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data obtained from a finger of the user. A biometric sensor
board is retained in a housing adapted for retaining a finger of
the user and maintaining multiple sensors in contact with the
skin thereof. Implementations are described for fingertip and
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BIOMETRIC SENSING AND PROCESSING
APPARATUS FOR MOBILE GAMING,
EDUCATION, AND WELLNESS
APPLICATIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a nonprovisional of U.S. provisional
patent application Ser. No. 61/630,876 filed on Dec. 22,2011,
incorporated herein by reference in its entirety, and is a non-
provisional of and U.S. provisional patent application Ser.
No. 61/630,877 filed on Dec. 22, 2011, incorporated herein
by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not Applicable

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT DISC

Not Applicable

NOTICE OF MATERIAL SUBJECT TO
COPYRIGHT PROTECTION

A portion of the material in this patent document is subject
to copyright protection under the copyright laws of the United
States and of other countries. The owner of the copyright
rights has no objection to the facsimile reproduction by any-
one of the patent document or the patent disclosure, as it
appears in the United States Patent and Trademark Office
publicly available file or records, but otherwise reserves all
copyright rights whatsoever. The copyright owner does not
hereby waive any of its rights to have this patent document
maintained in secrecy, including without limitation its rights
pursuant to 37 C.FR. §1.14.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention pertains generally to biofeedback devices,
and more particularly to an biometric sensing device interact-
ing with a mobile platform configured for executing emotion
sensing enabled software applications.

2. Description of Related Art

Various forms of electronic biofeedback have long been
available. Typically, these devices are configured for fulfilling
a very specific and narrow role. For example, the electroder-
mal response (EDR) was first measured by the psycho-gal-
vanometer, as it was called to measure skin resistance. The
EDR device is best known as one element of a police style
lie-detector. Some biofeedback devices today utilize the same
circuitry and electrodes as utilized when this device was
developed four decades ago. The electrodermal response is
the medically preferred term for galvanic skin response
(GSR). Another specific device is the photoplethysmograph
(PPG), which is well known in hospitals for quick assessment
of heart rate based on sensing at the fingertip.

However, these devices are generally directed to specific
purposes and not generally applicable to interoperate with
mobile platforms executing internet based applications uti-
lizing multiple biofeedback resources.

BRIEF SUMMARY OF THE INVENTION

The invention provides for placement of multiple sensors
on the finger, whereby the combination of sensor data allows
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2

for deriving accurate assessments of the physiological and
emotional state of the user within applications executing on
the mobile device. It should be recognized that the present
invention only requires that application software be loaded on
a general purpose mobile device, no additional hardware or
hardware changes are required on the mobile device side.
Thus, a user need only obtain the biometric sensor device for
attachment to their mobile device, and a desired application to
execute from that mobile device.

The invention incorporates a plurality of sensor types,
exemplified herein with four sensor types, into a package
wearable on any finger of a user’s hand. In the current
embodiment, the sensors and associated hardware are con-
tained on a board that can be worn on a finger in various ways,
such as over a fingertip (e.g., 2.5 inch) or in a smaller package
(e.g., 0.75 inch) that can be worn like a ring.

According to at least one embodiment of the invention, the
biometric sensor incorporates the following. (1) EDR (elec-
trodermal response) for measuring user arousal and relax-
ation, with phasic sensing (fast arousal) and tonic sensing
(longer response time—like mood) being derived from this
sensor. (2) PPG (photoplethysmograph) for measuring user
cardiac pulse, with heart rate (HR) and heart rate variability
(HRV) being derived from PPG sensor data. (3) A tempera-
ture sensor (e.g., thermistor) for measuring skin temperature.
(4) A 3-D accelerometer sensor incorporated into the device
to sense accelerations in three spatial dimensions in response
to user finger movement.

In at least one embodiment of the device, the biometric
sensor device ofthe invention is inserted into the audio micro-
phone jack of a smart phone or other mobile device, and
interacts with a software application on the device. The soft-
ware application provides functionality (e.g., games, educa-
tional, and/or health) for a single user or for multiple users
which interact together in scenarios through the Internet.

Further aspects of the invention will be brought out in the
following portions of the specification, wherein the detailed
description is for the purpose of fully disclosing preferred
embodiments of the invention without placing limitations
thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

The invention will be more fully understood by reference
to the following drawings which are for illustrative purposes
only:

FIG. 1A and FIG. 1B is a block diagram of the biometric
sensor array device according to an embodiment of the
present invention.

FIG. 2 is a rendition of a biometric sensor array circuit
board according to an embodiment of the present invention.

FIG. 3 is a rendition of a biometric sensor array housing
with circuit board installed, according to an embodiment of
the present invention.

FIG. 4 is a cross-section view of a biometric sensor array
housing, using elastic cone fingertip retention, according to
an embodiment of the present invention.

FIG. § is a rendition of a biometric sensor array ring hous-
ing with circuit board installed, according to an embodiment
of the present invention.

FIG. 6 is a rendition of the biometric sensor array ring
housing of FIG. 5, shown being worn by a user as a ring.

FIG. 7A and FIG. 7B are renditions of the biometric sensor
array circuit board of FIG. 2, shown aside a dual contact
element for overlaying the circuit board.
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FIG. 8A through FIG. 8C are renditions of alternate dual
contact embodiments for the biometric sensor array, accord-
ing to embodiments of the present invention.

FIG. 9A is a plot of phasic EDR according to an embodi-
ment of the present invention.

FIG. 9B is a plot of cardiac pulse deflections according to
an embodiment of the present invention.

FIG. 10 is a graph of heart rate variability over exhalation
and inhalation periods, according to an embodiment of the
present invention.

FIG. 11 is a flowchart connecting the biometric sensor
array to a mobile device using the audio port and collecting
biofeedback data.

DETAILED DESCRIPTION OF THE INVENTION

1. Hardware Description

1.1 Introduction

Hardware of at least one embodiment of the biometric
sensor array comptises four principal sections. (A) A biomet-
ric sensor circuit and board including sensor elements, pro-
cessor hardware, and firmware code for execution on the
processor. (B) A signal interface connecting the sensor board
with the mobile device to facilitate data transfer. By way of
example and not limitation, the current embodiment provides
a signal interface using a multichannel audio frequency elec-
tronic signal (e.g., generated by an amplitude modulation
program executing on the processor) that connects to an audio
microphone input of a mobile device. Other embodiments of
the present invention are configured with a wireless signal
interface, such as a Bluetooth interface or similar digital
communication mechanism of the mobile device. (C) A
physical housing which retains the finger in proper sensing
position on the board and also houses the circuit board. (D) A
software interface within one or more applications containing
programming executable on the mobile device (e.g., smart
phone or any mobile device. One of ordinary skill in the art
will appreciate that the functions of the present invention may
be divided in countless ways using any number of module
naming schemes and various electronic implementations
without departing from the teachings of the present invention.

1.2 Example Embodiment

FIG. 1A and FIG. 1B illustrate a block diagram of the
biometric sensor device according to an example embodi-
ment 10. A control block 12, is shown exenplified as a micro-
controller containing a processor 14 (CPU and memory) and
incorporating conversion functions for analog-to-digital con-
version (ADC) 16 of analog inputs 22, 24, 26, 28, 30, and
pulse-width modulation (PWM) of outputs 18, 20. It will be
seen that control block 12 converts analog sensor signals to
digital information, and executes programming from memory
to process those signals and is configured to communicate
data associated with those signals to a mobile device. It will
be recognized that a wide variety of processing elements with
internal or external conversion elements may be substituted
for control block 12 of the present device without departing
from the teachings of the present invention.

A battery 32 and optional charger circuit 34 are shown for
supplying power to the control block 12. The power source
may alternatively comprise any desired means of powering
the circuit, including but not limited to primary batteries (e.g.,
lithium or alkaline batteries, such as coin cells), rechargeable
batteries (e.g., lithium, NiMH (nickel-metal-hydride), NiCad
(nickel-cadmium), high capacity capacitors (e.g., dual-layer
capacitors (DLCs), solar cells, or any other source of electri-
cal power.
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One implementation ofthe biometric sensor device utilizes
an audio signal interface to connect to a microphone input of
any mobile device. The processed input signals are amplitude
modulated to audio frequency and then added together to
enable multiple channels (frequency division multiplexed) to
be transmitted over a single audio channel. PWM outputs 18,
20 are shown being output from control block 12 for commu-
nicating with the smart device through its microphone input.
Pulse width modulated signals 18, 20 are filtered 36 and
amplified 38 into an audio output 40 configured for connec-
tion, such as using an audio plug from the biometric sensor
array device configured for connection into the microphone
(mic) input 42 of a smart phone or other mobile device 44.

