an embodiment of system 100 that includes a support

structure 120 to which sources 1-4 and detectors 101-104 are attached. Support structure 120

includes an attachment mechanism 127 in the form of a flexible wire or clip that allows

system 100 to be attached to goggles 131. As shown in FIG. 18, attachment mechanism 127

is wrapped around a portion of goggles 131 to affix system 100 to the goggles. In

embodiments where system 100 is configured to attach to a separate apparatus (e.g., goggles

or eyeglass frames), the apparatus may not include internal conductors within the apparatus

that permit sources 1-4 and detectors 101-104 to connect to a controller. Instead, as shown in

FIGS. 17-19, system 100 can include a cable 129 that connects to the controller to enable the

controller to transmit signals to, and receive signals from, sources 1-4 and detectors 101-104.

FIGs. 20-21 show the same embodiment of system 100 as in FIGS. 17-19, connected

to eyeglass frames 133. The attachment mechanism is wrapped around a portion of eyeglass

frames 133 to secure system 100 to the frames.

A variety of devices can be used as sources 1-4 to emit radiation. In some

embodiments, for example, sources 1-4 can be light emitting diodes (e.g., QEC123 LEDs,

with a central emission wavelength of 880 nm, available from Fairchild Semiconductor, San

Jose, CA). Sources 1-4 can generally emit radiation in the ultraviolet, visible, and/or infrared

regions of the electromagnetic spectrum. However, human eyes are relatively insensitive to

radiation in the infrared region of the spectrum. Accordingly, in certain embodiments, each

of sources 1-4 emits radiation in the infrared region, ensuring that the user of system 100 is

not cognizant of the emission from sources 1-4. Another advantage of infrared radiation is

that it is not typically strongly absorbed by ocular tissues. As a result, infrared emission from



sources 1-4 is less likely to cause eye damage than emitted radiation of comparable intensity

in the visible and/or ultraviolet regions of the spectrum.

A variety of devices can be used as detectors 101-104 to detect the emitted radiation.

In some embodiments, for example, detectors 101-104 can be photodiodes (e.g., QSC1 14

silicon infrared photodiodes with a peak sensitivity of 880 nm, available from Fairchild

Semiconductor, San Jose, CA). Detectors 101-104 are generally selected so that they

efficiently detect radiation in the wavelength range emitted by sources 1-4.

As disclosed above, sources 1-4 and detectors 101-104 are paired and/or oriented so

that radiation emitted by each one of the sources is detected by only one of the detectors. The

sources and detectors can be paired in a variety of ways. In certain embodiments, each of

sources 1-4 emits radiation having a different central wavelength (where the central

wavelength is the wavelength at the center of a source's emission band), and each of

detectors 101-104 is configured to detect radiation at only one of the four emission

wavelengths. In this manner, each detector selectively detects emission from only one

source. The radiation from each source, although corresponding to different central

wavelengths, can be in the same general region of the electromagnetic spectrum (e.g., the

infrared region), or emitted radiation from some of the sources can be in one or more regions

(e.g., the visual region and/or the ultraviolet region) that are different from the emitted

radiation from other sources (e.g., the infrared region).

In some embodiments, sources 1-4 and detectors 101-104 can be paired according to a

modulation phase applied to the emitted radiation from the sources. FIG. 11 shows a

schematic diagram of a detection circuit for source 1 and detector 101. Each of sources 1-4

and detectors 101-104 can include a similar detection circuit, and certain components of the

detection circuit shown in FIG. 11 can be shared among the detection circuits of multiple

sources and detectors.

In FIG. 11, source 1 (a light emitting diode) emits radiation in the infrared region of

the spectrum. An oscillator 130 applies a variable driving voltage to source 1 to generate the

emitted radiation. For example, the driving voltage can have a frequency of 5.2 kHz and a

particular phase value. In general, both the frequency and phase value of the driving voltage

can be selected as desired. For example, the driving voltage can have a frequency greater

than 100 Hz (e.g., greater than 200 Hz, greater than 500 Hz, greater than 1 kHz, greater than

5 kHz, greater than 10 kHz, greater than 100 kHz, greater than 200 kHz, greater than 500

kHz) and/or less than 500 MHz (e.g., less than 200 MHz, less than 100 MHz, less than 50



MHz, less than 10 MHz, less than 1 MHz). As another example, the phase value can be 0° or

more (e.g., 30° or more, 60° or more, 90° or more, 180° or more, 270° or more, 330° or more).

When the driving voltage is applied to source 1, source 1 emits radiation that is

modulated according to the same (or similar) frequency and/or phase of the driving voltage.

Accordingly, the range of frequencies and phases discussed above for the driving voltage

apply also to the modulation frequency and phase of the emitted radiation.

Detector 101 measures the radiation emitted by source 1, and can also measure

radiation emitted by the other sources (e.g., sources 2-4) in system 100. A preamplifier 140

amplifies the signal generated by detector 101 in response to the emitted radiation. The

amplified signal is then filtered by bandpass filter 150 to isolate the portion of the signal

corresponding to the radiation emitted by source 1 (and also to reject ambient light measured

by detector 101). This portion of the signal is then amplified by amplifier 160 (e.g., Arduino

Mini Pro, available from Arduino, Santa Fe, Argentina).

To achieve pairing between source 1 and detector 101 (e.g., to isolate the portion of

the signal corresponding to radiation emitted by source 1), in some embodiments the

modulation phases of the emitted radiation from each of sources 1-4 are different. Bandpass

filter 150 can then isolate the portion of the signal corresponding to radiation emitted by

source 1 by filtering out signal components with modulation phases that differ from the

modulation phase of source 1.

In certain embodiments, to achieve pairing between source 1 and detector 101, the

modulation frequencies of the emitted radiation from each of sources 1-4 are different.

Bandpass filter 150 can then isolate the portion of the signal corresponding to radiation

emitted by source 1 by filtering out signal components with modulation frequencies that

differ from the modulation frequency of source 1.

In some embodiments, a combination of any two or more (or even all three) methods

for pairing (e.g., different emission wavelengths, modulation frequencies, and/or modulation

phases) can be used. Each of sources 1-4 is paired with one of detectors 101-104 so that

emission from each one of the sources is detected by substantially only one of the detectors.

