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(57) ABSTRACT

An apparatus for measuring electrodermal activity can
include a first electrode in contact with a first portion and a
second electrode in contact with a second portion of a stratum
corneum, and in electronic communication with the second
electrode through the stratum corneum. A processing module
is electrically coupled to the first electrode and the second
electrode and is operable to (a) bias the first electrode at a first
voltage V+ and the second electrode at a second voltage V-
(b) measure a current flowing between the first electrode and
the second electrode, the current corresponding to the con-
ductance of the stratum corneum, (c) subtract a compensation
current from the measured current (d) measure a resulting
current producing an amplified output voltage (e) measure a
conductance of the stratum corneum, and (f) adjust at least
one of the first voltage, the second voltage and the compen-
sation current to desaturate the output voltage.
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APPARATUS FOR ELECTRODERMAL
ACTIVITY MEASUREMENT WITH
CURRENT COMPENSATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to and benefit of
U.S. Provisional Patent Application No. 61/802,500, entitled,
“Apparatus for Electro Dermal Activity Measurement with
Current Compensation,” filed Mar. 16, 2013, and U.S. Provi-
sional Patent Application No. 61/802,519, entitled “Method
for Estimating Human Well-being Through Heart Rate Vari-
ability,” filed Mar. 16, 2013, the disclosures of which are
incorporated by reference herein in their entirety.

BACKGROUND

[0002] Embodiments described herein relate generally to
devices, systems and methods for measuring electrodermal
activity, and in particular to wearable devices and methods for
measuring electrodermal activity of the skin of a user.

[0003] The human skin is composed of different layers of
tissue. These layers of tissue perform several functions, for
example, forming an interface between the internal and extet-
nal parts of the body, serve as a protection mechanism, have a
thermoregulatory function, and allow exchange of fluids
through the skin. The human skin also includes sweat glands
that produce sweat. The sweat includes various electrolytes
which allow current to be conducted through the skin. For
example, if two electrodes capable of producing free ions
such as, for example, silver (Ag) electrodes are disposed on
the skin, free ions can be electronically communicated
between the two electrodes via the skin.

[0004] The conductance of skin, which is generally
referred to as the electrodermal activity, is extremely low and
is generally measured in Siemens (S). The conductance of the
skin depends upon the thickness of the stratum corneum. The
inner layer of the skin creates a potential barrier which
changes in size and allows the current to flow in a less or more
restricted way in the stratum corneum. The thinner the stra-
tum corneum, the higher is the conductance. For example, the
conductance of skin at the finger tips can be in the range of
about 0.5 uS to about 50 uS, and the conductance of the skin
at the wrist can be in the range of about 0.05 uS to about 80 uS.
These variations can depend on many factors, including the
physiology of an individual, temperature, skin structure, and
autonomous nervous system (ANS) activity.

[0005] The electrodermal activity signal generally includes
two interleaved signals; the tonic level and phasic level. The
tonic level (also referred to herein as “tonic level conduc-
tance”) is the skin conductance in the absence of any external
or environmental stimuli, is slow changing (i.e., low fre-
quency), and is caused by the human physiological factors as
described herein. The tonic level can have a range of about
0.05 pS to about 50 uS at the wrist of a user.

[0006] The phasic level (also referred to herein as “phasic
level conductance”™) is typically associated with short-term
events and occurs in the presence of discrete environmental
stimuli such as for example, sight, sound, smell, and cognitive
processes that precede an event such as anticipation, decision
making, etc. Phasic changes usually show up as abrupt
increases in the skin conductance, or “peaks” in the skin
conductance.
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[0007] Systems and devices can also be used to measure
heart rate variability (HRV) through the skin, or in the blood
beneath the skin of the user. The HRV is defined as the
beat-to-beat variations in heartrate. The larger the alterations,
the larger the HRV. HRV is a known predictor of mortality of
myocardial infarction and other pathological conditions may
also be associated with modified (usually lower) HRV, includ-
ing congestive heart failure, diabetic neuropathy, depression
post-cardiac transplant, susceptibility to sudden infant death
syndrome (SIDS), and poor survival in premature babies.
HRV is also related to emotional arousal. HRV has been
found to decrease during conditions of acute time pressure
and emotional strain, elevated levels of anxiety, or in indi-
viduals reporting a greater frequency and duration of daily
Worry.

[0008] HRYV includes two primary components: respiratory
sinus arrhythmia (RSA) which is also referred to as high
frequency (HF) oscillations, and low frequency (LF) oscilla-
tions. HF oscillations are associated with respiration and
track the respiratory rate across a range of frequencies, and
low frequency oscillations are associated with Mayer waves
(Traube-Hering-Mayer waves) of blood pressure. The total
energy contained by these spectral bands in combination with
the way energy is allocated to them gives an indication of the
heart rate regulation pattern given by the central nervous
system, and an indication of the state of mental and physical
health.

[0009] However, known methods for analyzing heart beat
data to determine HRV and a psychophysical state of'a person
often fail to determine a true mental and physical state of the
person. Some known HRV spectral analysis methods use
non-parametric approaches (e.g.. Fast Fourier transforms) or
parametric approaches. These strategies rely on the approxi-
mation that the tachogram is “sampled” at a constant fre-
quency. Such known methods are susceptible to missing beat
data or high variability in the heart beat data. Furthermore,
high activity can also lead to high variability in the heart beat
data which cannot be analyzed properly by known methods.
[0010] Thus, there is a need for new systems, devices and
methods that can measure skin conductance with high reli-
ability, repeatability and do not suffer from electrolysis. Fur-
thermore, there is also a need for new methods to analyze
heart beat data and determine human well being through heart
rate variability.

SUMMARY

[0011] Embodiments described herein relate generally to
devices, systems and methods for measuring electrodermal
activity, and in particular to wearable devices and methods for
measuring electrodermal activity of the skin of a user. In some
embodiments, an apparatus for measuring electrodermal
activity can include a first electrode in contact with a first
portion of stratum corneum of skin and a second electrode in
contact with a second portion of stratum corneum. The first
electrode can be in electronic communication with the second
electrode through the stratum corneum. A processing module
is electrically coupled to the first electrode and the second
electrode. The processing module is operable to (a) bias the
first electrode at a first voltage V+ and the second electrode at
a second voltage V-, (b) measure a current flowing between
the first electrode and the second electrode, the current cor-
responding to the conductance of the stratum corneum, (c)
subtract a compensation current from the measured current,
(d) measure a resulting current and produce an amplified
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output voltage, (e) measure a conductance of the stratum
corneum, and (f) adjust at least one of the first voltage, the
second voltage and the compensation current to desaturate
the output voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1A is a cross-section of skin of a human with
the stratum corneum of the skin at a first thickness and having
a first conductance. FIG. 1B is a cross-section of the skin
showing the stratum corneum at a second thickness and hav-
ing a second conductance.

[0013] FIG.2Ais a plot of an electrodermal activity signal
measured on skin of that includes the tonic level conductance
and the phasic level conductance.

[0014] FIG. 2B is a plot of a typical electrodermal activity
signal ranging from low to high values.

[0015] FIG.3 shows a schematic block diagram of an appa-
ratus for measuring electrodermal activity, according to an
embodiment.

[0016] FIG. 4 shows a bottom perspective view of a wear-
able device for measuring electrodermal activity, according
to an embodiment.

[0017] FIG. § shows a cross-sectional side view of the
wearable device of FIG. 3 taken along the line 5-5 shown in
FIG. 4.

[0018] FIG. 6 shows a circuit diagram of a processing mod-
ule included in the wearable device of F1G. 3 that can be used
for current compensation and polarity inversion.

[0019] FIG. 7 shows an overall schematic diagram of a
processing module included in the wearable device of FIG. 3.
[0020] FIG. 8 is a plot showing the electrodermal activity
sensing performance of the wearable sensor including a real
conductance level, an output voltage V., and a compensa-
tion voltage V-

[0021] FIG. 9 shows a method of measuring electrodermal
activity, according to an embodiment.

[0022] FIG. 10 shows a bottom perspective view of a wear-
able device that includes an electrodermal activity sensor and
a heart beat sensor, according to an embodiment.