FIG. 1A and FIG. 1B also illustrate an alternative wireless
connection between the biometric sensor and mobile device.
At least one embodiment of the biometric sensor comprises a
digital communication connection, such as through digital
port 66 connected to a transmitter or transceiver (transmitter+
receiver) 68 configured for wirelessly communicating to the
mobile device 44. A standard protocol, such as Bluetooth, is
a beneficial choice as many mobile devices are already con-
figured with Bluetooth connectivity, while it is a low power
short distance interface. The advantage of the digital interface
is high-speed and simultaneous multichannel capability
beyond two channels. Eight channel data transfer is available
with a Bluetooth interface which enables the full suite of
sensor channels currently available on the biometric sensor
board.

In FIG. 1A, analog circuits of four sensors elements are
shown for sending input signals to the processor. The EDR
uses two electrodes 44 that register changes in skin resistance,
which is amplified 46 and low-pass filtered 47 to generate a
tonic EDR signal voltage 22 sent to the processor analog-to-
digital converter (ADC) input. It will be seen here that the
EDR signal is divided into two different EDR channels: tonic
and phasic. The tonic signal is a more slowly varying DC
signal, while the phasic signal provides a faster response with
user arousal and relaxation. Phasic information from ampli-
fier 46 is high-pass filtered 48, and further amplified 50 to
generate a phasic EDR signal voltage 24. The low frequency
cutoff for the phasic signal is approximately 0.5 Hz, and for
the slower tonic signal it is approximately 0.05 Hz.

The PPG sensor 52 in this implementation utilizes an infra-
red (IR) sensitive photo-transistor that produces a small volt-
age in response to IR illumination. Blood perfusion in the
finger produced by cardiac pulses cause the IR light to be
scattered and thus the output of the IR detector varies with
each pulse. The IR signal from PPG sensor 52 is preferably
amplified 54, filtered 56, and amplified again 58 before input
to the processor as PPG signal 26.

The temperature sensor 60 is exemplified as a thermistor
which is a resistive element whose resistance varies with
changes intemperature. Output from temperature sensor 60 is
amplified before input to the processor as a temperature sig-
nal 28.

The accelerometer 64 generates information on accelera-
tion in each of its three sensing axes of X, Y and Z directions.
In this particular implementation, the accelerometer package
sends a time-varying voltage corresponding to each of the
three axes of movement as 3D motion data 30 to the proces-
sor. For the sake of simplicity of illustration, the figure shows
one signal line with the strike notation marked with a “3”
indicating there are three signal paths. Accelerometers can be
configured with various forms of output, for example various
forms of analog output, frequency output, or digital output for
connection to a parallel or serial input of the processor.
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In the present invention, a significant purpose of the accel-
erometer is to allow the processor to perform the important
function of motion artifact removal from the data received
from the biometric sensor array. Motion can interfere with
physiological signal measurements, and is mediated herein
by acceleration data received from the finger sensor device in
response to measuring triaxial motion. The acceleration sen-
sor also allows the device to assess intentional motion of the
user, for example walking, or other physical activity and is
utilized in certain embodiments of the invention for correlat-
ing user activity to changes in heart rate and breathing. Still
further, the acceleration sensing it utilized in certain applica-
tion embodiments of the invention to receive specific forms of
user input, such as in response to motion direction sensing
and gesture recognition which are utilized in some existing
applications.

One of ordinary skill in the art will recognize that there
exists a large number of viable sensors having various forms
of interface with a processor, and that the inventive system
can be configured to utilize any of these without departing
from the teachings of the present invention.

In at least one embodiment, converted signals are sent in
real time from control block 12 to the mobile device. In the
implementation shownin FIG. 1A and F1G. 1B, atwo channel
transmit path is supported to the mobile device whereby any
two of the five sensor signals 22, 24, 26, 28 or 30 are simul-
taneously communicated (in two frequency division chan-
nels) to the mobile device. The processor utilizes pulse-width
modulation (PWM) to generate two amplitude modulated
audio carrier waves of different frequencies, with digitized
and typically scaled, sensor input signals encoded in the
amplitude of the carrier waves within the frequency division
multiplexing. The use of only a two channel analog commu-
nications path in the present implementation reduces manu-
facturing cost while providing sufficiently rapid communica-
tion of sensor data to the mobile device. Although the
processor is capable of encoding all five sensor inputs, the
inexpensive processor chosen in the implementation shown
limits the carriers to two due to processor efficiency. How-
ever, it should be appreciated that the processor may alternate
between sending data from different combinations of sensor
signals, such as in a round-robin manner, to provide a form of
temporal multiplexing of any desired combination of the five
sensor inputs. It will be also appreciated that the signals are
not all subject to the same rate of change. For example, input
from the temperature sensor is not subject to very rapid
changes and thus, does not need to be communicated at the
same rate as the other signals. Additionally, the EDR sensor is
used to provide both phasic and the more slowly varying tonic
signals.

1.3 Sensor Characteristics

This invention uses atemperature sensor on the finger as an
input to be used in conjunction with the EDR to give an
assessment of user mood. The finger vasculature warms and
cools more rapidly than the hand and gives a faster “mood”
response.

As with EDR, motion artifact is a problem with the PPG
measurement, which is mitigated in the present invention in
multiple ways. First, elements of biometric sensor design
provide reliable contact which reduces relative motion
between the sensors and the skin of the finger. It will be
appreciated for example that the adjustable finger enclosure
reduces the motion problem. Secondly, the sensors are co-
located at the finger, wherein each is generally subject to the
same motion. For example, the EDR and PPG sensors are
collocated, whereby PPG data is derived from the same cap-
illary bed as the data from the EDR sensor and provides data
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that is temporally aligned with the other sensor modes.
Thirdly, the 3-axis accelerometer is used in combination with
programming which utilizes acceleration data to compensate
for any movement which arises. For example, the biometric
sensor circuit uses the acceleration signals to interoperate
with the other sensor signal types depending on the applica-
tion being executed. For instance accelerometer data can be
used to cancel motion artifacts from the EDR or PPG sensors
in cases of extreme activity, while additionally the acceler-
ometer can be utilized to enable a pointing function with
appropriate finger motion, or other use of gesture as a user
input.

1.4 Sensor Circuit Board and Finger Enclosure

A primary consideration on the circuit board layout is to
assure proper positioning of the sensor elements together on
the finger. In the current embodiment, the sensor elements are
positioned on the axial surface of the fingertip.

FIG. 2 illustrates an example embodiment 10 of a biomet-
ric sensor circuit board showing the sensor element side 72 of
the board with numerous integrated circuits 74 (including
processor and accelerometer) and other electronic circuits.
Two square EDR electrode contacts 764, 765 are shown for
being retained proximal to the finger surface. PPG sensor
elements 78a, 78b, considered by way of example in this
embodiment as an IR emitter and receiver, are shown posi-
tioned between the square EDR electrode contacts. A tem-
perature sensor 80 is also seen in the figure as the small
component directly to the left of the left EDR contact 76a.

The finger enclosure retains the finger in functional contact
with the sensor elements which is a critical aspect of the
biometric sensor embodiments. A couple of important ele-
ments to the enclosure structures are as follows. (1) A design
that maintains light contact pressure on fingers of different
sizes (including five fingers per hand, adult male and female,
children) whereby the enclosure assures proper finger to sen-
sor contact under moderate use conditions. (2) An EDR sen-
sor design providing an electrode surface geometry that mini-
mizes electrode to skin motion artifacts and improves
electrode to skin contact. In at least one embodiment of the
invention, the finger contacts are so shaped as to create a
partial vacuum (PV) between the electrode surface and the
skin, thus stabilizing the electrode to skin interface.