Although system 100 includes four source-detector pairs in FIGs. 1 and 2, more

generally, system 100 can include any number of source-detector pairs. In general, by using

more source-detector pairs, movements of a larger number of different regions of the user's

face can be detected, which can increase the number of facial expressions that can be

distinguished and/or increase the likelihood that a particular detected facial expression is

correct. In certain embodiments, for example, the number of source-detector pairs can be 2



or more (e.g., 3 or more, 4 or more, 5 or more, 6 or more, 8 or more, 10 or more, 15 or more,

or even more).

When the radiation path between a particular source and its paired detector (e.g., the

straight-line path between the source and the detector) is not blocked by any portion of the

user's face, radiation emitted by the source is detected by the paired detector, and the detector

generates a relatively strong voltage signal that is related to the intensity of the detected

radiation. However, when the radiation path between the source and its paired detector is

partially or completely blocked by a portion of the user's face, some or all of the emitted

radiation from the source is scattered. As a result, the paired detector generates a

comparatively weaker (or zero) voltage signal that reflects the reduced intensity of the

detected radiation, relative to the situation when the radiation path is unblocked. Thus, the

signals generated by each of detectors 101-104 provide direct information about which of the

radiation paths defined by the source-detector pairs are unblocked, and which are (partially or

fully) blocked. Typically, the signals generated by detectors 101-104 are assigned a binary

value (e.g., 1 = unblocked, 0 = partially or fully blocked).

As shown in FIGs. 1 and 2, the radiation sources and detectors are positioned relative

to the user's face so that information about which radiation paths are blocked, combined with

information about the positions of the sources and detectors, can be used to infer the facial

expression of the user. In general, the positions of the sources and detectors can be selected

as desired to provide information about different portions of the user's face. FIGs. 1 and 2

show an embodiment of system 100 in which source 1 and detector 101 are positioned to

define a radiation path adjacent to the user's supraorbital fat pad, source 2 and detector 102

are positioned to define a radiation path adjacent to the center of the user's cornea, source 3

and detector 103 are positioned to define a radiation path adjacent to the user's lower eyelid,

and source 4 and detector 104 are positioned to define a radiation path adjacent to the user's

malar fat pad. On the basis of the four binary signals (disclosed above) corresponding to

each of the radiation paths between the source-detector pairs, different facial expressions of

the user can be distinguished.

FIGs. 3-10 show examples of different facial expressions that can be adopted by the

user, and the effect of the facial expressions on the radiation paths between the source-

detector pairs. In FIG. 3, the user's facial expression is a forward gaze. The radiation path

between source 1 and detector 101 is blocked by the supraorbital fat pad, but the radiation

paths between sources 2-4 and detectors 102-104 are unblocked. Thus, measured signals

from detectors 101-104 which yield a binary sequence of 0-1-1-1 (corresponding to the



radiation paths, in order, between source 1 and detector 101, between source 2 and detector

102, between source 3 and detector 103, and between source 4 and detector 104) indicate that

the user's facial expression may correspond to a forward gaze.

In FIG. 4, the user's facial expression is a lateral gaze (e.g., no change in the positions

of the lower eyelid, or supraorbital or malar fat pads relative to FIG. 3, only a change in the

direction of the user's eye). Measured signals from detectors 101-104 therefore yield a

binary sequence of 0-1-1-1, the same sequence as in FIG. 3. Thus, for example, if the user's

facial expression changes from a forward gaze to a lateral gaze or vice versa; system 100 will

not stimulate any of the user's facial nerves, since this change in expression does not

substantially change the orientations of the different portions of the user's face.

In FIG. 5, the user's facial expression is an upward gaze. Relative to FIG. 3, the

user's supraorbital fat pad is withdrawn, so that all radiation paths are unblocked. Measured

signals from detectors 101-104 yield a binary sequence of 1-1-1-1, indicating that his or her

facial expression may correspond to an upward gaze.

In FIG. 10, the user's facial expression is an eyebrow raise. All radiation paths are

unblocked, and measured signals from detectors 101-104 yield a binary sequence of 1-1-1-1,

which is the same as the sequence for the upward gaze expression in FIG. 5. Comparing

FIGS. 5 and 10, however, the orientation of different portions of the user's face in each

expression is similar - it is primarily only the direction of the user's eye that differs. Thus,

for example, if the user's facial expression changes from an upward gaze to an eyebrow raise

or vice versa, system 100 will not change the ongoing pattern of facial nerve stimulation,

since this change in expression does not substantially change the orientations of the different

portions of the user's face.

In FIG. 6, the user's facial expression is a downward gaze. Relative to FIG. 3, the

user's upper eyelid is lowered so that the radiation paths between source 1 and detector 101,

and between source 2 and detector 102, are blocked. Measured signals from detectors 101-

104 yield a binary sequence of 0-0-1-1, which is indicative of a downward gaze.

In FIG. 7, the user's facial expression (or facial movement) corresponds to an eye

blink. Relative to FIG. 6, movement of the user's upper eyelid and eyelashes at least partially

block the radiation path between source 3 and detector 103. Accordingly, measured signals

from detectors 101-104 yield a binary sequence of 0-0-0-1, which is distinguishable from the

downward gaze facial expression of FIG. 6.

In FIG. 8, the user's facial expression corresponds to eyelids that are squeezed closed.

The squeezing of the eyelids and motion of both the supraorbital and malar fat pads blocks



each of the radiation pathways, so that measured signals from detectors 101-104 yield a

binary sequence of 0-0-0-0, which is characteristic for this facial expression.

In FIG. 9, the user's facial expression corresponds to a smile. Relative to FIG. 3, the

user's lower eyelid and malar fat pad have risen, so that the radiation paths between source 3

and detector 103, and between source 4 and detector 104, are now blocked. Measured signals

from detectors 101-104 yield a binary sequence of 0-1-0-0, which is indicative of a smile.

In some embodiments, additional information beyond a mere binary sequence

corresponding to the measured signals from detectors 101-104 can be used to determine the

user's facial expression. For example, referring to FIG. 7, during a blink, the user's upper

eyelid and/or eyelashes at least partially blocks the radiation path between source 3 and

detector 103. However, depending upon the extent of the downward gaze in FIG. 6, it is also

possible that the user's upper eyelid and/or eyelashes will at least partially block the radiation

path between source 3 and detector 103. Thus, it is conceivable in some circumstances that

both a downward gaze and an eye blink will generate the same binary sequence, 0-0-0- 1.