[0023] FIG. 11 shows a cross-sectional side view of the
wearable device of FIG. 10 taken along the line 11-11 shown
in FIG. 10.

[0024] FIG. 12 shows a method for determining human
well being using heart rate variability measured by a wearable
activity sensor, according to an embodiment.

[0025] FIG. 13 shows an inter-beat interval (IBI) time
series.
[0026] FIG. 14 shows a visual representation of a one-step

selection filter for removing artifacts measured in an inter-
beat interval (IBI) of heart beat.

[0027] FIG. 15 shows a visual representation of a two step
selection filter for removing artifacts measured in an IBI of
heart beat.

DETAILED DESCRIPTION

[0028] Embodiments described herein relate generally to
devices, systems and methods for measuring electrodermal
activity, and in particular to wearable devices and methods for
measuring electrodermal activity of the skin of a user. Mea-
surement of the two different frequency conductances that
define the electrodermal activity of a human can be challeng-
ing. The tonic level has a wide range which can be difficult to
encompass with conventional electrodermal activity moni-
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tors. Furthermore, the phasic level is fast changing and can be
difficult to resolve with conventional electrodermal activity
MOonitors.

[0029] Electrodes used for electrodermal sensing can also
undergo electrolysis on the skin. As the current flows through
the skin, the electrode (e.g., a Ag electrode) can lose metal
ions which can get deposited on the skin. This can lead to
corrosion of the electrode, and can also lead to skin irritation
because of the metal ions.

[0030] Conventional electrodermal activity sensors can be
DC current sensors or AC current sensors. DC current based
electrodermal activity sensors generally give good perfor-
mance in measuring both tonic level conductance and phasic
level conductance but can suffer from electrolysis. In con-
trast, AC current based electrodermal activity sensors give
good performance in measuring tonic level conductance and
have little or no electrolysis but demonstrate poor perfor-
mance in measuring phasic level conductance.

[0031] Embodiments of the systems, devices and methods
described herein can provide a compensation mechanism for
reliably measuring the tonic level and phasic levels of the
conductance of the skin. The electrodermal activity measure-
ment systems, devices and methods described herein provide
several advantages over conventional electrodermal activity
sensors including, for example: (1) capability of measuring
electrodermal activity over a wide range that covers the entire
range of expected tonic level conductances, (2) capability of
measuring phasic level conductances with high resolution,
(3) reduction in electrolysis of sensing electrodes, and (4)
allowing real time electrodermal activity measurement by
integration in a wearable device, for example, a wrist band.
[0032] In some embodiments, an apparatus for measuring
electrodermal activity can include a first electrode in contact
with a first portion of a stratum corneum of skin and a second
electrode in contact with a second portion of the stratum
corneum. The first electrode can be in electronic communi-
cation with the second electrode through the stratum cor-
neum. A processing module is electrically coupled to the first
electrode and the second electrode. The processing module is
operable to (a) bias the first electrode at a first voltage V+ and
the second electrode at a second voltage V-, (b) measure a
current flowing between the first electrode and the second
electrode, the current corresponding to the conductance ofthe
stratum corneum, (c) subtract a compensation current from
the measured current, (d) measure a resulting current and
produce an amplified output voltage, (e) measure a conduc-
tance of the stratum corneum, and (f) adjust at least one of the
first voltage, the second voltage and the compensation current
to desaturate the output voltage.

[0033] In some embodiments, a wearable device for mea-
suring electrodermal activity can include a housing config-
ured to be removably associated with the skin ofa user. A first
electrode and a second electrode are included in the device
such that at least a portion of the first electrode and the second
electrode are disposed outside the housing. The first electrode
is configured to contact a first portion of a stratum corneum of
skin and the second electrode is configured to contact a sec-
ond portion of the stratum corneum of the skin when the
housing is associated with the user. A processing module is
also disposed in the housing and coupled to the first electrode
and the second electrode. The processing module is operable
to (a) bias the first electrode at a first voltage V+ and the
second electrode at a second voltage V-, (b) measure a cur-
rent flowing between the first electrode and the second elec-
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trode, the current corresponding to the conductance of the
stratum corneum, (c) subtract a compensation current from
the measured current, (d) measure a resulting current and
produce an amplified output voltage, (e) measure a conduc-
tance of the stratum corneum, and (f) adjust at least one of the
first voltage, the second voltage and the compensation current
to desaturate the output voltage. A communications module is
also disposed in the housing and coupled to the processing
module. The communications module can be configured to at
least one of a display an electrodermal activity of the user and
communicate electrodermal activity data from the processing
module to an external device. A power source is also disposed
in the housing and is configured to provide electrical power to
the processing module and the communications module. In
some embodiments, the wearable device can be a wrist band.
[0034] In some embodiments, a method for measuring
electrodermal activity can include disposing a first electrode
and a second electrode on a stratum corneum of a user. The
first electrode is biased at a first voltage and the second
electrode is biased at a second voltage. An output voltage
proportional to the current flowing through the skin is mea-
sured. The method transforms the output voltage into a con-
ductance level and determines if it is saturated or not. If the
output voltage is saturated low, the compensation current is
increased or the difference in voltage between the two elec-
trodes is decreased to change the output voltage such that it is
not saturated. If the output voltage is saturated high, the
compensation current is decreased or the difference in voltage
between the two electrodes is increased to change the output
voltage such that it is not saturated. In some embodiments, the
measured conductance is a tonic level conductance having a
value in the range of about 0.05 puS to about 50 pS.

[0035] As used in this specification, the singular forms “a,”
“an” and “the” include plural referents unless the context
clearly dictates otherwise. Thus, for example, the term “a
member” is intended to mean a single member or a combina-
tion of members, ““a material” is intended to mean one or more
materials, or a combination thereof

[0036] As used herein, the terms “about” and “approxi-
mately” generally mean plus or minus 10% of the value
stated. For example, about 0.5 would include 0.45 and 0.55,
about 10would include 9to 11, about 1000 would include 900
to 1100.

[0037] The embodiments described herein can be used to
measure the electrodermal activity (i.e., conductance includ-
ing tonic level and phasic level conductance) of a stratum
corneum of a skin. For reference, FIG. 1A shows a cross
section of a skin of a human. The outermost layer of the skin
is the stratum corneum. Below the stratum corneum is the
stratum lucidum. A potential barrier exists between the stra-
tum corneum and the stratum lucidum. The conductance of
the skin varies, as shown by the arrow G from about 100 nS at
a top surface of the stratum corneum to about 1 mS near a
bottom surface of the skin which is a substantially equally
potential surface.

[0038] Asshown in FIG. 1A, the stratum corneum can have
a first thickness s1 measured from a top surface of the stratum
corneum to the potential barrier. When a pair of electrodes
“a-a” are placed in electronic communication with the stra-
tum corneum such that the distance between the electrodes is
greater than the first thickness s1 of the stratum corneum the
stratum corneum can have a first conductance. The various
factors affecting the conductance of the skin, for example, the
physiology of an individual, temperature, skin structure, and
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autonomous nervous system (ANS) activity, do so by chang-
ing the thickness of the stratum corneum. The stratum cor-
neum serves essentially as a potential barrier that changes in
size and thickness. As shown in FIG. 1B, the thickness of the
stratum corneum can increase to a second thickness s2 sub-
stantially greater than s1. Change in thickness also changes
the conductance of the stratum corneum. The thinner the
stratum corneum, the higher the conductance. Thus, the pair
of electrodes a-a when placed in electronic communication
with the stratum corneum such that the distance between the
electrodes a-a is greater than the second thickness s2 of the
stratum corneum, will measure a second conductance less
than the first conductance. Thus, changes in conductance of
the stratum corneum can be directly correlated to the physi-
ological status of a user, for example, the ANS activity.

[0039] FIG. 2A shows an exemplary electrodermal activity
measurement showing changes in the tonic level and phasic
level conductances of a human. The tonic level can be char-
acterized as “a smooth underlying slowly-changing conduc-
tance level.” The phasic level conductance can be character-
ized as “rapidly changing peaks.” Tonic level conductance
level can slowly vary over time in an individual depending
upon his or her psychological state, hydration, skin dryness,
and autonomic regulation. Tonic changes in the skin conduc-
tance level typically occur in a period from tens of seconds to
minutes. Phasic level conductance measurements are typi-
cally associated with short-term events and occur in the pres-
ence of discrete environmental stimuli (sight, sound, smell,
cognitive processes that precede an event such as anticipa-
tion, decision making, etc). Phasic changes usually show up
as abrupt increases in the skin conductance, or “peaks” in the
skin conductance. FIG. 2B shows a typical electrodermal
activity signal ranging from low to high values.