FIG. 3 illustrates an example embodiment 90 of an enclo-
sure design for the biometric sensor device. In this embodi-
ment, the enclosure comprises a tube-like structure having a
tapered interior, and preferably significantly larger (e.g.,
approximately 50% more) finger contact surface on the inte-
rior side ofthe finger rather than on the exterior (knuckle) side
of the finger. The length of the housing 92, is approximately
2% inches in length with a proximal opening diameter 94 of
approximately ¥ inch. The embodiment shown can accom-
modate a range of finger sizes, while it may be too large for
children and too small for large adults. It will be appreciated
that the dimensions of the housing can be changed to suit
different sized individuals (e.g., small, medium and large)
without departing from the teachings of the invention. Distal
opening 96 is shown having a smaller diameter than the
proximal end opening 94, and in alternate embodiments (e.g,,
FIG. 4) the distal end may contain a flexible conical structure
to assure proper finger contact with the multiple sensor (e.g.,
EDR and PPG). It can be seen in the figure that the enclosure
is configured with a first side 92 length that is significantly
longer that the second side 98. The second side is configured
far enough toward the proximal end (opening 94) to slide
over, or past the first knuckle (closest the fingertip). to limit
movement of the fingertip relative to the sensors. The biomet-
ric sensor circuit board 100, seen in FIG. 2, is shown mounted
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interior the enclosure for receivable contact with the interior
side of the finger and maintaining sensors in proper alignment
with the fingertip pad (as opposed to the fingernail on its
opposite side of the finger). As the user advances the finger
into the enclosure, the finger tip is put in a light pressure
contact with the sensor board. The enclosure 90 is preferably
fabricated from plastic (e.g.. polyvinyl chloride (PVC)),
although other materials (preferably non-conductive) may be
utilized.

FIG. 4 illustrates an example embodiment 110 utilizing a
“tray” shaped enclosure for the sensor board 114 on a tapered
enclosure 112. An elastic cone 116 is shown on the distal end
of the enclosure 112 configured for retaining a finger 122. The
elastic cone 116 comprises a proximal opening 118 and distal
end opening 120. In at least one embodiment, a series of
elastic cones are provided and the user can choose a size that
fits over the top of the finger and under the nose of the
enclosure. As the elastic is advanced back toward the knuckle
the increasing diameter of the enclosure tightens the elastic
around the finger and secures the sensor board against the
finger tip. The advantage of this design is that all finger sizes
can be accommodated with elastic cones of different diam-
eters. Flexible cones may be constructed in various ways,
such as formed from 0.75 inch wide elastic band stock, or
molded of an elastomeric material. For example, using elastic
band stock, elastic pieces may be cut in sections ranging from
2 inches long to 4 inches long in 0.50 increments, yielding 8
different lengths. Each section is rolled into a loop with one
end turned at a 45 degree angle so the resulting loop has a
small and large diameter opening. Other finger enclosures
using various materials may be implemented to fulfill the
requirements of providing a secure finger to board contact
while accommodating any desired range of finger sizes.

FIG. 5 and F1G. 6 illustrates another example embodiment
130 0f a biometric sensor board being incorporated into a ring
design. The ring itself with attached sensor board 138 is
shown in FIG. 5, while the ring is shown worn on a finger of
the user in FIG. 6. This design has been reduced to practice
using a ring worn in the standard position on the third pha-
lange of the finger. As can be seen in the figure, the ring has a
housing portion 132 with lower portion 134 and upper portion
136. Similar to the embodiment of FIG. 4, the lower body 134
is more elongate than the upper body portion 136. A biometric
sensor circuit board 138 is seen retained in the ring embodi-
ment. The data provided by the EDR, PPG, temperature sen-
sor, and accelerometer are all substantially equivalent to the
data obtained from the fingertip (first phalange). The ring
design as shown has limited space available for the battery,
however, it will be appreciated that different battery configu-
rations can be utilized to accommodate the ring (e.g., smaller
batteries, multiple batteries in parallel, battery within, or as
external elements (e.g.,a “stone” of the ring) and so forth. The
embodiment is exemplified as being 0.75 inches inside diam-
eter, 0.75 inches long and preferably made of plastic, in
particular PVC, although any desired material may be uti-
lized. The ring configuration provides good stability and skin
contact for the EDR, PPG, temperature sensors, but is limited
in its ability to accommodate different finger sizes. A large
diameter ring with different sized inserts is one solution, or a
range of ring sizes could be made to accommodate a range of
finger sizes.

FIG. 7A and FIG. 7B illustrate an example embodiment of
a dual electrode surface geometry, seen in FIG. 7B in relation
to the biometric sensor circuit board seen here in FIG. 7A. An
innovation in the functioning of the EDR sensor is provided
herein in the form of the partial vacuum (PV) electrode to
finger contact. The PV is achieved by creating a slightly
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concave surface of the electrode that contacts the skin. The
well of this cavity having a relatively smooth shape to which
the skin of the finger readily conforms. By applying a small
pressure to the electrode to skin interface, the elasticity ofthe
skin fills the concavity and is held in place by partial vacuum.
This principle applies to most forms of cavities or depressions
on the electrode surface that fit on the axial surface of the
finger, thus these cavities should be approximately 0.125
inches to 0.25 inches in diameter. In FIG. 7B, the pair of EDR
electrodes are seen with a central concave well of 0.067 inch
depth. The previously described sensor board with flat elec-
trodes is shown for size comparison.

The PV electrode in conjunction with the previously
described enclosure or ring significantly enhances the func-
tionality of the sensor and allows more use cases that involve
active hand motion. Circuit board fabrication may incorpo-
rate surface features, such as removal or additive methods
(e.g., drilling, grinding, building up, and so forth) into or
alternatively onto the surface of the board. The cavity area is
preferably coated with a highly conductive metal or alloy that
has low oxidation potential, such as gold electroplating.

There are many cavity patterns that can be configured in, or
on, a PCB and then plated to produce a functional EDR
electrode set. One alternative embodiment utilizes multiple
cavity areas for each electrode, such as an array of micro wells
(e.g., a diameter of approximately 1 mm or larger) in an area,
(e.g., a square or circle of 0.50 inch diameter) that improves
accuracy when performing select measurements.

FIG. 8A through FIG. 8C illustrate different example
embodiments 150a, 15056, 150¢, of electrode pairs for use
with the biometric sensor circuit. Flat sensor areas 152 in FIG.
8A are shown in comparison with the PV cupped sensors 154,
156 of FIG. 8B and FIG. 8C. Embodiment 154 has the sensor
pads themselves being cupped while embodiment 156 has the
sensor pads within a cupped sensor area. It should also be
noted that embodiments 152, 154 are shown with the sensor
area in a lower level of the structure, with a recessed sensor
area 158, while embodiment 156 has sensors retained in a flat
region.

2. Software Description

2.1 Introduction

The biometric sensor array is configured to send sensor
data to the mobile device, such as through the exemplified
audio interface or wireless interface. The data stream from the
biometric sensor array is (a) decoded in the mobile device, (b)
displayed in raw data form (e.g., graphing routine), (c) pro-
cessed to derive averaged or time related values, and (d)
displayed in the form of animation. It should be appreciated
that the decoding includes decoding from the frequency divi-
sion multiplexed format, and putting the signal in a format,
including any desired scaling or offset, to simplify data dis-
play and any calculations performed interoperatively on the
data signals as a whole. These software routines are executed
on the processor of the mobile device.

2.2 Raw Data and Derived Data

Raw data can be derived and displayed from multiple sen-
sor feedback channels, such as seven channels, in the current
embodiment of the biometric sensor. These seven channels
comprise: (1) EDR tonic, (2) EDR phasic, (3) Infrared (IR)
reflection (cardiac pulse), (4) Skin temperature, (5) Accelera-
tion in X direction, (6) Acceleration in Y direction, (7) Accel-
eration in Z direction.

Additional information is provided in response to calcula-
tions performed on the raw data. This information is particu-
larly useful for interactive applications executing according
to the present invention, which utilize combinations of emo-
tion-related biometric information and acceleration within
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the biometric sensor. The current embodiment derives emo-
tion metrics which include heart rate (HR), heart rate vari-
ability (HRV), and respiration rate based on HRV, as well as
activity information on an acceleration sensor.

Accelerations sensed by the acceleration sensor are uti-
lized for motion correcting information from other sensors,
most beneficially the EDR and/or PPG sense data. The
present embodiment provides two modes of biometric sensor
artifact rejection. Both modes utilize temporal correlation
between the signal to the corrected and the accelerometer
signal. It will be noted that the signals to be corrected are low
frequency signals (e.g., EDR is in the range from 0.25 Hz to
5 Hz), while the motion artifacts contain higher frequency
content, such as at and above approximately 20 Hz to 100 Hz.