To distinguish between stimulating an eye blink and stimulating a downward gaze in

the user, additional information derived from the signals generated by detectors 101-104 can

be used. The left upper and right upper panels of FIG. 12 show the output voltage signals

from detector 103 for an eye blink (left upper) and a downward gaze (right upper). The

signal corresponding to the eye blink decreases in amplitude sharply as the upper eyelid

and/or eyelashes block the radiation path between source 3 and detector 103, and then returns

to approximately its original amplitude as the user's upper eyelid is withdrawn when the

blink is complete. In contrast, the signal corresponding to the downward gaze decreases

sharply in amplitude as the user's upper eyelid and/or eyelashes block the radiation path

between source 3 and detector 103, and the signal remains at low amplitude as the user's

downward gaze is maintained.

This information can then be used to stimulate an appropriate response in the side of

the user's face. For example, when the binary sequence 0-0-0-1 is generated, system 100 can

be configured to stimulate a blink response in the side of the user's face that suffers from

FNP. After stimulating a single blink, if the signal measured by detector 103 remains low

(i.e., indicating that the radiation path between source 3 and detector 103 remains blocked),

then system 100 can determine that the user's facial movement corresponded not to a blink,

but to a downward gaze shift. System 100 can then suspend additional blink stimulation to

the user's face as long as the signal measured by detector 103 remains low, which indicates

that the user's downward gaze is maintained. When the signal measured by detector 103



returns to a high value (indicating that the radiation path between source 3 and detector 103 is

no longer blocked), system 100 once again monitors each of the radiation pathways to detect,

among other facial movements and/or expressions, a further blink or downward gaze shift of

the user's eye.

In certain embodiments, facial expressions can be distinguished based on the rate of

change (e.g., the first derivative) of the signals measured by one or more detectors. The

lower left and right hand panels in FIG. 1 show the first derivatives of the measured signals

in the upper left and right hand panels respectively. The amplitude of the first derivative of

the signal corresponding to the eye blink is significantly larger than the amplitude of the first

derivative of the signal corresponding to the downward gaze, due to the faster rate at which

the user's eyelid and/or eyelashes move during an eye blink. Thus, the eye blink and the

downward gaze can be distinguished based on the differences in their first derivative signal

amplitude. For example, system 100 can include a defined threshold value (e.g., selected or

hard-coded into system 100, or set by the user) that is used to distinguish between an eye

blink and a downward gaze based on the amplitude of the first derivative signal (e.g., the rate

of change of the signal generated by detector 103).

FIG. 13 shows a lateral view of system 100, including a support structure 120

implemented as eyeglass frames. Each of sources 1-4 and detectors 101-104 (not shown in

FIG. 13) is electrically connected to an internal conductor bundle that runs through support

structure 120. The conductor bundle is connected to port 175. System 100 includes a

controller 170 that also connects to port 175. When connected, controller 170 can transmit

signals to, and receive signals from, sources 1-4 and detectors 101-104. In some

embodiments, as shown in FIGS. 17-21, controller 170 can connect directly to system 100

through cable 129, which is attached to support structure 120 and connected to sources 1-4

and detectors 101-104. In certain embodiments, controller 170 is directly connected to

source 1-4 and detectors 101-104, e.g., when controller 170 is directly integrated into support

structure 120.

For example, in general, oscillator 130, preamplifier 140, bandpass filter 150, and

amplifier 160 are positioned within controller 170. In some embodiments, controller 170 can

transmit voltage signals to each of sources 1-4 to cause the sources to emit radiation. The

voltage signals can be modulated in frequency and/or in phase, as discussed above in

connection with FIG. 11. Controller 170 can also receive signals generated by detectors 101-

104, and can amplify the signals using preamplifier 140, filter the signals using bandpass

filter 150, and further amplify the signals using amplifier 160.



Based on the signals received from detectors 101-104, controller 170 can also

determine the user's facial expression according to the methods described above. In

particular, controller can determine a binary sequence based on the signals, and can

determine the facial expression based on the binary sequence. In certain embodiments,

controller 170 can also use information such as measured signal amplitudes and rates of

change of signal amplitudes to determine the user's facial expression.

Systems and Methods of Stimulating Facial Expressions

As disclosed above in connection with FIGs. 1 and 2, in some embodiments, system

100 includes a plurality of electrodes 111-1 14. The electrodes are electrically connected to a

port 125 in support structure 120. When connected, electrodes 1 1 1-1 14 can receive electrical

voltage signals from controller 170 to stimulate particular facial nerves of the user.

Although system 100 is shown with four electrodes 111-1 14, system 100 can

generally include any number of electrodes (e.g., 1 or more, 2 or more, 3 or more, 4 or more,

5 or more, 6 or more, 8 or more, or 10 or more). Typically, as more electrodes are used,

nerves in the user's face can be stimulated in a more selective fashion. The electrodes can be

attached to the user's face using a clinical, electrically conductive adhesive or tape, for

example. Alternatively, in certain embodiments, the electrodes can be mounted on a support

member attached to structure 120. The support member can be configured to reliably

position the electrodes in contact with the user's face at suitable locations for stimulating

facial nerves, without the use of adhesives.

A variety of different arrangements of electrodes can be used. FIG. 14 shows an

embodiment of system 100 in which electrodes 111-1 14 are positioned in a particular

arrangement in which electrode 11 1 (e.g., the temporal electrode) stimulates the temporal

branch 121, electrode 112 (e.g., the zygomatic electrode) stimulates the zygomatic branch,

and electrode 113 (e.g., the buccal electrode) stimulates the buccal branch. Electrode 114,

positioned near the junction of the temporal, zygomatic, and buccal branches, functions as the

common anode electrode.

In general, controller 170 determines, based on the facial expression on one side of

the user's face, an appropriate set of electrical voltage signals to transmit to electrodes 1 1 1-

114 to stimulate the facial nerves on the other side of his or her face to induce the same (or a

similar) facial expression. Typically, the appropriate signals vary depending upon the type of

facial expression to be elicited. For example, stimulation pulse trains for eliciting blinks

typically include a relatively short series of 7-10 charge-balanced, square-wave pulses, with



the first two pulses having a frequency of approximately 250 Hz (4 ms inter-pulse interval),

and the remaining pulses having a frequency of approximately 150 Hz (6.6 ms inter-pulse

interval), lasting for about 37.3-57.3 s . FIG. 15 shows one example of a pulse train suitable

for stimulating eye blinks in a user. The pulse train in FIG. 15 is known to be effective to

elicit naturalistic blink kinematics from face surface stimulation similar to that used by the

present system. In general, the widths of the pulses in the pulse train can vary from 0.2 ms to

1.6 ms. To elicit other facial movements (e.g., other than eye blinks), pulse trains are

typically continuously delivered for the duration of the desired movement or expression, with

an amplitude proportional to an extent of facial movement desired.