[0040] In some embodiments, an apparatus for measuring
electrodermal activity can include a first electrode and a sec-
ond electrode. Referring now to FIG. 3, an apparatus 100 for
measuring the electrodermal activity includes a first electrode
1104, a second electrode 1105 (collectively referred to as “the
electrodes 110”) and a processing module 130. The first elec-
trode 1104 and the second electrode 1105 can be disposed on
a stratum corneum SC of a skin of a target, such that the first
electrode 110a and the second electrode 1105 can be in elec-
tronic communication through the stratum corneum SC and
measure a conductance of the stratum corneum SC.

[0041] The electrodes 110 can include any suitable elec-
trodes that can allow electronic communication through the
stratum corneum SC and measure a conductance of the stra-
tum corneum SC. For example, the first electrode 110a can be
brought into contact with a first portion of the stratum cor-
neum SC of the skin, and the second electrode 1105 can be
brought into contact with a second portion of the stratum
corneum SC, such that the first electrode 110a is in electronic
communication with the second electrode 1105 through the
stratum corneum SC. The electrodes 110 can have any suit-
able shape. For example, the electrodes 110 can be discs,
plates, or rods, a solid state microfabricated electrode (e.g., of
the type used in MEMS devices), or a screen printed elec-
trode. The electrodes 110 can have any suitable cross section,
for example circular, square, rectangle, elliptical, polygonal,
or any other suitable cross-section. In some embodiments, at
least a portion of the electrodes 110 can be insulated with an
insulating material, for example, rubber, TEFLON®), plastic,
parylene, silicon dioxide, silicon nitride, any other suitable
insulation material or combination thereof. The insulation
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material can, for example, be used to define an active area of
the electrodes 110. In some embodiments, the electrodes 110
can be subjected to a surface modification process to modify
a surface area of the electrodes 110, for example, to provide a
larger surface area. Such surface modification processes can
include, for example, etching (e.g., etching in an acidic or
basic solution), voltage cycling (e.g., cyclic voltammetry),
electrodeposition of nanoparticles, and/or any other suitable
surface modification process or combination thereof

[0042] Theelectrodes 110 can be formed from any suitable
material capable of electronic communication (i.e., ionic and
electric communication) through the stratum corneum. Suit-
able materials can include, for example, silver (Ag), gold,
platinum, palladium, iridium, carbon, graphite, carbon nano-
tubes, graphenes, conductive polymers, ceramics, alloys, any
other suitable material or combination thereof. In some
embodiments, the electrodes 110 can include Ag electrodes,
for example, metallic plates coated with Ag. The Ag elec-
trodes can dissociate into Ag* ions at the surface of the elec-
trode allowing electronic communication through the stratum
corneum. Ag can also prevent any damage to the stratum
corneum and has inherent anti-bacterial properties that can
prevent any bacterial growth on the stratum corneum in prox-
imity of the electrodes 110.

[0043] The processing module 130 is coupled to the first
electrode 110a and the second electrode 1105. The process-
ing module 130 can be operable to (a) bias the first electrode
at a first voltage V+ and the second electrode at a second
voltage V-, (b) measure a current flowing between the first
electrode and the second electrode, the current corresponding
to the conductance of the stratum corneum, (c) subtract a
compensation current from the measured current, (d) mea-
sure a resulting current and produce an amplified output volt-
age, (e) measure a conductance of the stratum corneum, and
(D) adjust at least one of the first voltage, the second voltage
and the compensation current to desaturate the output volt-
age.

[0044] In some embodiments, the processing module 130
can include an electrical circuit (not shown) configured to
polarize the first electrode 110a at the first voltage and the
second electrode 1105 at the second voltage. The electrical
circuit can include a resistor and an amplifier, for example, an
operational amplifier, a transimpedance amplifier, a voltage
amplifier, a current amplifier, a transconductance amplifier,
any other suitable amplifier or combination thereof. The elec-
trical circuit can be further configured to measure a conduc-
tance (e.g., the tonic level conductance and/or the phasic level
conductance of the stratum corneum SC) and an output volt-
age which corresponds to the conductance of the stratum
corneum SC.

[0045] The processing module 130 can also include a com-
pensation mechanism (not shown) configured to communi-
cate a compensation voltage to the electrical circuit to modify
the compensation current or modify the difference in voltage
between the two electrodes. The compensation mechanism
can be configured to optimally measure the current flowing
between the first electrode and the second electrode, corre-
sponding to the conductance ofthe stratum corneum. Further-
more, the compensation mechanism can be configured to
adjust at least one of the first voltage and the second voltage,
or to adjust the compensation current if the output voltage
reaches a saturation value, for example a high saturation or a
low saturation. Moreover, the compensation mechanism can
be configured to adjust the compensation current if the con-
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ductance of the stratum corneum SC is too low. For example,
the compensation mechanism can be configured to increase
the compensation current if the output voltage reaches a satu-
ration value or decrease the compensation current if the con-
ductance of the stratum corneum is too low. In this manner,
the compensation mechanism can serve as voltage feedback
mechanism to maintain the output voltage at an optimal value.

[0046] In some embodiments, the processing module 130
can include a filtering circuit, for example, a low pass filter, a
high pass filter, a band pass filter, any other suitable filtering
circuit, or combination thereof, configured to substantially
reduce signal noise. In some embodiments, the processing
module 130 can include a processor, for example, a micro-
controller, a microprocessor, an ASIC chip, an ARM chip, or
a programmable logic controller (PLC). The processor can
include signal processing algorithms, for example, band pass
filters, and/or any other signal processing algorithms or com-
bination thereof. In some embodiments, the processing mod-
ule 130 can include a memory configured to store at least one
of an electrodermal activity data, or a physiological status
data, for example, ANS activity data. In some embodiments,
the memniory can also be configured to store a reference sig-
nature, for example, a calibration equation. In such embodi-
ments, the processor can include algorithms which can be
configured to correlate the measured electrodermal activity
data to an ANS activity or any other physiological status
parameter of the user. The memory can also include algo-
rithms to maximize the signal to noise ratio of the electroder-
mal activity signal. In some embodiments, the processing
module 130 can also include a generator of clock signals
coupled to the processor. In some embodiments, the process-
ing module 130 can also include an RFID or bluetooth chip
configured to store or send information in real-time for
example, the electrodermal activity data, and allow a near
field communication (NFC) device to read the stored infor-
mation.

[0047] In some embodiments, the processing module 130
can be configured to measure a compensated value of con-
ductance from which a tonic level conductance is removed. In
some embodiments, the processing module 130 can be con-
figured to reverse a polarity of the at least one of the first
electrode 110 and the second electrode 1104 after a predeter-
mined period of time to substantially reduce electrolysis. For
example, reversing the plurality can urge any dissolved ions
of the electrodes 110, for exaniple, Ag* ions to be reabsorbed
into the electrodes 110. This can reduce fouling of the elec-
trodes 110, increase shelflife, and/or prevent irritation of the
skin. In some embodiments, the processing module can be
configured to allow a tuning of the compensation current that
is subtracted from the current flowing between the electrodes
before the current is amplified. For example, the processing
module 130 can be configured to allow a tuning of the current
corresponding to the conductance of the stratum corneum SC
in the range of about -1 pA to about 1 pA. The apparatus 100
can be configured to measure a conductance of a stratum
corneum SC of any portion of the skin ofthe use, for example,
the skin of a wrist of a user. In such embodiments, the pro-
cessing module 130 can be configured to measure a tonic
level conductance of the stratum corneum SC of the wrist in
the range of about 0.05 uS to about 80 uS. In some embodi-
ments, the apparatus 100 can be configured to measure a
conductance of a stratum corneum of a finger of'a user. In such
embodiments, the processing module 130 can be configured
to measure a tonic level conductance of the stratum corneum
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SC of'the finger in the range of about 0.5 pS to about 50 uS. In
some embodiments, the processing module 130 can be con-
figured to measure a phasic level conductance of up to about
5 mS. In some embodiments, the apparatus 100 can be con-
figured to measure the conductance of the stratum corneum
with a resolution of 0.0001 usS.