By way of example and not limitation, the following exem-
plifies correcting the EDR and PPG signal. In the first mode
the EDR and PPG data is rejected in response to sensing a
sufficient acceleration (e.g., exceeding a motion threshold)
from the acceleration sensor, thus eliminating the section of
signal containing the motion artifact. This mode can also
preferably verify that the EDR and/or PPG data signal con-
tains high frequency content prior to eliminating that section
of the signal being registered. The program simply shuts off
EDR and PPG channel data when a high frequency EDR
signal input comes at the same time as a sufficient accelera-
tion is sensed in either X, Y, or Z directions to cross a desired
amplitude threshold. This may be performed, by way of
example, by electrically blocking the signal or removing rep-
resentative data entries from a buffer. The interrupt in the
EDR and PPG signals only lasts as long as the motion artifact,
whereby the output signals are restored when either accelera-
tion or high frequency EDR and/or PPG signals return to their
normal low frequency nature.

In the second mode, a form of noise cancelation is pro-
vided. This noise cancelation form of correction requires
more processing overhead than the first mode of correction.
In response to receiving a sufficient acceleration (e.g.,
exceeding a motion threshold), and preferably also detecting
a high frequency component in the EDR and/or PPG signal,
then a compensation signal representing the motion artifact is
subtracted from the EDR and/or PPG signals. The compen-
sation signal can be determined from the acceleration signals,
or from the high-frequency components of the EDR or PPG
signal being corrected, or more preferably to acombination of
acceleration and EDR/PPG signals. As aresult of this form of
cancelation, only the motion artifact is removed from the
corrected EDR and/or PPG signals. In one embodiment, the
compensation signal is generated on a parallel channel and
has a component which is 180 degrees out of phase with the
motion artifact contained in the EDR and/or PPG signal. The
generated EDR and/or PPG signal is then combined with the
compensation signal to generate a corrected EDR and/or PPG
signal without the motion artifacts.

It should be appreciated that the above modes of motion
artifact cancelation can be performed by programming
executing on the processor of the biometric sensor array, or by
programming executing on the processor of the mobile
device. In at least one embodiment, the first mode can be
selectively performed on the processor of the sensor array,
while the second mode is alternatively performed on the
processor of the mobile device.

FIGS. 9A and 9B illustrate examiple screens from the cur-
rent embodiment. In FIG. 9A is shown phasic EDR including
two upward deflections caused by decreased skin resistance
in response to sharp inhalation. The plot of FIG. 9B shows
cardiac pulse deflections corresponding to IR light scattered
by blood perfusion in the finger. Heart rate is derived by
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timing the peaks in the pulse plot as shown by the small
number on the right with value “74” marked HR. Heart rate
variability is calculated as the change in HR over a given set
of heart beats. In this case a moving set of four beats is used
to make a calculation of the change in HR. The inter-beat
interval (IBI) is shown by the number on the left side marked
as IBI, and the change in IBI is shown by the number in the
middle marked asA IBI. The clinical standard for calculating
HRYV is over a period of five minutes with the subject lying
quietly for the entire time of the evaluation. So in calculating
HRY, it is useful to record the time interval used for the data
recording.

FIG. 10 shows heart rate variability with exhalation and
inhalation periods shown displayed over the graph. Table 1
shows derived data and data correlations. It is seen in this
table that HRV is generated in response to the standard devia-
tion of HR over time (e.g., measured in seconds or heart
beats), while respiration rate is determined from analyzing
HRV over time.

2.3 Data Flow for Real-Time Applications on Mobile
Device

FIG. 11 illustrates an embodiment of a method for con-
necting the biometric sensor array to a mobile device using
the audio port for collecting biofeedback data processed on
the mobile device. In step 170 the biometric sensor array is
connected to the microphone (mic) input of a mobile device.
The user then activates, or has previously activated, the appli-
cation (app) 172 on the mobile device. User then selects to
start the data capture (audio capture) 174 in the application.
The audio is exemplified as being captured using the callback
method 176, this is performed by determining the period of
the incoming signal, the values is put in one of two buffers,
and the average of the two buffers is maintained periodically.
The average values are determined and graphed in step 178,
with the graph being periodically refreshed in step 180. It
should be noted that the steps 170, 172, 174 involve the user
interaction with the hardware and application, while steps
176, 178 and 180 are performed by the application program
executing on the mobile device in conjunction with biometric
sensor array of the invention. It should be noted that the
embodiment shown provides two simultaneous data channels
on the audio connection, while the hardware can be config-
ured, such as using a wireless communication protocol, to
provide any desired number of data channels from which the
application can log, derive, calculate values on this data in
separate channels or more particularly, in response to interop-
erable data utilization. One of ordinary skill in the art will
appreciate that the method steps of FIG. 11 are substantially
applicable to the alternate use of a wireless communication
port that is activated for communication with the biometric
sensitive application executing on the mobile device.

2.4 Interactive Applications and Use Scenarios

The raw and derived data of user biometrics captured by the
biometric sensor hardware can be utilized in a variety of ways
according to the invention within interactive applications
(apps) on the mobile device. Each of these applications
interoperably utilizes information from multiple sensors
upon which to base decisions. As a first example, the sensed
accelerations in the X, Y and Z directions are utilized in a
process of motion artifact removal from the data received
from the other channels, as previously described. As a second
example, many of the applications utilize a weighted sum of
the phasic EDR and HRV to determine an overall state mea-
sure. The weighting of the sum, that is its relative contribu-
tions and scaling, have been determined from extensive
amounts of data collected.
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The present invention provides a number of general appli-
cation areas which beneficially allow a user to determine
good stress from bad stress, detect short term and long term
stress, and otherwise determine the biometrics of user emo-
tional state in response to stimuli and as a basis for, or as one
parameter of numerous parameters, within other applications
and games.

The next section summarizes a number of example appli-
cations relying on novel elements of the present invention. By
way of example and not limitation, these applications include
a lie detector game, meditation challenge, hot or not reaction
capture, daily stress, good versus bad stress, chronic stress,
cool head, and focus groups. Table 2 shows data correlations
and associated results for these example applications. It
should be noted that thresholds for the results do not rely on
predetermined values, such as from a table, but are based on
relative changes over time. It is readily seen from this table
that the present invention utilizes data from multiple sensors
in determining a result for the application. The following
provides additional details about these example applications.

(A) Lie Detector Game: The system is used to detect stress
induced in response to questioning (e.g., verbal, or less pref-
erably textual). The data from the EDR and PPG channels are
processed together to give a phasic EDR response coupled
with HR and short term HRV. Overall, detection of increased
EDR while detecting decreases in HRV is the principle indi-
cator of the induced stress of a lie. More particularly, after a
question is posed, the basic algorithm is: (1) Increased EDR +
increased HR+decreased HRV="lie” (induced stress). (2)
Steady EDR+steady HR+increased HRV=“truth”. (3)
Decreased EDR+lower HR +increased HRV="truth”. (4)
Increased EDR +steady HR +decreased HRV="lie”. So it view
of the above it is seen that increased EDR and decreased HRV
are the main indicators of lie induced stress. These interop-
erative determinations are summarized in Table 2. The gen-
eral game environment is with a small group of people with
one user wearing the sensor. The user stress response can be
viewed on a display from one mobile device (such as a tablet),
or the user response can be sent via internet to multiple
devices creating an event for viewers in remote locations.
Simply using a graphical display is sufficient to engage the
group questioning the user, and many other forms of response
display are possible using animation driven by the EDR and
HR signals.