In some embodiments, there can be a trade-off between pulse width and sensory

stimulation, such that longer square pulses elicit blinks or other facial movements at lower

stimulus amplitudes, but also generate a stronger sensory response which may be

uncomfortable for a user. Stimulation amplitudes for achieving blinks and other facial

movements typically range from 3-15 mA across the above-mentioned range of pulse widths.

Greater stimulation may be needed in order to elicit complete blinks or the desired range of

other facial movements in some individuals, but strong stimulation can be uncomfortable, and

is not always tolerable. Accordingly, system 100 can be calibrated by adjusting the pulse

train length, pulse amplitude, and/or pulse width for the stimulation sequence shown in FIG.

15 using controller 170 to elicit complete blinks or other facial movements for a particular

user while minimizing the user's discomfort. In addition, electrodes 111-114 can be re

positioned to determine the most effective face surface stimulation locations for eliciting

blinks and other facial movements. Further, in certain embodiments, system 100 can be

calibrated according to the relationship between pulse train parameters and the extent of non-

blink facial movements (e.g., eyebrow raising, eyes squeezing closed, and smile) to ensure

that suitable pulse trains are delivered to electrodes 1 1 1-114 to stimulate these non-blink

facial movements. To perform such calibrations, pulse trains can be varied, e.g., in steps of

0.5 mA in amplitude and steps of 0.2 ms in pulse width, e.g., in an iterative process, to

identify an appropriate set of stimulation parameters.

Further aspects, methods, and systems for stimulating facial nerves that can be used

with system 100 are disclosed, for example, in the following publications, the entire contents

of each of which is incorporated herein by reference: Frigerio et al, "A Closed-Loop

Stimulation System Supplemented with Motoneuron Dynamic Sensitivity Replicates Natural

Eye Blinks," Otolaryngol. Head Neck S rg . 146:230-234 (2012); Cogan, S.F., "Neural

stimulation and recording electrodes," Ann. Rev. Biomed. Eng. 10: 175-309 (2008); and



Frigerio, A. et al, "Surface Electromyography Recording of Spontaneous Eyeblinks:

Applications in Neuroprosthetics," Otolaryngol. Head Neck Surg., doi:

10.1 177/0194599812469352 (2012).

Table 1 below summarizes the facial expressions that are detected on one side of the

user's face by the embodiment of system 100 shown in FIG. 1, based on patterns of blocked

and unblocked radiation paths between sources 1-4 and detectors 101-104, and also indicates

which of the facial nerve branches are stimulated by system 100 to produce a similar

response on the other side of the user's face.

Table 1

* Pulse train persists for duration of desired facial expression.
** Pulse train is short (e.g., about 50 ms) to produce one blink.
*** Pulse train is just strong enough to slightly narrow the user's palpebral fissure during
smile without causing complete eye closure.

FIG. 16 shows a schematic diagram of controller 170. Controller 170 includes a port

172 to which an interface cable connects. The interface cable is also connected to port 175 so

that controller 170 can transmit signals to, and receive signals from, radiation sources 1-4,

detectors 101-104, and electrodes 111-114. Controller 170 includes a stimulation module

174 that determines suitable electrical signals for stimulating the user's facial nerves, a

control panel interface 178 for activating system 100 and adjusting various system

parameters, one or more optional manual stimulation buttons 176, a radiation detection circuit

182 and a signal analysis module 180 which together process signals generated by detectors

101-104, and a system status module 184 that generates system status and/or error messages

using interface 178.

Controller 170 can also include an internal storage device for storing operating

parameters. The operating parameters can include clinician-adjustable settings and user-



adjustable settings. Clinician-adjustable settings, which can be determined at a clinic when

the user is fitted with system 100, can be password protected to prevent user changes. User-

adjustable settings can include stimulation pulse train amplitude (e.g., within a pre

determined range), and enabling and disabling of particular facial movement stimulations.

Manual stimulation buttons 176, when activated by the user, allow the user to trigger any of

the facial nerve stimulations that system 100 is configured to generate. For example, manual

stimulation buttons 176 can include a control for stimulating an eye blink, and/or one or more

proportional-control buttons for stimulating other facial movements. In some embodiments,

the buttons can be configured so that stimulation of facial nerves persists for the duration of

the button press. In certain embodiments, the pulse-train amplitude used to stimulate the

user's facial nerves is proportional to how hard the buttons are pressed.

In some embodiments, system 100 includes an array of light emitting diodes (e.g.,

diode array 135 in FIG. 13) configured to provide various types of system information to the

user. Although array 135 is positioned on an edge of support structure 120 in FIG. 13, more

generally array 135 can be positioned at a variety of locations. For example, in some

embodiments, array 135 is positioned directly in front of the eye around which sources 1-4

and detectors 101-104 are also positioned.

In general, array 135 is connected to controller 170 through support structure 120, and

configured to illuminate so that it is visible only to the user under ordinary ambient light.

Controller 170 transmits electrical signals to illuminate array 135 in a series of patterns to

alert the user to a variety of information. A wide variety of alerting illumination patterns can

be used. Non-limiting examples of such alerting events include the following.

The source-detector pairs are typically customized to the user's anatomy in a

physician's clinic. Where support structure 120 is implemented as eyeglass frames, the

medial set of radiation sources is mounted in such a way as to rest on the lateral surface of the

nose between the nose pads of the eyeglass frames and the medial canthus of the eye.

Although the medial surface of the set of radiation sources is form-fitting to the user's face, it

may still need positional adjustment when the eyeglass frames are put on, and periodically

during the day if/when the frames move position. Once an optimal position of the source-

detector pairs has been achieved for a given individual during an initial fitting, the signal

levels generated by each detector (during a forward gaze) are saved in the storage unit of

controller 170 (e.g., a non-volatile computer memory) to represent an ideal system position.