[0048] In some embodiments, the apparatus 100 can also
include a communications module (not shown) coupled to the
processing module 130. The communications module can be
configured to display an electrodermal activity of the user or
communicate electrodermal activity data from the processing
module 130 to an external device, for example, a smart phone
app, a local computer and/or a remote server. In some
embodiments, the communications module includes a com-
munication interface to provide wired communication with
the external device, for example, a USB, USB 2.0, or fire wire
(IEEE 1394) interface. In some embodiments, the communi-
cation interface can also be used to recharge a power source
(not shown), forexample, a rechargeable battery which can be
included in the apparatus 100. The power source can include
for example, coin cells, Li-ion or Ni-Cad batteries of the type
used in cellular phones. In some embodiments, the commu-
nications module can include means for wireless communi-
cation with the external device, for example, Wi-Fi, BLUE-
TOOTH®, low powered BLUETOOTH®, Wi-Fi, Zigbee and
the like.

[0049] Insomeembodiments, the communications module
can include a display, for example, a touch screen display,
configured to communicate information to the user for
example, electrodermal activity, ANS activity, physiological
activity of use, remaining battery life, wireless connectivity
status, time, date, and/or user reminders. In some embodi-
ments, the communications module can also include micro-
phones and/or vibration mechanisms to convey audio and
tactile alerts. In some embodiments, the communications
module can include a user input interface, for example, a
button, a switch, an alphanumeric keypad, and/or a touch
screen, for example, to allow a user to input information into
the dose measurement system 100, for example, power ON
the system, power OFF the system, reset the system, manu-
ally input details of a user behavior, manually input details of
apparatus 100 usage and/or manually initiate communication
between the apparatus 100 and a remote device.

[0050] In some embodiments, the apparatus can also
include various physiological sensors, for example, a heart
beat sensor (e.g., a photoplethysmography sensor), an accel-
erometer, a temperature sensor, a blood oxygen sensors, a
glucose sensor, a barometer, a gyroscope, any other physi-
ological sensor or combination thereof. In such embodi-
ments, the processing module 130 can be configured to pro-
cess signals form each sensor to determine a physiological
status of the user. In some embodiments, data processing of
the signal received from each sensor can be performed on an
external device, for example, a smart phone, a tablet, a per-
sonal computer, or a remote server. Furthermore, the commu-
nications module can be configured to communicate the
physiological data from each of the sensors to the user, for
example, via a display included in the apparatus or the exter-
nal device. Such physiological data can include, for example,
electrodermal activity (e.g., skin conductance), heart rate,
heart rate variability, metabolic equivalent of task (MET), a
stress level, a relaxation level, a movement or activity level, a
temperature, a heat flux, and/or an ANS activity (e.g., an
arousal or excitement).
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[0051] In some embodiments, the apparatus can include a
housing (not shown) which can be configured to removably
associate with the stratum corneum SC of the user. The hous-
ing can define an internal volume within which the electrodes
110, the processing module 130, the communications mod-
ule, and the power source, and/or any other components
included in the apparatus 100 can be disposed. At least a
portion of the first electrode 110a and the second electrode
1105 can be disposed outside the housing. The electrodes 110
can be configured such that the first electrode 110 contacts a
first portion of the stratum corneum SC and the second elec-
trode 1105 contacts a second portion of the stratum corneum
SC when the housing is associated with the skin of the user.

[0052] The housing can be formed from a material that is
relatively lightweight and flexible, yet sturdy. The housing
also can be formed from a combination of materials such as to
provide specific portions that are rigid and specific portions
that are flexible. Example materials include plastic and rubber
materials, such as polystyrene, polybutene, carbonate, ure-
thane rubbers, butene rubbers, silicone, and other comparable
materials and mixtures thereof, or a combination of these
materials or any other suitable material can be used. The
housing can have a relatively smooth surface, curved sides,
and/or otherwise an ergonomic shape.

[0053] Insomeembodiments, the apparatus 100 can have a
small form factor such that the apparatus 100 is wearable (i.e.,
can be worn on a body part of a user). For example, in some
embodiments, the apparatus 100 can be a wrist band. In such
embodiments, a flexible strap, for example, leather strap, a
rubber strap, a fiber strap, or a metal strap can be coupled to
the housing and configured to secure the housing to the body
part of the user. Furthermore, the housing can have a small
form factor. In some embodiments, the strap can be hollow
such that the strap defines an internal volume. In such
embodiment, any one of the sensors included in the apparatus
100, for example, the electrodes 110 configured to measure
electrodermal activity can be disposed in the internal volume
defined by the strap. At least a portion of the electrodes 110
can be disposed outside the housing to contact the stratum
corneum SC of the skin of the user. In some embodiments, the
apparatus 100 can be a head band, an arm band, a foot band,
an ankle band, or a ring. In some embodiments, the apparatus
110 can be a glove configured to be worn on a hand of the user.

[0054] Inusethe apparatus 100 can be disposed on the skin
of a user such that the first electrode 110a contacts a first
portion of the stratum corneum SC of the skin (e.g., the skin
of a wrist of the user), and the second electrode 1105 contacts
a second portion of the stratum corneum SC. The processing
module 130 can bias the first electrode at a first voltage and
the second electrode at a second voltage different than the first
voltage, and measure a skin current flowing through the stra-
tum corneum. A compensation current can be subtracted from
the skin current to obtain an input current. The compensation
current can be set by a compensation voltage, for example, a
compensation voltage provided by the compensation mecha-
nism. The processing module 130 can transform the input
current to measure an output voltage and a conductance of the
stratum corneum SC (e.g., derived from the output voltage).
The processing module 130 can determine if the output volt-
age is saturated or unsaturated. If the output voltage is satu-
rated, for example, saturated high or saturated low, the pro-
cessing module 130 can adjust the first voltage, the second
voltage and/or the compensation current (e.g., by adjusting
the compensating voltage) to desaturate the output voltage.
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The apparatus 100 can be configured to perform real time
measurements of the electrodermal activity and/or any other
physiological parameters such that a physiological status of
the user can be determined. This information can be used to
generate a physiological profile of the user over a period of
time.

[0055] Having described above various general principles,
several embodiments of these concepts are now described.
These embodiments are only examples, and many other con-
figurations of systems, devices and methods for measuring
electrodermal activity are contemplated.

[0056] In some embodiments, an apparatus for measuring
electrodermal activity can include a wearable device config-
ured to be worn on the wrist of a user. Referring now to FIGS.
4-7, awearable device 200 for measuring electrodermal activ-
ity includes a housing 202, a first strap 206a and a second
strap 2065, a first electrode 210a, a second electrode 2105
(collectively referred to as the “electrodes 210”), a processing
module 230, a communications module 250, and a power
source 270. The wearable device 200 is configured to be worn
on the wrist of the user, analogous to a watch and to measure
at least an electrodermal activity of the stratum corneum of a
skin on the wrist of the user.

[0057] The housing 202 defines an internal volume 204
configured to house the processing module 230, the commu-
nications module 250 and the power source 270. The housing
202 can be formed from a material that is relatively light-
weight and flexible, yet sturdy. The housing 202 also can be
formed from a combination of materials such as to provide
specific portions that are rigid and specific portions that are
flexible. Example materials include plastic and rubber mate-
rials, such as polystyrene, polybutene, carbonate, urethane
rubbers, butene rubbers, silicone, and other comparable mate-
rials and mixtures thereof, or a combination of these materials
or any other suitable material can be used. The housing 202
can have a relatively smooth surface, curved sides, and/or
otherwise an ergonomic shape. While shown as being a
monolithic structure, in some embodiments, the housing 202
caninclude a base and a cover such that the base is removably
coupled to the cover to define the internal volume 204. In such
embodiments, the base can be removed to access the compo-
nents disposed in the housing 204 (e.g., the replace the power
source 270).