(B) Meditation Challenge: An Internet based interactive
game wherein multiple users (two or more) use the biofeed-
back information provided to intentionally reduce their stress
levels at a specific time based on a challenge placed among
the users. This application uses phasic and tonic EDR, short
term HRV, and temperature. The object is to reduce stress
levels at a particular time for a given interval, such as “at 10
AM take 10 minutes” and reduce your levels. Based on the
displayed information the user attempts to reduce tonic EDR
plot and minimize fluctuations in the phasic EDR plot. At the
same time the aim is to increase HRV (a healthy sign) over the
challenge period, and increase your hand temperature. The
general object in this application is to display sensor infor-
mation and information derived from correlating data from
multiple sensors, to the user. The user can then direct their
attention toward changing their emotional state as reflected
by the displayed information. In a simple example, the dis-
play may show an EDR plot, whereby the user meditates on
bringing this value lower and lower on the graph. Similarly,
HRYV is displayed and the user works toward increasing HRV
by taking deeper slower breaths. More particularly, multiple
elements are displayed, and/or a combined display is output.
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In at least one embodiment of the invention, the system
marks displayed graphical results (for this and other applica-
tions according to the invention), such as with the graph color
as it is plotted, in response to the system sensing a changing
trend line. For example, with both EDR and HRV being
displayed, as the user breathes more deeply, the new plot of
HRYV is highlighted, such as in green to indicate a positive
change, thus making it easier for the user to discern positive
changes in a given parameter. Conversely, in the example
above, if user breathing is shorter and shallower, then the plot
would be differently highlighted, such as changing from its
default color to increasing shades of red. The data from each
user is displayed on each participants” mobile device.

In this meditation challenge application each user is not
preferably competing based on their scores, but rather toward
making improvements over their personal bests previously
achieved. In at least one embodiment, the application con-
templates allowing at least oneuser to act as a coach to aid one
or more other participants in effecting a positive physiologi-
cal change.

(C)*“Hot or Not™: Reaction to various images or comments
are scored using phasic EDR and HR. The speed of the phasic
EDR signal is ideal for determining reactions to stimuli. It
should be noted that both what users react to, and what they do
not react to, is interesting and can be entertaining. In at least
one embodiment, multiple users over the internet participate
in this reaction application. In one mode of the application,
the stimuli given to the users is generated by the system, while
in another mode users generate the stimuli.

In at least one embodiment, in response to detecting a
sufficient emotional reaction, the programming operates to
trigger camera activation on the mobile device (i.e., cell
phones and other mobile devices typically contain cameras),
in either still or video mode as desired, whereby a picture, or
short video snippet of 1-4 seconds, is captured of the user and
their immediate emotional reaction. In one mode of the inven-
tion, the programming shares these photos/videos with the
other participants. The camera feature described above is
applicable to the Hot or Not application as well as other
applications of the present invention.

(D) Daily Stress: This application provides user feedback
that can help promote improved health and wellness by giving
data about autonomic responses to everyday stimuli. This
application utilizes phasic and tonic EDR, longer term HRYV,
activity indicators based on accelerometer data, and a micro-
phone input to synchronize the data to environmental activity.

(E) Good versus Bad Stress: This application allows the
user to determine their levels of “good stress” versus “bad
stress”. It is understood that certain forms of stress, such as
during mild exercise in which pulse rate and breathing
increase along with concomitant stress factors, are beneficial.
However, “bad stress” arises when the body appears sub-
jected to stress, (e.g., fight or flight response), but is not
performing physical activity, such as when a person becomes
frustrated while working at the computer. The bad stress can
be sensed by increased EDR, HR, with decreased HRV due to
shallow breathing.

(F) Chronic Stress: This application is a tracking applica-
tion that records longer term responses. Since the finger probe
is comfortable and allows unencumbered finger motion the
stress levels may be recorded over the long term, and/or data
collected at more frequent intervals. This application uses
tonic EDR, HR, longer term HRV, and temperature. The
object is for the user to lower EDR and increase HRV, and try
to avoid stress induced increases in HR. In at least one
embodiment, each channel can be plotted separately so the
user can review the data at the end of the day. In at least one
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mode the system provides a logging function which allows
users to make notes about activity during the day.

(G) Cool Head: This application provides an interactive
game, in which the emotional state of the gamer is incorpo-
rated into game play. The object is to keep cool and unexcited
to advance to higher levels of game play. For instance, in
virtual auto racing, points are awarded or higher speed is
possible for staying calm. This application uses phasic EDR,
HR, and accelerometers to monitor unnecessary motion. This
is similar to the lie detector whereby the user tries not to react
to stimulation. The application logs game events and moni-
tors user reaction to those events. The user loses points if they
respond to the event, such as evidenced by an increase in EDR
and HR. Points are scored for keeping EDR steady and more
points scored for decreased EDR. Points are lost for increased
HR and accelerometer activity. Points are scored for
decreased HR and acceleration activity.

(H) Focus Groups: In this application, users are monitored
in a controlled environment to determine the most effective
form of advertising or attention getting stimuli. Phasic EDR
and HR give real-time feedback as users react to presentation
material. Since advertisers are looking for “engagement” and
an emotional reaction from a consumer, the app would moni-
tor user reaction during and after the display of an image or
video clip. An increase in the EDR and HR indicate user
arousal and positive reaction to the content. A steady or
decreased EDR and HR would indicate a neutral or disinter-
ested user reaction.

2.5 Coding Examples

Processing of data from the biometric sensor array is pet-
formed by application programming executing in the mobile
device to which the biometric sensor array is attached, or
otherwise has communication connectivity. The following
are provided by way of example, and not limitation, of that
programming.

Table 3 provides an example embodiment for gathering
EDR data and displaying a plot of EDR with respect to time.

Table 4 provides an example embodiment for finding heart
rate (HR) of a preprocessed PPG output, determining a con-
fidence measure, and performing graphing functions.

Embodiments of the present invention may be described
with reference to flowchart illustrations of methods and sys-
tems according to embodiments of the invention, and/or algo-
rithms, formulae, or other computational depictions, which
may also be implemented as computer program products. In
this regard, each block or step of a flowchart, and combina-
tions of blocks (and/or steps) in a flowchart, algorithm, for-
mula, or computational depiction can be implemented by
various means, such as hardware, firmware, and/or software
including one or more computer program instructions
embodied in computer-readable program code logic. As will
be appreciated, any such computer program instructions may
be loaded onto a computer, including without limitation a
general purpose computer or special purpose computer, or
other programmable processing apparatus to produce a
machine, such that the computer program instructions which
execute on the computer or other programmable processing
apparatus create means for implementing the functions speci-
fied in the block(s) of the flowchart(s).

Accordingly, blocks of the flowcharts, algorithms, formu-
lae, or computational depictions support combinations of
means for performing the specified functions, combinations
of steps for performing the specified functions, and computer
program instructions, such as embodied in computer-read-
able program code logic means, for performing the specified
functions. It will also be understood that each block of the
flowchart illustrations, algorithms, formulae, or computa-
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tional depictions and combinations thereof described herein,
can be implemented by special purpose hardware-based com-
puter systems which perform the specified functions or steps,
or combinations of special purpose hardware and computer-
readable program code logic means.

Furthermore, these computer program instructions, such as
embodied in computer-readable program code logic, may
also be stored in a computer-readable memory that can direct
a computer or other programmable processing apparatus to
function in a particular manner, such that the instructions
stored in the computer-readable memory produce an article of
manufacture including instruction means which implement
the function specified in the block(s) of the flowchart(s). The
computer program instructions may also be loaded onto a
computer or other programmable processing apparatus to
cause a series of operational steps to be performed on the
computer or other programmable processing apparatus to
produce a computer-implemented process such that the
instructions which execute on the computer or other program-
mable processing apparatus provide steps for implementing
the functions specified in the block(s) of the flowchart(s),
algorithm(s), formula(e), or computational depiction(s).

From the discussion above it will be appreciated that the
invention can be embodied in various ways, including the
following:

1. An apparatus for estimating emotional state of a user for
display on a mobile device, said apparatus comprising (a) a
housing configured for retention of a finger of a user; (b) a
sensor circuit retained in said housing; (c) said sensor circuit
comprising a plurality of sensors configured for skin contact
with a portion of the finger of the user; (d) said plurality of
sensors comprising electrodermal response (EDR), photopl-
ethysmograph (PPG), temperature, and acceleration sensors;
(e) said sensor circuit comprising a communications interface
configured for communicating data from said sensors to a
mobile device; (f) said sensor circuit comprising a processor
and programming executable on said processor for receiving
input data from said sensors, processing said input data, and
outputting processed data to the mobile device through said
communications interface; (g) wherein the mobile device is
configured for hosting an application program for communi-
cating with said processor, post-processing said processed
data, and displaying said post-processed data as biofeedback
data.