Calibration Mode and Alert Functions

Each time the user puts on system 100 and activates it, the system can optionally enter

a calibration mode. In the calibration mode, the signals generated by detectors 101-104 are

compared to the stored (e.g., target) set of detector signals in controller 170. Controller 170

causes diode array 135 to blink rapidly if each of the radiation paths between sources 1-4 and

detectors 101-104 are unblocked during a forward gaze (indicating that the source-detector

pairs are too far from the surface of the user's face), to blink slowly if each of the radiation

paths are blocked (indicating that the source-detector pairs are too close to the surface of the

user's face), and to illuminate continuously when the detector signals sufficiently match the

stored target signal values. In some embodiments, controller 170 automatically exits

calibration mode after a selected time period (e.g., 2 seconds) during which system 100 is

positioned on the user's face, and enters an active detection mode. In certain embodiments,

controller 170 remains in calibration mode until the user issues a command (e.g., by

activating a control on interface 178) to enter active detection mode. In general, the user can

re-enter calibration mode at any time by activating another control on interface 178.

In some embodiments, controller 170 monitors electrode impedance (e.g., the

resistance to electrical current passing between electrode 114 and each of electrodes 111-

113), and alerts the user through a pattern of flashes of diode array 135 when high impedance

is detected. High impedance can be caused, for example, by poor electrode contact with the

skin. The pattern of flashes can further indicate which stimulation channel(s) is/are

experiencing high impedance. A variety of different conditions can be applied by controller

170 to determine whether an electrode pair (e.g., electrode 114 and one of electrodes 1 1 1-

113) has high impedance. In certain embodiments, an electrode pair is determined to have

high impedance when the impedance exceeds a predetermined threshold (e.g., stored in the

internal storage unit of controller 170). In some embodiments, an electrode pair is

determined to have high impedance if the impedance for the electrode pair increases by a pre

determined percentage (e.g., stored in the internal storage unit of controller 170). In some

embodiments, an electrode pair is determined to have high impedance if the impedance for

the electrode pair increases from an initial impedance value at startup of system 100. In

certain embodiments, an electrode pair is determined to have high impedance if the

impedance for the electrode pair exceeds the impedance of the lowest- impedance electrode

pair by a pre-determined percentage (e.g., stored in the internal storage unit of controller

170).



Similar criteria can also be used by controller 170 to determine whether the

impedance for any of the electrode pairs is too low. If controller 170 determines that any

electrode pair has an either an inappropriately high or low impedance, controller 170 alerts

the user through a particular pattern of flashes of array 135 (e.g., a repeating pattern of two

flashes separated by a 1 second pause to indicate abnormal impedance between the second

pair of electrodes, 114 and 112). In certain embodiments, controller 170 can also disable

stimulation of the user's facial nerves using the abnormal electrode pair until a suitable

impedance value has been restored.

In general, system 100 operates under most outdoor and indoor lighting conditions,

including complete darkness. However, in certain circumstances, a user's proximity to strong

incandescent radiation sources or other sources of infrared radiation can affect the system's

ability to successfully pair sources and detectors. When interfering sources of radiation are

detected by controller 170, the controller alters the user by causing diode array 135 to pulse

relatively slowly. In some embodiments, controller 170 can also disable facial nerve

stimulation under these conditions until the interfering source(s) are no longer in proximity to

the user.

As discussed above, controller 170 allows the user to change a variety of user-

adjustable settings and operating parameters for system 100. In certain embodiments, when

the user changes such settings and/or parameters, controller 170 causes diode array 135 to

flash rapidly several times (e.g., 10 times) to confirm the change in settings, and to alert the

user in the event that the settings were inadvertently changed.

In some embodiments, controller 170 includes a battery to provide electrical power to

the various components of system 100. When the battery is drained below a predetermined

capacity (e.g., 20%), controller 170 can cause diode array 135 to flash in an alternating

pattern of short and long pulses that repeats at a regular interval (e.g., once every minute) to

alert the user to the low battery condition. In certain embodiments, this low battery alert can

be disabled by the user.

Hardware and Software

Methods for detecting facial movements and expressions of a user, and various

functions of the systems described herein, can be performed by electronic processors (such as

controller 170, which can include one or more processors and/or preprogrammed integrated

circuits) executing programs based on standard programming techniques. Such programs are

designed to execute on programmable computers or specifically designed integrated circuits,



each comprising a processor, a data storage system (including memory and/or storage

elements), at least one input device, and at least one output device, such as a display or

printer. The program code is applied to input data to perform functions and generate output

information, which is applied to one or more output devices. Each such computer program

can be implemented in a high-level procedural or object-oriented programming language, or

an assembly or machine language. Furthermore, the language can be a compiled or

interpreted language. Each such computer program can be stored on a computer readable

storage medium (e.g., CD-ROM or magnetic diskette) that, when read by a computer, can

cause the processor to perform the analysis and control functions described herein.

Other Applications

In addition to detecting facial expressions and movements for stimulating the facial

nerves of subjects afflicted with FNP, the systems and methods disclosed herein can also be

used for a variety of other applications. In some embodiments, the systems and methods can

be used to detect a user's facial movements for purposes of controlling a device. Facial

movements such as eye blinks can be used, for example, to issue operating commands to

devices such as a computer (e.g., to direct a pointing indicator on a computer screen). Facial

movements can also be used to operate aspects of complex devices such as an aircraft, where

activating all controls manually may prove too cumbersome and time consuming. Facial

movements can also be used to operate aspects of devices such as powered wheel chairs and

other devices used by handicapped individuals, e.g., individuals who have one or more limbs

paralyzed, but can blink or otherwise move portions of their face.

In certain embodiments, the systems and methods disclosed herein can be used to alert

a user when he or she is falling asleep. For example, even very short periods of microsleep

lasting a few tens or hundreds of milliseconds when a user is driving, flying (e.g., a pilot), or

otherwise operating complex or heavy machinery (e.g., a crane operator) can be sufficient to

cause a serious accident. The systems and methods disclosed herein can be incorporated into

an alertness monitor which is configured to warn the user when the frequency or kinematics

(e.g. rate and range) of blink or other facial movements indicate drowsiness by flashing a

particular pattern through the diode array 135 or delivering particular electrical stimulation

patterns to the face surface through the electrodes 111-1 14. Such alertness monitors can be

worn by drivers, pilots, train operators, or others operating moving vehicles and devices, to

warn such operators when their alertness is compromised. A threshold condition (e.g., one or

more blinks lasting longer than a particular duration and/or when movements begin to slow



beyond a particular threshold movement rate) can be used to determine whether a user

warning should be issued.