[0058] A first strap 206a and a second strap 2065 (collec-
tively referred to as the “straps 206”) are coupled to a first side
and a second side of the housing 202, respectively. The straps
206 can be formed from any suitable material such as, for
example, leather, rubber, fiber, polyurethane, or metal. The
straps 206 can include a coupling mechanism, for example, a
hole and pin, clamp, notches, grooves, indents, detents, mag-
nets, Velcro, bands, or any other suitable coupling mechanism
to couple the straps 206 to each other. In this manner, the strap
206 can be removably secured on the wrist of the user such
that the electrodes 210 can be associated with stratum cor-
neum of the wrist of the user. Each strap 206 defines an
internal volume 208 which is coupled to the housing 202 via
an opening 205 defined in a side wall of the housing 202. The
opening can allow the processing module 230 to be electri-
cally coupled to the electrodes 210 via electrical couplings,
for example, electrical leads, that can pass through the open-
ing 205 between the internal volume 204 of the housing 202,
and the internal volume 208 of the strap 206. The electrodes
210 are disposed in the internal volume 208 defined by the
first strap 206a such that at least a portion of each of the
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electrodes 210 is disposed outside the internal volume. In this
manner, the electrodes 210 are configured to contact the stra-
tum corneum of the skin of the user when the wearable device
200 is associated with the wrist of the user.

[0059] The electrodes 210 can includes any suitable elec-
trodes that can allow electronic communication through the
stratum corneum and measure a conductance of the stratum
corneum. Forexample, the first electrode 2104 can be brought
into contact with a first portion of the stratum corneum of the
skin, and the second electrode 2105 can be brought into
contact with a second portion of the stratum corneum of the
skin, such that the first electrode 210q is in electronic com-
munication with the second electrode 2105 through the stra-
tum corneum. The electrodes 210 can have any suitable
shape. While shown as having at least one surface which is
curved, the electrodes 210 can have any suitable shape For
example, the electrodes 210 can be discs, plates, or rods, a
solid state microfabricated electrode (e.g., of the type used in
MEMS devices), or a screen printed electrode. The electrodes
210 can have any suitable cross section, for example circular,
square, rectangle, elliptical, polygonal, or any other suitable
cross-section. In some embodiments, at least a portion of the
electrodes 210 can be insulated with an insulating material,
for example, rubber, TEFLON®, plastic, parylene, silicon
dioxide, silicon nitride, any other suitable insulation material
or combination thereof. The insulation material can, for
example, be used to define an active area of the electrodes
210. In some embodiments, the electrodes 210 can be sub-
jected to a surface modification process to modify a surface
area of the electrodes 210 for example, to provide a larger
surface area. Such surface modification processes can
include, for example, etching (e.g., etching in an acidic or
basic solution), voltage cycling (e.g., cyclic voltammetry),
electrodeposition of nanoparticles, and/or any other suitable
surface modification process or combination thereof

[0060] Theelectrodes 210 can be formed from any suitable
material capable of electronic communication (i.e., ionic and
electric communication) through the stratum corneum. Suit-
able materials can include, for example, silver (Ag), gold,
platinum, palladium, rhodium, iridium, carbon, graphite, car-
bon nanotubes, graphenes, conductive polymers, ceramics,
alloys, any other suitable material or combination thereof. In
some embodiments, the electrodes 210 can include Ag elec-
trodes, for example, metallic plates coated with Ag. The Ag
electrodes can dissociate into Ag* ions at the surface of the
electrode allowing that can exchange ions with the electro-
lytes included in the sweat produced on the stratum corneum,
thereby allowing electronic communication through the stra-
tum corneum. Ag can also prevent any damage to the stratum
corneum and has inherent anti-bacterial properties that can
prevent any bacterial growth on the stratum corneum in prox-
imity of the electrodes 210.

[0061] The processing module 230 is disposed in the inter-
nal volume 204 defined by the housing 202. The processing
module 230 includes an electrical circuit 232 and a compen-
sation mechanism 234. The electrical circuit 232 can include
an amplifier A, for example, an operational amplifier, a tran-
simpedance amplifier, a voltage amplifier, a current amplifier,
a transconductance amplifier, a transimpedance amplifier,
any other suitable amplifier or combination thereof. The elec-
trical circuit 232 also includes an analog to digital converter
(ADC). The electrical circuit 232 can be configured to mea-
sure and output voltage V ,,-and obtain the conductance of
the stratum corneum from the output voltage V.7 as
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described herein. The compensation mechanism 234 can
include at least a digital to analog converter. The compensa-
tion mechanism can be configured to read the output voltage
V oo and set a compensation voltage ;. ,~ corresponding to
a compensation current I,,,,,, as described herein.

[0062] In some embodiments, the processing module 230
can also be configured to reverse a polarity of the at least one
of the first electrode 210a and the second electrode 2105 after
a predetermined period of time to substantially reduce elec-
trolysis. For example, reversing the plurality can urge any
dissolved ions of the electrodes 210, for example, Ag* ions to
reabsorb into the electrodes 210. This can, for example,
reduce fouling of the electrodes 210, increase shelf life, and/
or prevent irritation of the skin.

[0063] FIG. 6 shows a circuit diagram of the processing
module 230 that can be used for current compensation and
polarity inversion. As shown in FIG. 6, the electrodes 210 can
be in contact with the skin, for example, the stratum corneum
of the skin. The stratum corneum acts as a variable resistor
disposed between the electrodes 210. The conductance of the
stratum corneum changes as the thickness of the stratum
corneum changes, for example, because of a change in the
physiological status of the user.

[0064] The power source 270 can be used to provide a
positive voltage V+ at a first node 1 and a negative voltage V-
atathird node 3. In this configuration, the first electrode 210a
receives the positive voltage V+ and the second electrode
2104 receives the negative voltage V-. A polarity inversion
mechanism, for example, a directional switch, can be used to
divert the positive voltage towards a second node 2 and the
negative voltage towards a fourth node 4. As shown in FIG. 7,
this reverses the polarity of the electrodes 210, such that the
first electrode 210a is now biased at the negative voltage V-
and the second electrode 2105 is biased at the positive voltage
V+.

[0065] As shown in FIG. 6, the digital to analog converter
(DAC) included in the compensation mechanism 234 is con-
figured to subtract a compensation current 1,,,,,,, from enter-
ing the amplifier A. Thus the input current I, entering the
amplifier A is;

L= Loin~1,

[0066] The DAC produces a voltage V.~ such that the
compensation current 1, =f(V ), where is a quasilinear
function.

[0067] The amplifier A is responsible for amplifying the
current I, for a given gain G and transform the input current
1,,, into the output voltage V - The output voltage V 5,718
used to obtain a conductance of the stratum corneum. The
processing module 230 also includes an analog to digital
converter (ADC) configured to convert the analog signal to a
digital signal. The ADC can have any suitable resolution, for
example, 10 bits, 12 bits or 16 bits. The gain G of the amplifier
A can be fixed and chosen to meet the range requirements of
the conductance levels of skin such that the output voltage
V oo after the gain G is,

Vour=GUgan~AVpac))

[0068] FIG. 7 shows an overall schematic of the processing
module 230. The control unit CU included in the compensa-
tion mechanism 234 sets a value of the compensation voltage
Vpac and reads the output voltage V. of the electrical
circuit 232. Since the gain G ofthe amplifier A is substantially
high to magnify the weak conductance signal obtained from
the electrodes 210, V 5, tends to saturate towards a maxi-

comp
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mum valueV,,,-or 0. When this happens, the control unit CU
acts on the compensation voltage V5 ,~in order to de-saturate
the output voltage V . For instance, if the skin conductance
keeps increasing the output voltage V ;- will saturate. The
compensation mechanism 234 can then increase the compen-
sation current I to reduce the output voltage V10 @

comp

readable range.