2. The apparatus of any of the previous embodiments,
wherein said acceleration sensor comprises a three axis accel-
eration sensor configured for sensing acceleration in the X, Y
and Z directions.

3. The apparatus of any of the previous embodiments,
wherein said EDR sensor generates a tonic signal and a phasic
signal as an indication of arousal and mood.

4. The apparatus of any of the previous embodiments,
wherein said PPG sensor measures user cardiac pulse from
which heart rate (HR) and heart rate variability (HRV) can be
determined.

5. The apparatus of any of the previous embodiments,
wherein said communications interface comprises an audio
frequency electronic signal interface configured for connec-
tion to a microphone input of the mobile device.

6. The apparatus of any of the previous embodiments,
wherein said audio frequency electronic signal interface uti-
lizes amplitude modulation and frequency division multi-
plexing of multiple signals from said sensors.

7. The apparatus of any of the previous embodiments,
wherein said communications interface comprises a wireless
signal interface.
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8. The apparatus of any of the previous embodiments,
wherein said wireless signal interface comprises a Bluetooth
interface.

9. The apparatus of any of the previous embodiments,
wherein said finger has knuckles, said finger has a fingettip,
and said fingertip has a pad; and wherein said housing is
configured for retention on the fingertip with said EDR, PPG
and temperature sensors held against the pad of the fingertip;
or wherein said housing is configured as a ring for retention
between the knuckles of a finger with said EDR, PPG and
temperature sensors held against the pad of the finger between
the knuckles.

10. A system for estimating emotional state of a user for
display on a mobile device, said apparatus comprising (a) a
housing configured for retention of a finger of a user; (b) a
sensor circuit retained in said housing; (c) said sensor circuit
comprising a plurality of sensors configured for skin contact
with a portion of the finger of the user; (d) said plurality of
sensors comprising electrodermal response (EDR), photopl-
ethysmograph (PPG), temperature, and acceleration sensors;
(e) said sensor circuit comprising a communications interface
configured for communicating data from said sensors to a
mobile device; (f) said sensor circuit comprising a processor
and programming executable on the processor for receiving
input data from said sensors, processing said input data, and
outputting processed data to the mobile device through said
communications interface; and (g) an application program
configured for execution on a processor of a mobile device
having a display and user inputs and which is configured to
receive said processed data; (h) said application program
configured for communicating with said sensor circuit pro-
cessor, post-processing said processed data, and displaying
said post-processed data on said display as biofeedback data.

11. The system of any of the previous embodiments,
wherein said application program performs motion artifact
removal on EDR and PPG signals in response to acceleration
sensed by said acceleration sensor.

12. The system of any of the previous embodiments,
wherein said sensor array further comprises a temperature
Sensor.

13. The system of any of the previous embodiments,
wherein said application program is further configured for
performing a weighted average of said EDR and PPG sensors
to create an overall emotional state estimation.

14. The system of any of the previous embodiments,
wherein said EDR sensor generates a tonic signal and a phasic
signal as an indication of arousal and mood.

15. The system of any of the previous embodiments,
wherein said PPG sensor measures user cardiac pulse from
which heart rate (HR) and heart rate variability (HRV) can be
determined.

16. The system of any of the previous embodiments,
wherein said acceleration sensor comprises a three axis accel-
eration sensor configured for sensing acceleration in the X, Y
and 7 directions.

17. The system of any of the previous embodiments,
wherein said communications interface comprises an audio
frequency electronic signal interface from said apparatus
configured for connection to a microphone input of a mobile
device.

18. The system of any of the previous embodiments,
wherein said communications interface comprises a wireless
signal interface.

19. The system of any of the previous embodiments,
wherein said application program is configured to detect good
stress versus bad stress for the user.
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20. The system of any of the previous embodiments,
wherein said application program is configured to detect user
short term and long term stress.

21. The system of any of the previous embodiments,
wherein said application program is configured to detect user
emotional state as a basis for results and decisions in game
scenarios.

22. The system of any of the previous embodiments,
wherein said application program is configured to detect user
emotional state in response to specific stimuli.

23. A system for estimating emotional state of a user for
display on a mobile device, said apparatus comprising (a) a
mobile device having a processor, a display, and a user inter-
face; (b) a sensor array configured for communication with
said mobile device; (c) a housing of said sensor array config-
ured for retention of a finger of a user; (d) a sensor circuit
retained in said housing; (e) said sensor circuit comprising a
plurality of sensors configured for skin contact with a portion
of the finger of the user; (f) said plurality of sensors compris-
ing electrodermal response (EDR), photoplethysmograph
(PPG), temperature, and acceleration sensors; (g) said sensor
circuit comprising a communications interface configured for
communicating data from said sensors to the mobile device;
(h) said sensor circuit comprising a processor and program-
ming executable on said processor for receiving input data
from said sensors, processing said input data, and outputting
processed data to said mobile device through said communi-
cations interface; (i) said mobile device having a communi-
cations interface configured for communication of data with
said sensor circuit; and (j) an application program configured
for execution on the processor of said mobile device; (k) said
application program configured for communicating with said
sensor circuit processor, post-processing said processed data,
and displaying said post-processed data on said display as
biofeedback data.

24. A system for displaying good stress versus bad stress on
a mobile device in response to biofeedback signals received
from an sensor array, said system comprising: (a) a sensor
array; (b) a housing for said sensor array which is configured
for insertion and retention of a finger of a user; (c) a sensor
circuit retained in said housing; (d) said sensor circuit com-
prising a plurality of sensors configured for skin contact with
aportion of the finger of the user; (e) said plurality of sensors
comprising electrodermal response (EDR), photoplethysmo-
graph (PPG), and acceleration sensors; (f) said sensor circuit
comprising a communications interface configured for com-
municating said data from said sensors to a mobile device; (g)
said sensor circuit comprising a processor and programming
executable on the processor for receiving input data from said
sensors, processing said input data, and outputting processed
data on to the mobile device through said communications
interface; and (h) an application program configured for
execution on a processor of a mobile device having a display
and user inputs configured to receive said processed data; (i)
said application program configured for communicating with
said sensor circuit processor, post-processing said processed
data, performing motion artifact removal on EDR and PPG
signals in response to accelerations sensed by said accelera-
tion sensor, combining EDR and PPG signals using a
weighted average to create an overall emotional state estima-
tion, and determining and displaying good stress versus bad
stress for the user.

Although the description above contains many details,
these should not be construed as limiting the scope of the
invention but as merely providing illustrations of some of the
presently preferred embodiments of this invention. There-
fore, it will be appreciated that the scope of the present inven-
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tion fully encompasses other embodiments which may TABLE 2-continued
become obvious to those skilled in the art, and that the scope
of the present invention is accordingly to be limited by noth- Data Correlations and Result (output) for Sample Applications