In some embodiments, system 100 can be used to measure changes in reflexive or

volitional facial movement frequency (e.g., how often the user's face moves) and/or

kinematic properties of the user's facial movements (e.g., the rate and/or range of facial

movements). As such properties are often related to the user's state of mind, system 100 can

use such measurements to infer information about, e.g., the user's mood, state of well-being,

and/or level of alertness, for a wide variety of purposes including (but not limited to)

evaluating medication effectiveness and compliance, behavioral monitoring and modification,

market research, and measuring teaching or training effectiveness. Likewise, system 100 can

be used to detect changes in facial movements associated with a user's intent to volitionally

control movements that are otherwise reflexive, and thereby detect when a user is undergoing

stress and/or is speaking untruthfully.

EXAMPLE

The subject matter disclosed herein is further described in the following example,

which is not intended to limit the scope of the claims.

To evaluate the methods disclosed herein for blink detection in a variety of different

gaze positions (e.g., primary, lateral, upwards, and downwards) and facial expressions (e.g.,

broad smile, squinting, and eyebrow raising), video-recorded blinks were compared against

measured results from a source-detector pair mounted to eyeglass frames.

An infrared LED and detector were mounted on three pairs of laboratory safety

eyeglasses as a proof of concept, with each pair of glasses differing slightly in terms of the

relative position of the infrared emitter/detector units in relation to the nose bridge to

accommodate a range of different adult face shapes. The three pairs had beam positions that

differed by less than 2 mm in relation to the lower rim and front surface of the glasses lens.

The main difference among the glasses was that pair 2 had slightly narrower nose pad

separation compared to the wider nose pads of pairs 1 and 3. Additionally, pair 3 had the

beam falling slightly closer to the lens surface (1.3 mm closer than pair 1, and 1 mm closer

than pair 2).

For each prototype pair of glasses, the infrared LED (QEC 123, obtained from

Fairchild Semiconductor) had a peak emission wavelength of 880 nm, which was also the

frequency of maximal sensitivity for the matching phototransistor (QSC 114, obtained from

Fairchild Semiconductor). The LED and detector components were positioned at the nasal



and temporal aspects of one eye (respectively), causing the infrared beam to pass horizontally

across the central portion of the palpebral fissure, just anterior to the corneal surface.

The beam remained unbroken when the eye was open, but was interrupted by the

eyelashes and/or lid tissue when the upper lid descended, causing the circuit receiving the

infrared detector signal to drop in output voltage, as described herein. The LED was powered

with electrical pulses at a frequency of 5.2 kHz, and the detector compared the light received

during pulses versus infrared light detected between pulses to reject signal artifact due to

changes in ambient light levels. An opaque light shield was mounted on the detector to

reduce the potential impact of infrared light entering from glancing angles.

Infrared light emitted from the LED in each prototype pair of glasses did not pose a

risk to the eye (e.g., lens, cornea, or retina). The maximal power output of the LEDs was

0.62 mW as measured at the LED lens surface using an infrared-sensitive light meter (Ophir

Nova II Meter and Photodiode Power Sensor PD300, with appropriate filter setting).

Twenty-four volunteers aged 22-62 (10 males, 14 females; 20 Caucasians, 4 Asians, 1

African American) were recruited. Individuals with a history of eye/retinal disease,

neuromuscular disease (myasthenia gravis, essential blepharospasm, or facial palsy), or

pathological exophthalmos (i.e., Basedow-Graves disease) were excluded from participation.

Seventeen individuals were under age 40, 6 were between 40 and 59 years old, and 1 was

over 60 years old.

The study was performed in a distraction-free room. Participants were briefly

tested/screened with the three prototype pairs of eyeglasses to determine which pair provided

the best blink detection given their particular orbital anatomy. They were then asked to stand

50 cm from a Smart Board Screen (SBX880) with their chin resting on an adjustable platform

which stabilized their head and oriented their forward gaze directly toward the screen. The

testing session began with an instructional video projected in the center of the screen directly

in front of the participant. The video was a close-up view of woman's face as she explained

details of the testing session, including: (1) the total session length (6 minutes); (2) the need

to keep the head steady and to move eyes only when instructed (rather than moving the head);

(3) the task of visually tracking a large dot in various locations on the screen; and (4) the task

of mimicking various facial expressions being modeled on the screen. Data collection began

at the start of the introductory video in order to sample spontaneous blinking during forward

gaze.

Data acquisition continued in the second part of the testing session, where participants

were instructed to focus their gaze on a large dot appearing at various locations on the



projection screen, without moving their head when changing their gaze position. The dot

changed position every 5 seconds, with an audible tone indicating when the dot was changing

position. The sequence of dot locations was repeated twice, and included the following

sequence: Center, Center Up, Center Down, Center, Left, Left Up, Left Down, Center, Right,

Right Up, Right Down, Center. This enabled testing of the effect of gaze direction on the

blink detection circuit output, since upper eyelid position can potentially change based upon

gaze change and position (particularly for downward gaze).

In the third part of the testing session, participants were shown photographs of four

different facial expressions (neutral, smiling, squinting and eyebrows raising) and asked to

mimic each expression throughout the 4 seconds each expression was shown. The neutral

expression was mimicked first, and also fell between each of the other three expressions.

Each time the demonstration expression changed, an audible narration accompanied the

visual cue, informing participants of the desired facial expression.

Video and audio data were recorded using a video camera (Canon VIXIA HF R200,

1440 x 1080 pixels, 11,951 kbps video; 48 kHz, 256 kbps audio) positioned on a tripod with a

close-up fronto-lateral view of each participant's eye being monitored, and an output voltage

from the blink detection circuit and room microphone digitized at 20 kHz using analog-to-

digital hardware (DigiData 1440 and a Cyberamp 380 programmable filter/amplifier,

obtained from Molecular Devices, Sunnyvale, CA) and software (Clampex 10.2, obtained

from Molecular Devices). Video files were viewed on a computer using software (Corel

VideoStudio Pro X5) that allowed the viewer to indicate each point in time (e.g., each frame,

at a frame rate of 29.97 fps) when a blink or eye twitch began. A blink was noted when the

upper and lower edge of the pupil was at least partially covered by the eyelids, and a twitch

was noted when there was a conspicuous movement of one or both lids without covering the

upper and lower edge of the pupil. Each video was viewed a minimum of 2 times to ensure

that all blinks were noted, and observers were blinded to the blink detection circuit output.