[0069] This concept is further illustrated in F1G. 8. The top
panel of FIG. 8 shows real time conductance of the stratum
corneum which includes the tonic and the phasic levels. The
middle panel shows the output voltage V- measured by the
electrical circuit 232, and the bottom panel shows the com-
pensation voltage V, . set by the control unit CU. The elec-
trodes 210 can be initialized at an initial value of the compen-
sation voltage V,,,~ The magnitude of the output voltage
V oorcan be measured by the compensation mechanism 234.
As soon as the conductance increases and the output voltage
V o increases and eventually reaches its saturation value
(e.g., about 3.3 volts). In this scenario a substantial amount of
current is flowing through the stratum corneum. To avoid
saturation, the compensation mechanism 234 can compen-
sate for the current by increasing the compensation voltage
Vo This allows a higher current to flow away from the
amplifier A and thereby, leads to desaturation of the output
voltage V. On the other hand when the conductance
decreases the output voltage V.1 also decreases until the
output voltage V ;- falls below a predetermined threshold,
for example, the electrical circuit 232 fails to read the output
voltage V 5.7 In this scenario, the compensation mechanism
234 can decrease the compensation voltage V-, thereby
allowing more current to flow towards the amplifier A and
increasing the magnitude of the output voltage V ;- In this
manner, the compensation mechanism 232 can be configured
to dynamically set the compensation value for the tonic level
conductance that is subtracted from the real conductance
level. Thus, when the wearable device 100 1s in a stable state,
the compensation voltage V, ;. is proportional to the current
tonic level conductance of the user. The compensation
mechanism 234 can measure the entire range of tonic level
conductances associate with the stratum corneum of the wrist
of the user, for example, in the range of about 0.05 pS to about
80 uS. In some embodiments, the compensation mechanism
can allow a fine tuning of the current in the range of about -1
UA to about 1 pA.

[0070] Furthermore, the compensation mechanism 234
allows for the subtraction of the tonic level from the real time
conductance such that the output voltage V. tepresents the
phasic value of the electrodermal activity. Thus the phasic
level conductance can be measured with high resolution, for
example, by an analog to digital converter (ADC) included in
the processing module 230. In some embodiments, the phasic
level can be measured with a resolution of about 0.0001 uS.

[0071] In this manner, the current compensation enables
the range to be increased by focusing on a dynamic portion of
the total range. The compensation mechanism 234 dynami-
cally sets the compensation current to fit the tonic level con-
ductance while the amplifier A and the ADC observe the
phasic level conductance. The gain G provided by the ampli-
fier A and the high resolution of the ADC enables the signal to
be resolved with high resolution. Furthermore, the switching
mechanism reduces electrolysis of the electrodes by allowing
polarity inversion of the electrodes at predetermined inter-
vals.
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[0072] While shown as including the electrical circuit 232
and the compensation mechanism 234, the processing mod-
ule 230 can include any other components. In some embodi-
ments, the processing module 230 can include a filtering
circuit, for example, a low pass filter, a high pass filter, a band
pass filter, any other suitable filtering circuit, or combination
thereof, configured to substantially reduce signal noise. In
some embodiments, the processing module 230 can include a
processor, for example, a microcontroller, a microprocessor,
an ASIC chip, an ARM chip, or a programmable logic con-
troller (PLC). The processor can include signal processing
algorithms, for example, band pass filters, low pass filters,
any other signal processing algorithms or combination
thereof. In some embodiments, the processing module 230
can include a memory configured to store at least one of an
electrodermal activity data, or a physiological status data, for
example, ANS activity data. In some embodiments, the
memory can also be configured to store a reference signature,
for example, a calibration equation. In such embodiments, the
processor can include algorithms which can be configured to
correlate the measured electrodermal activity data to an ANS
activity or any other physiological status parameter of the
user. The memory can also include algorithms to maximize
the signal to noise ratio of the electrodermal activity signal. In
some embodiments, the processing module 230 can also
include a generator of clock signals coupled to the processor.
In some embodiments, the processing module 230 can also
include an RFID chip configured to store information, for
example, the electrodermal activity data, and allow a near
field communication (NFC) device to read the stored infor-
mation.

[0073] In some embodiments, the processing module 230
can be configured to measure a compensated value of con-
ductance from which a tonic level conductance is removed. In
some embodiments, the processing module 230 can be con-
figured to allow a tuning of the current corresponding to the
conductance of the stratum corneum in the range of about -1
pA to about 1 pA. In some embodiments, the processing
module 230 can be configured to measure a tonic level con-
ductance of the stratum corneum of the wrist in the range of
about 0.05 puS to about 80 pS.

[0074] The communications module 250 is coupled to the
processing module 230. The communications module 250
can be configured to display an electrodermal activity of the
user or communicate electrodermal activity data from the
processing module 230 to an external device, for example, a
smart phone app, a local computer and/or a remote server. In
some embodiments, the communications module 250
includes a communication interface to provide wired com-
munication with the external device, for example, a USB,
USB 2.0, or fire wire (IEEE 1394) interface.

[0075] Insomeembodiments, the communications module
250 can include means for wireless communication with the
external device, for example, Wi-Fi, BLUETOOTH®, low
powered BLUETOOTH®, Wi-Fi, Zigbee and the like. In
some embodiments, the communications module 250 can
include a display, for example, a touch screen display, con-
figured to communicate information to the user, for example,
electrodermal activity, ANS activity, physiological activity of
the user, remaining battery life, wireless connectivity status,
time, date, and/or user reminders. In some embodiments, the
communications module 250 can also include microphones
and/or vibration mechanisms to convey audio and tactile
alerts. In some embodiments, the communications module
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250 can include a user input interface, for example, a button,
a switch, an alphanumeric keypad, and/or a touch screen, for
example, to allow a user to input information into the wear-
able device 200, for example, power ON the system, power
OFF the system, reset the system, manually input details of a
user behavior, manually input details of the wearable device
200 usage and/or manually initiate communication between
the wearable device and the external device.

[0076] The power source 270 is coupled to the processing
module 230 and the communications module 250 and con-
figured to supply electrical power to the processing module
230 and the communications module 250. The power source
can include for example, coin cells, Li-ion or Ni-Cad batteries
of the type used in cellular phones. In some embodiments, the
communications module 250 can also be used to recharge the
power source 270, for example, by providing power to the
power source 270 from an external source through a commu-
nications lead. In some embodiments, the power source 270
can be recharged using inductive coupling.

[0077] FIG. 9 shows an exemplary method 300 for measur-
ing electrodermal activity including the tonic level and the
phasic level over a wide range, for example, in the range of
about 0.05 pA and 80 pA. The method 300 can be used with
any electrodermal activity measurement system, for example,
the apparatus 100, the wearable device 200, or any other
apparatus or device described herein. The method 300
involves disposing a first electrode and a second electrode on
the stratum corneum 302. The electrodes can include the
electrodes 110, 210 or any other electrode described herein.
The firstelectrode is biased at afirst voltage V+and the second
electrode is biased at a second voltage V- 304. For example,
the first electrode can be positively charged and the second
electrode can be negatively charged or vice versa. A compen-
sationcurrent I is subtracted from a current I, . flowing
through the stratum corneum to obtain an input current 308.
For example, a compensation mechanism (e.g., the compen-
sation mechanism 234 or any other compensation mechanism
described herein) can be used to set a compensation voltage
that is transformed into the compensation current to be sub-
tracted from the skin current I_,,. The input current I, is
transformed into an output voltage which is measured 310.
For example, a transimpedance amplifier (e.g., a transimped-
ance amplifier included in the electrical circuit 232 or any
other electrical circuit described herein) can be used to trans-
form the input current into the output voltage V. The
output voltage is related to a conductance of the stratum
corneun and is used to measure the conductance of the stra-
tum corneum. The method then determines if the output volt-
age V o 18 saturated low 312. For example, the output volt-
age V., can be communicated to a compensation
mechanism (e.g., the compensation mechanism 234 or any
other compensation mechanism described herein) which can
determine if the output voltage V., is saturated low (i.e.,
reached a minimum value). In this scenario, the first voltage
V+ can be decreased, the second voltage V- can be increased,
or the compensation current [, is increased 314 to change
the output voltage V .- such that the output voltage V ;15
not saturated low.

[0078] If the output voltage V ;- is not saturated low, the
method determines if the output voltage V1 1s saturated
high 316, i.e., reached very high values. For example, if the
conductance of the stratum corneum is too high, the output
voltage V ;. can drop to very high values. If the output
voltage V o1 15 saturated high, the first voltage V+ can be



US 2014/0316229 Al

increased, the second voltage V- can be decreased, and/or the
compensation current 1., can be decreased 318 to change
the output voltage V., such that the output voltage V ,, - is
not saturated high. If the output voltage is not saturated low or
high, the method continues to measure the output voltage
V o7 In this manner, the method enables continuous moni-
toring and control of the output voltage V., such that the
conductance of the stratum corneum can be measured over a
wide range.