ing other than the appended claims, in which reference to an

element in the singular is not intended to mean “one and only 5 U5 8¢ EDRHR  HRV Resp Temp Accel RESULT
one” unless explicitly so stated, but rather “one or more.” All Cool Head I+ TIf+ If— If+ lose
structural, chemical, and functional equivalents to the ele- Focus Gr. If+ If+ Ifo TIf+ If+ big win
ments of the above-described preferred embodiment that are Focus Gr. If+ Ifo Ifo Io Ifo win
known to those of ordinary skill in the art are expressly =~ Focus Gr. fe If+ Ifo [If+ Ifo OK
incorporated herein by reference and are intended to be 10 FocusGr. f- Ifo Ifo Ifo Ifo loser
encompassed by the present claims. Moreover, it is not nec- _
. (“+” = increase “~” = decrease “0” = no change)
essary for a device or method to address each and every
problem sought to be solved by the present invention, for it to
be encompassed by the present claims. Furthermore, no ele- TABLE 3
ment, component, or method step in the present disclosure is 15
intended to be dedicated to the public regardless of whether Sample EDR Generation Code
Fhe elemept, componept, or method step is explicitly recited % Gather Rew EDR Data and Plot EDR voltage vs fime
in the claims. No claim element herein is to be construed % Tnput data
under the provisions of 35 U.S.C. 112, sixth paragraph, unless [fn, pn] = uigetfile(**.dat’, [*Choose first data file to be
the element is expressly recited using the phrase “means for” 20 analyzed’]);
path = [pn fn];
fp = fopen(path,‘1t’);
TABLE 1 % check to make sure file was opened successfully
iffp==-1
Derived Data and Data Correlations error([*Unable to open ’ path *.’]);
end
Derived data Method of generation 2 BicDataRaw1 = fscanf(fp,%g’, [1 inf]);
status = fclose(fp);
HRV Standard Deviation of HR over X seconds = 9% Plot Data Raw FDR.
HR variability over set of X heart beats, NumSamples = length(BioDataRaw1)-1;
where X is determined by the user time = (0:(NumSamples))/100;
Respiration rate Plot HRV vs. time plot(time,BioDataRaw1)
30 edrSampleRate(1/time)
edrRawData(BioDataRaw1)
load ¢:\ben\senstreamiprojects\0.5to12Bandpass.mat
TABLE 2 alpha = filter(Num, 1, BioDataRaw1);
NumSamples = length(alpha)-1;
Data Correlations and Result (output) for Sample Applications time = (0:(NumSamples))/100;
35 plot(time, EDR)
Use case EDR HR HRV Resp Temp Accel RESULT xlabel(*Time (sec)’)
Allpass = zeros(1,length(Num));
Lie Det. If+ If+ If- If+ If+ lie Allpass((length(Num)-1)/2) = 1;
Lie Det. Ife Ifo Ifo Ifo Ifo truth load ¢:\ben\senstreamiprojects\10HzLPF.mat
Lie Det. If- Ifo Ifo Ifo Ifo truth edr = abs(alpha);
Lie Det. Ife If+ If- If+ Ifo lie 40 edr = filter(Num,1, alpha);
Med Chal If- If- If+ If- If+ Ifo win load ¢:\ben\senstreamiprojects\20HzLPF.mat
Med Chal If+ If+ If- If+ If- Ifo lose nonedr = filter(Allpass,1, BioDataRaw1);
Med Chal If- Ifo Ifo Ifo Ifo Ifo win nonedr = abs(nonedr);
Med Chal If+ Ifo If- Ifo If- If+ lose nonedr = filter(Num, 1, nonedr);
Hot or Not If+ If+ Ifo If+ hot ratio = edr./nonedr;
Hot or Not Ifo Ifo Ifo Ifo not 45 ratio = ratio.*ratio;
Hot or Not If- Ifo Ifo If- not ratio(1:length(Allpass))=0;
Hot or Not If+ Ifo Ifo Ifo hot NumSamples = length(ratio)-1;
Healthy Stress If+ If+ If+ If+ If+ good time = (0:(NumSamples))/100;
Unhealthy Stress  If+ If+ If- If- If- bad plot(time,ratio)
Cool Head Ife Ifo Ifo Ifo win EDRSampleRate(1/time)
Cool Head If- Ifo If+ If- win EDR(ratio)
Cool Head If+ If+ Ifo Ifo lose 30
TABLE 4
Sample HR Generation Code
% findHR

% This script finds the heart rate of a pre-processed PPG output —
% i.e. from the peak voltage of IR detector output.
function [hrFinal,finalFrames] = findHR (preprocPPG, plotOpt);
if nargin < 2

plotOpt = ‘false’;

if nargin < 1

error(‘Must supply pre-processed PPG.");

end
end
STD_MULT = 3; % threshold is intially set to this mumber of standard deviations.
SLOPE = 0.4; % threshold decreased by this much in one period of heart.
STARTING__HR = 60; % bpm
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TABLE 4-continued

Sample HR Generation Code

CAL__LENGTH = 3; % The amount of time that the std is calculated over in seconds.
CAL_ BEATS = 3; % the number of beats that are used for calibration.
FRAME_ RATE = 500; % sample rate of preprocEKG;
PAUSE__TIME = 0.3; % a period of time in seconds after a beat where no new beats
can be found.
MIN__HR = 60; % minimum HR in BPM
MAX__HR = 150; % maximum HR
MAX_HR_CHANGE =0.3; % 0.3
MEDFILT_LENGTH = 30; % length of median filter
MAX_BEAT INC_RATIO = 0.5; % the maximum amount that the threshold can increase
when there is a new beat.
signal = preprocPPG;
% check to make sure that signal is at least CAL__ LENGTH seconds long;
if length(signal) /,FRAME_RATE < CAL_ LENGTH
error([Input data must be at least " num2str(CAL__LENGTH) * seconds long."]);
end
% calculate starting threshold
thresh = STD_MULT.*std(signal([l:FRAME_ RATE.*CAL_ LENGTH]));
% start looking for heartbeats

count =1;
beats =1 ];
beats2 = ];

tempHR = STARTING__HR;
stageFlag = 1;
hr=[];
frames = [ ];
indBeatsHR =[ ];
indBeatsHRIndex = [ ];
sizeBeats = [ ];
lastBeat = thresh;
%loop through all frames, starting with first frame after calibration section
frame = FRAME_ RATE.*CAL_LENGTH + 1;
while frame < length(signal) - CAL_ BEATS
% check for signal > threshold
if signal(frame) > thresh & stageFlag == 1
stageFlag = 2;
elseif stageFlag == 2 & signal(frame) - signal(frame — 1) <0 % find peak
greater than thresh
% found a beat
beats = [beats frame — 1]; % save beat index
sizeBeats = [sizeBeats signal(frame-1)]; % save beat size
% set threshold equal to peak value. Conditional statement limits how
much peak value can
% increase each time a beat is found
if signal(beats(end))./lastBeat - 1 > MAX_BEAT INC_RATIO
thresh = lastBeat.*(1+MAX__BEAT_INC__RATIO);
else
thresh = signal(beats(end));
end
lastBeat = thresh;
if length(beats) > 2% calculate heartrate once you have at least 2 beats
tempHR = 60.*FRAME__RATE./(beats(end) - beats(end - 1));
hr = [hr tempHR];
frames = [frames frame]; % this stores the frames that correspond to
each heartrate.
% used for graphing
end
stageFlag = 3;
elseif stageFlag == 3 & count < PAUSE_ TIME.*FRAME_ RATE
% this is a period of time where no new beats can be detected
count = count + 1;
elseif stageFlag == 3 & count »= PAUSE_ TIME.*FRAME_ RATE
count = 1;
stageFlag = 1;
end
% threshold is always decreasing
thresh = thresh - tempHR.*SLOPE.*thresh./FRAME_ RATE./60;
% plot
if(stremp(plotOpt, “true’) & floor(frame./5) - frame./5 == 0)
plot(timeAxis(frame), thresh, ‘g.”)
end
% hr = [hr tempHR];
% increment frame
frame = frame + 1;
end
% clean up signal
hrClean = hr; % by the end of this block, hrClean has removed values outside the
acceptible range
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Sample HR Generation Code

cleanFrames = frames;

greaterInd = (find(hrClean > MAX_ HR));

lessthanInd = (find(hrClean < MIN__HR)};

hrClean(greaterInd) = [ ];

cleanFrames(greaterInd) = [ ];

if((lessthanInd > 0) & (lessthanInd < length(hrClean)))
hrClean(lessthanInd) = [ ];
cleanFrames(lessthanInd) = [ ];

end

%hrClean = medfilt] (hrClean, MEDFILT TENGTH);

confidence = zeros(size(hrClean));

hrFinal = hrClean;

% create confidence measure, simply std of recent heart rates

% also create final heartrate, which is a median filtered version of the clean

heart rare from above.

for i = MEDFILT_LENGTH:length(hrClean);
confidence(i) = std(hrClean(i - MEDFILT__LENGTH + 1:i));
hrFinal(i) = median(sort(hrClean(i - MEDFILT LENGTH + 1:i)));

end

% these next lines make the graphs line up

% IrFinal(1:MEDFILT_LENGTH-1)=[];

% confidence(1:MEDFILT LENGTH-1)=[];

% finalFrames = cleanFrames(MEDFILT__LENGTH:end);

finalFrames=cleanFrames;

PPGSampleRate(1/time)

PPGRawData(signal)

PulseEvent(beats)

PulseHeartRate(hr)

What is claimed is:

1. An apparatus for estimating emotional state of a user for
display on a mobile device, said apparatus comprising:

(a) a housing configured for retention of a finger of a user;

(b) a sensor circuit retained in said housing;

(c) said sensor circuit comprising a plurality of sensors
configured for skin contact with a portion of the finger of
the user;

(d) said plurality of sensors comprising electrodermal
response (EDR), photoplethysmograph (PPG), tem-
perature, and acceleration sensors;

(e) said sensor circuit comprising a communications inter-
face configured for communicating data from said sen-
sors to a mobile device;

(D) said sensor circuit comprising a processor and program-
ming executable on said processor for receiving input
data from said sensors, processing said input data, and
outputting processed data to the mobile device through
said communications interface;

(g) wherein the mobile device is configured for hosting an
application program for communicating with said pro-
cessor, post-processing said processed data, and dis-
playing said post-processed data as biofeedback data;
and

(h) wherein said application program performs motion arti-
fact removal on EDR and PPG signals in response to
acceleration sensed by said acceleration sensor.