The time locations for observed eyelid movements, gaze position changes, and mimicked

facial expressions were compared with the absolute value and rate of change of the detection

circuit output.

The rate of signal change, represented by the signal's derivative (i.e., instantaneous

velocity), was calculated in MATLAB software using the "diff ' function (MathWorks Inc.,

Natick, MA) after down sampling from 20 kHz to 1 kHz. Signals that started from > 3V and

had derivative values of either < -0. 1 or < -0.2 were scored as blinks. Of these two levels, the

particular derivative threshold applied for blink assessment was determined on an individual



basis according to which level produced the least amount of detection error (i.e., fewest false

positives and false negatives). Once a threshold level was selected for an individual, that

level was applied for blink detection throughout their recording session. Signal changes that

occurred less rapidly than the applied threshold or that occurred from a starting level < 3 V

were not scored as blinks, nor were signals that occurred within 250 ms of a detected blink

(to avoid potential artifacts associated with eye opening at the end of each blink).

To qualitatively relate the detection circuit output (V) with change in palpebral fissure

during blinking, the detection system was also employed for two participants (a male age 43

and a female age 32) in conjunction with high-speed video recording of eyelid movement

(1000 frames/sec, 240 x 256 pixels, using a KayPentax B/W System).

At least one of the three prototype pairs of eyeglasses fit each participant adequately

for blink detection. The three different glasses versions (pairs 1-3) were worn by 50%,

37.5% and 12.5% of the participants, respectively, with fairly even numbers of males and

females wearing the two most commonly worn versions (pairs 1 and 2). Pairs one and two

differed primarily in the position of the nose bridge pads, causing pair 1 to rest slightly lower

on the face than pair 2 due to differing gaps between nose bridge pads. Pair 3 had a beam

falling 1.3 mm or 1 mm further from the eye surface than pairs 1 and 2, respectively, which

provided the best blink detection during the initial testing/fitting in only 3 participants. In all

four participants of Asian descent and two of the Caucasian participants, the lower rim of the

glasses rested on the upper cheek (lower orbit and malar fat pad) rather than the bridge of the

nose, and therefore moved with changes in facial expression, potentially decreasing blink

detection accuracy. At no time did participants report seeing light or feeling heat from the

infrared LED, consistent with the 880 nm peak wavelength and relatively low power output

of the LED and driving circuit.

The airing of the instructional video provided an opportunity to measure spontaneous

blinks from participants during a forward gaze. The 24 participants produced a range of 1-76

complete blinks (mean = 27.3, standard deviation = 17.7) during the 101 seconds of

instructional video.

A relatively unbroken light path between the infrared emitter and detector caused a

relatively high voltage output (typically 4-5 V) from the detection circuit. When the infrared

light path was broken, the circuit output voltage dropped towards a low state (typically 0-1

V). Drops in the circuit voltage caused by eyelid obstruction of the infrared light path during

blinking were generally faster than when light path obstruction occurred during gaze changes

and facial expressions (i.e., squinting and broadly smiling). As a consequence, both the



direction and magnitude of signal change and the rate of signal change were considered when

identifying blinks from the detection circuit output.

Blink detection based on changes in signal magnitude achieved 100% sensitivity in

forward gaze, but typically generated false detections on downward gaze and, to a lesser

degree, other gaze changes as well. Blink detection based on peak rate of signal change (e.g.,

first derivative) during the instructional video where participants maintained a primary

(forward) gaze yielded an average correct detection of 87%, with 11% false positives, and 2%

false negatives. Of the 11% false positives, slightly over half (6%) were associated with eye

twitches (i.e., partial eyelid closures). Therefore, the system had reasonably good sensitivity

for blink detection during primary gaze (missing only 2% of observed blinks on average, and

missing no blinks in 14 of 24 participants), but falsely detected blinks when no visible eyelid

movement occurred for 5% of the detected blink events. For the 2 1 gaze changes (starting

from a primary gaze) tested in each participant, the resulting blink detection signal pattern

was falsely identified as a blink 6.3% of the time for lateral eye movements, 10.4% of the

time for upward movements, 46.5% of the time for downward movements, and 5.6% of the

time for movements from an upward or downward gaze back to the central (primary) gaze.

Blink detection was not attempted during the mimicked facial expressions, but a

change in the signal baseline during these expressions would have often precluded blink

detection due to interruption of the infrared light beam by the upper and/or lower eyelid.

Interruption of the infrared light path during these expressions was typically associated with

partial eyelid closure (i.e., during squinting or broad smile), but was also affected by shifting

of the glasses by movement of skin at the bridge of the nose or upper cheek (i.e., during

eyebrow raising and broad smiling). Specifically, the infrared circuit output was reduced to

2.5 V (half) or less during broad smiling in 57% of participants, during squinting in 96% in of

participants, and during eyebrow raising in 22% of participants.

Comparison between the blink detection circuit output and high-speed-video (1000

fps) recordings of eyelid movement indicated that the initiation of signal change (deflection)

from baseline was synchronous with visible eyelid movement. The average latency from the

start of signal deflection during a blink to peak derivative was 45.6 ms (±18.9 ms). Thus, this

example demonstrates that the present systems and methods can be used effectively as

described herein.



OTHER EMBODIMENTS

A number of embodiments have been described. Nevertheless, it will be understood

that various modifications may be made without departing from the spirit and scope of the

disclosure. Accordingly, other embodiments are within the scope of the following claims.



WHAT IS CLAIMED IS:

1. A system for detecting a user's facial movement, facial expression, or both, the

system comprising:

a plurality of radiation sources;

a plurality of radiation detectors, wherein each radiation detector is paired with a

different one of the radiation sources and configured to detect radiation emitted by its paired

radiation source; and

a controller connected to the radiation detectors and configured to:

receive signals corresponding to measurements of emitted radiation from each

of the radiation detectors;

determine, for each radiation source-detector pair, information about whether

a radiation path between the source and detector is blocked by a portion of the user's face;

and

determine a facial movement or facial expression or both of the user based on

the information.