[0079] In some embodiments, a wearable device can
include an electrodermal activity sensor and a heart beat
sensor. Referring now to FIGS. 10 and 11, a wearable device
400 includes a housing 402, a first strap 4064, a second strap
4065, a first electrode 410q, a second electrode 4105 (collec-
tively referred to as the “electrodes 410™), a pair of heart beat
sensors 420, a processing module 430, a communications
module 450, and a power source 470. The wearable device
400 is configured to be worn on the wrist of a user, analogous
to a watch and to measure an electrodermal activity of the
stratum corneum skin as well as the heart beat variability of
the user.

[0080] The housing 402 defines an internal volume 404
configured to house at least a portion of the heart beat sensors
420, the processing module 430, the communications module
450 and the power source 470. The housing 470 can be
substantially similar to the housing 470 described with
respect to the wearable device 200, and is therefore not
described in further detail herein.

[0081] The first strap 4064 and the second strap 4065 (col-
lectively referred to as the “straps 406”) are coupled to a first
side and a second side of the housing 402 respectively. The
straps 406 define an internal volume 408. At least a portion of
the electrodes 410 can be disposed in the internal volume 408.
The straps 406 can be substantially similar to the straps 406
described with reference to the wearable device 200, and are
therefore not described in further detail herein.

[0082] The electrodes 410 can include any suitable elec-
trodes that can allow electronic communication through the
stratum corneum and measure a conductance of the stratum
corneum. The electrodes 410 can be configured to measure an
electrodermal activity of the stratum corneum of the user. The
electrodes 410 can be substantially similar to the electrodes
210 described with respect to the wearable device 200, and
are therefore not described in further detail herein.

[0083] The heart beat sensors 420 can be disposed in the
internal volume defined by the housing 402. The heart beat
sensors 420 can be any suitable sensors. In some embodi-
ments, the heart beat sensors 420 can include electrodes such
as those included in EKG monitors. In some embodiments,
the heart beat sensors 420 can include optical sensors. For
example, the heart beat sensors can includea light emitter and
a light receiver that can convert reflected light form the skin,
or blood below the skin into an electrical signal correspond-
ing to the heart beat of the user. In some embodiments, the
light emitter can include an LED diode. In some embodi-
ments, the light receiver can include a photodiode or a pho-
totransistor. The electrical signal measured by the light detec-
tor which corresponds to the light reflected from the skin, can
be communicated to the processing module 430 for calculat-
ing a heart rate of the user. In some embodiments, the wear-
able device 400 can also include optical filters, for example,
monochromators to dynamically select a wavelength of the
reflected light. In some embodiments, the monochromators
can be tunable Fabry-Perot filters.
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[0084] The processing module 430 is disposed in the inter-
nal volume 404 defined by the housing 402. The processing
module 430 includes an electrical circuit 432 and a compen-
sation mechanism 434. The electrical circuit 432 and the
compensation mechanism 434 can be substantially similar to
the electrical circuit 232 and the compensation mechanism
234 described with respect to the wearable device 200, and
are therefore not described in further detail herein. In some
embodiments, the processing module 430 can include a cir-
cuit to control the electrical power communicated to the light
emitter, for example, to control a luminosity of the light
emitted by the light emitter included in the heart beat sensors
420.

[0085] In some embodiments, the apparatus can also
include various physiological sensors, for example, a heart
beat sensor (e.g., a photoplethysmography sensor), an accel-
erometer, a temperature sensor, a blood oxygen sensors, a
glucose sensor, any other physiological sensor or combina-
tion thereof. In such embodiments, the processing module
430 can be configured to process signals form each sensor to
determine a physiological status of the user. In some embodi-
ments, data processing of the signal received from each sen-
sor can be performed on an external device, for example, a
smart phone, a tablet, a personal computer, or a remote server.
Furthermore, the communications module can be configured
to communicate the physiological data from each of the sen-
sors to the user, for example, via a display included in the
apparatus or the external device. Such physiological data can
include, for example, electrodermal activity (e.g., skin con-
ductance), heart rate, heart rate variability, metabolic equiva-
lent of task (MET), a stress level, a relaxation level, a move-
ment or activity level, a temperature, a heat flux, and/or an
ANS activity (e.g., an arousal or excitement).

[0086] In some embodiments, the processing module 430
caninclude algorithms to determine a well being index (WBI)
of the user from the HRV data. FIG. 12 shows a method that
can be incorporated into an algorithm to determine a WBI of
the user from the heart rate variability data. In the first step,
the inter beat interval (IBI) time series is processed to identify
and delete wrongly recognized and ectopic beats. In the next
step, a spectral analysis of the corrected time series is per-
formed to assess the total power, the high frequency power
and the low frequency power of the cardiac rhythm. In the
third step, the values obtained are given as input to the WBI
function together with other cardiac parameters, and in the
fourth step a WBI of the user is determined.

[0087] As described herein, the IBI time series is processed
in the first step. The first column of the time series shown in
FIG. 12 includes the time stamps at which the heart beat
occurred. The second column includes the time interval
between each subsequent heart beat. In other words, the first
column is a cumulative sum of the first column. The obtained
IBI time series is split into subsequent windows of five min-
utes.

[0088] Errorsin the location of the instantaneous heart beat
can translate into errors in the calculation of the HRV. HRV is
highly sensitive to artifact and errors in 2% to 5% of the data
can result in unwanted biases in HRV calculations. To ensure
accurate results, it is critical to manage artifacts and ectopic
heart beats appropriately prior to performing any HRV analy-
sis. To ensure accuracy, the method applies four parallel filters
to the five minute IBI windows. The filters are applied to the
second column of the IBI time series, assigning progressive
natural numbers to the beats, as shown in FIG. 13.
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[0089] The first filter includes a plain selection filter. The
tachogram is initially filtered by a low-pass numerical filter.
Beats falling outside a confidence region A centered in the
filtered curve are discarded. The mean IBI equals the mean
values of the IBI calculated in the window.

[0090] The second filter is a one-step selection filter. A
plain selection filter is first applied, with a confidence region
B centered in the filtered curve, as described herein with
respect to the plain selection filter. FIG. 14 shows a visual
representation of the one-step selection filter. The selected
beats are discarded only if subsequent points fall outside the
confidence region in an opposite fashion which can happen
when one beat is misrecognized.

[0091] The third filter is a two-step selection filter. A plain
selection is first applied, with a confidence region C centered
in the filtered curve, as described herein with respect to the
plain selection filter. FIG. 15 shows a visual representation of
the two-step selection filter. The selected beats are discarded
only if points with a two beat distance fall outside the confi-
dence region in an opposite fashion.

[0092] The fourth selection filter is a gross selection filter.
First, the unit of measure of the tachogram is transformed
from seconds to a heart rate measured in beats per minute
(bpm), according to the following equation;

Heart rate (hr)=60/IBI

[0093] Then a polynomial is fitted to the transformed
tachogram in a least squares sense. Finally, beats that fall
outside a confidence region D centered in the fitted curve are
discarded.

[0094] As described herein, after the IBI time series is
filtered, spectral analysis is performed on the data. Before
performing the spectral analysis, the heart beat signal is
detrended by applying the following equation to the second
column of the windowed IBI time series;

detrended signal=constant detrend (Hamming win-
dow(linear_detrend(signal)))

[0095] The signal is linearly detrended before multiplying
it by a hamming window of the same length. Next, a constant
detrend is applied to subtract the zero frequency component.
In this manner, the non-autonomic regulation of the heart rate,
for example, due to vigorous exercise or voluntary physical
activity is removed from the signal. Applying a hamming
window to the IBI time series before the spectral analysis can
thereby enhance spectral information.

[0096] A Lomb normalize periodogram is obtained which
is dimensionless, and can be expressed in terms of the power
spectral density (PSD) as follows:

PSD=Lomb_periodogram/integral(Lomb_peri-
odogram)*variance(detrended signal)

[0097] The PSD equation can be applied only if the time-
domain signal to be transformed has zero mean value. The
integral in the equation can be a trapezoidal numerical inte-
gral.