2. The apparatus recited in claim 1, wherein said accelera-
tion sensor comprises a three axis acceleration sensor config-
ured for sensing acceleration in the X, Y and Z directions.

3. The apparatus recited in claim 1, wherein said EDR
sensor generates a tonic signal and a phasic signal as an
indication of arousal and mood.

4. The apparatus recited in claim 1, wherein said PPG
sensor measures user cardiac pulse from which heart rate
(HR) and heart rate variability (HRV) can be determined.

5. The apparatus recited in claim 1, wherein said commu-
nications interface comprises an audio frequency electronic
signal interface configured for connection to a microphone
input of the mobile device.
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6. The apparatus recited in claim 5, wherein said audio
frequency electronic signal interface utilizes amplitude
modulation and frequency division multiplexing of multiple
signals from said sensors.

7. The apparatus recited in claim 1, wherein said commu-
nications interface comprises a wireless signal interface.

8. The apparatus recited in claim 7, wherein said wireless
signal interface comprises a Bluetooth interface.

9. The apparatus recited in claim 1,

wherein said housing is configured for retention on a fin-
gertip of a user with said EDR, PPG and temperature
sensors held against a pad of the fingertip; or

wherein said housing is configured as a ring for retention
between knuckles of a finger of a user with said EDR,
PPG and temperature sensors held against the pad of the
finger between the knuckles.

10. The apparatus as recited in claim 1, wherein said appli-
cation program performs motion artifact removal on EDR and
PPG signals in response to acceleration sensed by said accel-
eration sensor, by rejecting EDR and PPG data in response to
sensing a sufficient acceleration from said acceleration sen-
SOr.

11. A system for estimating emotional state of a user for
display on a mobile device, said apparatus comprising;

(a) a housing configured for retention of a finger of a user;

(b) a sensor circuit retained in said housing;

(c) said sensor circuit comprising a plurality of sensors
configured for skin contact with a portion of the finger of
the user;

(d) said plurality of sensors comprising electrodermal
response (EDR), photoplethysmograph (PPG), tem-
perature, and acceleration sensors;

(e) said sensor circuit comprising a communications inter-
face configured for communicating data from said sen-
sors to a mobile device;

() said sensor circuit comprising a processor and program-
ming executable on the processor for receiving input
data from said sensors, processing said input data, and
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outputting processed data to the mobile device through
said communications interface; and

(g) an application program configured for execution on a
processor of a mobile device having a display and user
inputs and which is configured to receive said processed
data;

(h) said application program configured for communicat-
ing with said sensor circuit processor, post-processing
said processed data, and displaying said post-processed
data on said display as biofeedback data; and

(i) wherein said application program further performs
motion artifact removal on EDR and PPG signals in
response to acceleration sensed as triaxial motion by
said acceleration sensors in said sensor circuit config-
ured for retention on the finger of the user for mediating
motion effects which interfere with physiological signal
measurements.

12. The system recited in claim 11, wherein said applica-
tion program performs said motion artifact removal on EDR
and PPG signals in response to acceleration sensed by said
acceleration sensor, while also being configured for enabling
a pointing function with appropriate finger motion, or ges-
ture, as a user input.

13. The system recited in claim 11, wherein said sensor
array further comprises a temperature sensor.

14. The system recited in claim 11, wherein said applica-
tion program is further configured for performing a weighted
average of said EDR and PPG sensors to create an overall
emotional state estimation.

15. The system recited in claim 11, wherein said EDR
sensor generates a tonic signal and a phasic signal as an
indication of arousal and mood.

16. The system recited in claim 11, wherein said PPG
sensor measures user cardiac pulse from which heart rate
(HR) and heart rate variability (HRV) can be determined.

17. The system recited in claim 11, wherein said accelera-
tion sensor comprises a three axis acceleration sensor config-
ured for sensing acceleration in the X, Y and Z directions.

18. The system recited in claim 11, wherein said commu-
nications interface comprises an audio frequency electronic
signal interface from said apparatus configured for connec-
tion to a microphone input of a mobile device.

19. The system recited in claim 11, wherein said commu-
nications interface comprises a wireless signal interface.

20. The system recited in claim 11, wherein said applica-
tion program is configured to detect good stress versus bad
stress for the user.

21. The system recited in claim 11, wherein said applica-
tion program is configured to detect user short term and long
term stress.

22. The system recited in claim 10, wherein said applica-
tion program is configured to detect user emotional state as a
basis for results and decisions in game scenarios.

23. The system recited in claim 11, wherein said applica-
tion program is configured to detect user emotional state in
response to specific stimuli.

24. The system as recited in claim 11, wherein said appli-
cation program performs motion artifact removal on EDR and
PPG signals in response to acceleration sensed by said accel-
eration sensor, by rejecting EDR and PPG data in response to
sensing a sufficient acceleration from said acceleration sen-
sor.

25. A system for estimating emotional state of a user for
display on a mobile device, said apparatus comprising:

(a) amobile device having a processor, a display, and a user

interface;
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(b) a sensor array configured for communication with said
mobile device;

(c) a housing of said sensor array configured for retention
of a finger of a user;

(d) a sensor circuit retained in said housing;

(e) said sensor circuit comprising a plurality of sensors
configured for skin contact with a portion of the finger of
the user;

(0 said plurality of sensors comprising electrodermal
response (EDR), photoplethysmograph (PPG), tem-
perature, and acceleration sensors, and wherein motion
effects which interfere with physiological signal mea-
surements of EDR and PPG captured at this finger sens-
ing location of a user are mediated in response to utiliz-
ing acceleration data to compensate for any movement
which arises at the finger location;

) said sensor circuit comprising a communications inter-
face configured for communicating data from said sen-
sors to the mobile device;

(h) said sensor circuit comprising a processor and pro-
gramming executable on said processor for receiving
input data from said sensors, processing said input data,
and outputting processed data to said mobile device
through said communications interface;

(1) said mobile device having a communications interface
configured for communication of data with said sensor
circuit; and

(j) an application program configured for execution on the
processor of said mobile device;

(k) said application program configured for communicat-
ing with said sensor circuit processor, post-processing
said processed data, and displaying said post-processed
data on said display as biofeedback data.

26. A system for displaying good stress versus bad stress on
a mobile device in response to biofeedback signals received
from an sensor array, said system comprising:

(a) a sensor array;

(b) a housing for said sensor array which is configured for

insertion and retention of a finger of a user;

(c) a sensor circuit retained in said housing;

(d) said sensor circuit comprising a plurality of sensors
configured for skin contact with a portion of the finger of
the user;

(e) said plurality of sensors comprising electrodermal
response (EDR), photoplethysmograph (PPG), and
acceleration sensors;

() said sensor circuit comprising a communications inter-
face configured for communicating said data from said
sensors to a mobile device;

(2) said sensor circuit comprising a processor and pro-
gramming executable on the processor for receiving
input data from said sensors, processing said input data,
and outputting processed data on to the mobile device
through said communications interface; and

(h) an application program configured for execution on a
processor of a mobile device having a display and user
inputs configured to receive said processed data;

(i) said application program configured for communicating
with said sensor circuit processor, post-processing said
processed data, performing motion artifact removal on
EDR and PPG signals in response to accelerations
sensed by said acceleration sensor, and combining EDR
and PPG signals using a weighted average to create an
overall emotional state estimation, and determining and
displaying good stress versus bad stress for the user; and

(j) wherein said application program is configured for pro-
cessing said EDR and PPG signals in response to accel-
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eration sensed as triaxial motion by said acceleration
sensors in said sensor circuit configured for retention on
the finger of the user for mediating motion effects which
interfere with physiological signal measurements.
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