2. The system of claim 1, wherein the plurality of radiation sources comprises at least

three or four radiation sources.

3. The system of claim 1 or claim 2, further comprising a support structure, wherein the

plurality of radiation sources and the plurality of radiation detectors are integrated into or

attached to the support structure.

4. The system of claim 3, wherein the support structure comprises eyeglass frames.

5. The system of claim 3, wherein the plurality of radiation sources and the plurality of

radiation detectors are connected to the controller through or by means of the support

structure.

6. The system of any of claims 1-3, comprising a plurality of electrodes each configured

to transmit an electrical signal to a facial nerve of the user.



7. The system of claim 6, wherein the plurality of electrodes is attached to the support

structure.

8. The system of claim 6, wherein the plurality of electrodes is connected to the

controller through the support structure.

9. The system of claim 7 or claim 8, wherein the controller is configured to transmit

electrical signals to the plurality of electrodes to apply the electrical signals to one or more

facial nerves of the user.

10. The system of any of claims 1-9, wherein each of the plurality of radiation sources

emits radiation having a different central wavelength.

11. The system of any of claims 1-10, wherein radiation emitted by each of the radiation

sources has a modulation frequency and a modulation phase, and wherein the modulation

phase of the emitted radiation is different for each of the radiation sources.

12. The system of any of claims 1-1 1, wherein each of the radiation detectors comprises a

photodiode.

13. The system of any of claims 1-12, wherein the controller is further configured to

determine the user's facial movement or expression based on a rate of change of detected

emitted radiation from one or more of the plurality of radiation sources.

14. The system of any of claims 1-13, wherein the controller is configured to determine

whether the user's facial movement or expression corresponds to one of at least eight

different facial movements or expressions.

15. The system of claim 14, wherein the at least eight different facial movements or

expressions comprise a forward gaze, a lateral gaze, a downward gaze, an upward gaze, an

eye blink, a squeezed eye closure, a smile, and an eyebrow raised movement or expression.



16. The system of claim 3, wherein the support structure comprises a member to which

the plurality of radiation sources and the plurality of detectors are attached, and wherein the

support structure is configured to be attached to eyeglass frames.

17. A method for detecting a user's facial movement or expression, the method

comprising:

positioning a plurality of pairs of radiation sources and radiation detectors adjacent to

a user's face, wherein each source-detector pair forms a radiation path;

for each source-detector pair, directing radiation from the source toward the detector

along the radiation path, and determining information about whether the radiation path is

blocked by a portion of the user's face; and

determining a facial movement or expression of the user based on the information.

18. The method of claim 17, wherein the radiation comprises infrared radiation.

19. The method of claim 17 or claim 18, wherein each of the radiation sources emits

radiation having a different central wavelength.

20. The method of any of claims 17-19, comprising modulating the radiation emitted by

each of the radiation sources according to a modulation frequency and a modulation phase,

wherein the modulation phases of each of the radiation sources are different.

21. The method of any of claims 17-20, comprising transmitting signals corresponding to

measurements of emitted radiation from the radiation detectors to a controller through a

support structure.

22. The method of claim 21, wherein the support structure comprises eyeglass frames.

23. The method of any of claims 17-22, comprising transmitting electrical signals to a

plurality of electrodes positioned on the user's face based on the facial movement or

expression of the user.



24. The method of claim 23, comprising selecting at least one of an amplitude and a

number of pulses of the transmitted electrical signals to cause movement of a portion of the

user's face based on the facial movement or expression of the user.

25. The method of any of claims 17-24, comprising determining the user's facial

movement or expression based on a rate of change of detected radiation emitted from one or

more of the plurality of radiation sources.

26. The method of any of claims 17-25, comprising determining whether the user's facial

movement or expression corresponds to one of at least eight different facial movements or

expressions.

27. The method of claim 26, wherein the at least eight different facial movements or

expressions comprise a forward gaze, a lateral gaze, a downward gaze, an upward gaze, an

eye blink, a squeezed eye closure, a smile, and an eyebrow raised movement or expression.

28. The method of any of claims 17-27, further comprising assessing a level of alertness

of the user based on the facial movement or expression.



















INTERNATIONAL SEARCH REPORT
PCT/US 2014/01 1489

A. CLASSIFICATION OF SUBJECT MATTER
A61B 5/103 (2006.01)
A61B 5/11 (2006.01)
A61B 5/107 (2006.01)
A61N 1/04 (2006.01)

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

A61B 5/103, 5/107, 5/1 1, A61N 1/00-1/05

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

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

Patentscope, USPTO DB, Espacenet, DWPI, CIPO (Canada PO), SIPO DB, AIPN, DEPATISnet, VINITI.RU,
SCSML.FSSI.RU, PatSearch (RUPTO internal)

DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X W O 2005/094667 A2 (TORCH, WILLIAM, C.) 13. 10.2005, 1-5, 16-18
p . 3, lines 12-26, claims 1, 2, 22, fig. 7B-C, lOA-C, 12A-B

Y 19

Y U S 6407724 B2 (DIGILENS, INC.) 18.06.2002, col. 2 , lines 1-13, 30-33, claim 1 19

A U S 2010/01 14240 A l (MED-EL ELEKTROMEDIZINISCHE GERAETE GMBH) 16-
06.05.2010, claims 1, 12, fig. 7

□ Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority

date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance "X" document of particular relevance; the claimed invention cannot be

Έ " earlier document but published on or after the international filing date considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be

special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination

means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than "&" document member of the same patent family

the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

19 March 2014 (19.03.2014) 24 April 2014 (24.04.2014)

Name and mailing address of the ESA/ FEPS Authorized officer
Russia, 123995, Moscow, G-59, GSP-5,
Berezhkovskaya nab., 30- 1 A . Ilin

Facsimile No. +7 (499) 243-33-37 Telephone No. 8(495)53 1-64-8 1

Form PCT/ISA/210 (second sheet) (July 2009)



INTERNATIONAL SEARCH REPORT
PCT/US 2014/01 1489

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

□
because they relate to subject matter not required to be searched by this Authority, namely:

□ Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

X I Claims Nos.: 6-15, 20-28

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Ill Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable

claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of

additional fees.

As only some of the required additional search fees were timely paid by the applicant, this international search report covers

only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the

payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest

fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)


	abstract
	description
	claims
	drawings
	wo-search-report