[0098] Next, low frequency (LF), high frequency (HF), and
total power (TP) values can be obtained by numerically inte-
grating the PSD in the standard bands 0£0.04 Hz t0 0.15, from
0.15 Hz to 0.4 Hz, and from 0.4 Hz to maximum frequency,
respectively.

[0099] Finally, the WBI function is determined. The goal of
the WBI is to encourage healthy behaviors among individu-
als. Thus, exertion as well as meditation and relaxation are
awarded a high index value. On the contrary, stressful situa-
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tions that limit the HRV are given a low score. The WBI can
be determined using the following equation:

WBI=f, (HF/LF)+f,(TP)+f;(meanHR, HRmax)

[0100] wheremeanHR is the mean heart rate in bpm during
the five minute window of interest, and HRmax is the maxi-
mum heart rate of the subject. In some embodiments, the
Haskell and Fox formula, or any other suitable formula can be
used to determine the HRmax.

[0101] The WBI provides a daily comprehensive value that
indicates the quality of the day of the user from an HRV point
of view. For example, a healthy nutritional regime increases
the quality of sleep and wakefulness, and in turn the magni-
tude of HRV can urge the user towards such healthy behavior.
Thus an increase of the daily WBI through weeks, months and
years would indicate the effectiveness of the method
described herein.

[0102] In this manner, the method described herein can
allow the tracking of the level of the psychophysical health
over a period of time. Awareness of a user’s own well being
level can provide the user encouragement as well as guidance
to enhance daily interactions and quality of life. Furthermore,
the method described herein can be incorporated in devices,
for example, the wearable device 300 to help the user cope
with stressful situations by providing compensational feed-
back, other than supporting healthy behaviors such as, for
example, healthy eating and exercise.

[0103] While various embodiments of the system, methods
and devices have been described above, it should be under-
stood that they have been presented by way of example only,
and not limitation. Where methods and steps described above
indicate certain events occurring in certain order, those of
ordinary skill in the art having the benefit of this disclosure
would recognize that the ordering of certain steps may be
modified and such modification are in accordance with the
variations of the invention. Additionally, certain of the steps
may be performed concurrently in a parallel process when
possible, as well as performed sequentially as described
above. The embodiments have been particularly shown and
described, but it will be understood that various changes in
form and details may be made.

[0104] For example, although various embodiments have
been described as having particular features and/or combina-
tion of components, other embodiments are possible having
any combination or sub-combination of any features and/or
components from any of the embodiments described herein.
In addition, the specific configurations of the various compo-
nents can also be varied. For example, the size and specific
shape of the various components can be different than the
embodiments shown, while still providing the functions as
described herein.

1. An apparatus for measuring electrodermal activity, com-

prising:

a first electrode in contact with a first portion of a stratum
corneum of skin;

a second electrode in contact with a second portion of the
stratum corneum and in electronic communication with
the first electrode through the stratum corneum; and

a processing module electrically coupled to the first elec-
trode and the second electrode and operable to (a) bias
the first electrode at a first voltage V+ and the second
electrode at a second voltage V-, (b) measure a current
flowing between the first electrode and the second elec-
trode, the current corresponding to the conductance of
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the stratum corneum, (¢) subtract a compensation cur-
rent from the measured current, (d) measure a resulting
current and produce an amplified output voltage, ()
measure a conductance of the stratum corneum, and (f)
adjust at least one of the first voltage, the second voltage,
and the compensation current to desaturate the output
voltage.

2. The apparatus of claim 1, wherein the processing module
is further configured to adjust the compensation current if the
conductance of the stratum corneum is too low.

3. The apparatus of claim 1, wherein the processing module
is further configured to measure a compensated value of
conductance from which a tonic level conductance is
removed.

4. The apparatus of claim 1, wherein the processing module
is configured to reverse the polarity of at least one of the first
electrode and the second electrode after a predetermined
period of time to substantially reduce electrolysis.

5. The apparatus of claim 1, wherein the processing module
is configured to allow a tuning of the compensation current
that is subtracted from the current between the first electrode
and the second electrode prior to amplification.

6. The apparatus of claim 1, wherein the stratum corneum
is a stratum corneum of any portion of person’s skin.

7. The apparatus of claim 6, wherein the apparatus is con-
figured to measure a tonic level conductance of the stratum
corneum in the range of about 0.05 pS to about 50 pS.

8. The apparatus of claim 1, wherein the apparatus is con-
figured to measure the conductance of the stratum corneum
with a resolution of 0.0001 uS.

9. A wearable device for measuring electrodermal activity,
comprising:

a housing configured to be removably associated with a

user;

a first electrode, at least a portion of the first electrode
disposed outside the housing and configured to contact a
first portion of a stratum corneum of skin when the
housing is associated with the user;

a second electrode, at least a portion of the first electrode
disposed outside the housing and configured to contact a
second portion of the stratum corneum of the skin when
the housing is associated with the user;

a processing module disposed in the housing and electri-
cally coupled to the first electrode and the second elec-
trode, the processing module operable to (a) bias the first
electrode at a first voltage V+ and the second electrode at
a second voltage V- (b) measure a current flowing
between the first electrode and the second electrode, the
current corresponding to the conductance of the stratum
corneum, (c) subtract a compensation current from the
measured current, (d) measure a resulting current and
produce an amplified output voltage, (¢) measure a con-
ductance of the stratum cormeum, and (f) adjust at least
one of the first voltage, the second voltage, and the
compensation current to desaturate the output voltage:

a communications module disposed in the housing, the
communications module coupled to the processing
module and configured to at least one of a display an
electrodermal activity of the user, and communicate
electrodermal activity data from the processing module
to an external device; and
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a power source disposed in the housing and configured to
provide electrical power to the processing module and
the communications module.

10. The wearable device of claim 9, wherein the processing
module is further configured to decrease the compensation
current if the conductance of the stratum corneum is too low.

11. The wearable device of claim 10, wherein the wearable
device is a wrist band.

12. The wearable device of claim 11, wherein the process-
ing module is configured to measure a tonic level conduc-
tance of the stratum corneum of the wrist of the user in the
range of about 0.05 S to about 50 uS.

13. The wearable device of claim 19, wherein the wearable
device is at least one of a head band, an arm band, a foot band,
an ankle band, and a ring.

14. The wearable device of claim 9, wherein the processing
module is further configured to reverse the polarity of at least
one of the first electrode and the second electrode after a
predetermined period of time to substantially reduce elec-
trolysis.

15. The wearable device of claim 9, further comprising a
heart beat sensor.

16. The wearable device of claim 15, further comprising at
least one of an accelerometer, a temperature sensor, a blood
oxygen sensor, and a glucose sensor.

17. The wearable device of claim 16, wherein the commu-
nications module is configured to communicate at least one of
heart beat data, an accelerometer data, a temperature data, a
blood oxygen data, and a glucose data to the external device.

18. The wearable device of claim 17, where the communi-
cation module is configured to communicate with the external
device via at least one of a USB, USB 2.0, IEEE 1394,
BLUETOOTH®, low powered BLUETOOTH®, and Wi-Fi.

19. A method for measuring electrodermal activity, com-
prising:

disposing a first electrode and a second electrode on a
stratum corneum of a user;

biasing the first electrode at a first voltage and a second
electrode at a second voltage;

measuringa current flowing between the first electrode and
the second electrode;

subtracting a compensation current from the current flow-
ing between the first electrode and the second electrode
to get an input current;

transforming the input current into an amplified output
voltage;

measuring an output voltage;

measuring a conductarnce of the stratum corneum;

determining if the output voltage is saturated; and

increasing the compensation current to change the output
voltage such that the output voltage is not saturated.

20. The method of claim 19 further comprising:

determining if the conductance of the stratum corneum is
too low; and

decreasing the compensation current if the conductance is
too low.

21. The method of claim 20, wherein the measured con-
ductance is a tonic level conductance having a value in the
range of about 0.05 pS to about 50 uS.

22. The method of claim 20, wherein the measured con-
ductance is a phasic level conductance having a resolution up
to 0.0001 puS.
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