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METHODS AND APPARATUSES FOR TRANSDERMAL STIMULATION OF THE OUTER

EAR
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FIELD

[0005] The methods and apparatuses described herein relate to transdermal electrical

neuromodulation through the ear. In particular described herein are wearable neurostimulator apparatuses

configured to target cranial and/or cervical spinal nerve branches in the pinna to modulate a wearer's

cognitive state and/or to treat or diagnose a medical condition in a patient.

BACKGROUND

[0006] Electrical stimulation of cranial nerves and/or spinal nerves is a strategy for diagnosing and

treating various medical conditions based on the principle that neuromodulation of these nerves induces

significant and consistent changes in the brain through brainstem projections. Many of these stimulation

techniques act by modulating the activity of cervical spinal and cranial nerve sensory afferents and other

fibers projecting back to brainstem regions (e.g., to regulate the activity of the reticular activating system

and other bottom-up pathways known to affect cortical gain and psychophysiological arousal). Vagal

nerve stimulation at various sites in the head, neck, and upper body is known to have widespread clinical

application including for neurological, cardiovascular, pulmonary, renal, hepatic, and immunological

disorders.

[0007] Implanted cranial or spinal nerve electrical stimulators are generally well localized to targeted

nerves, including those in areas of the head generally covered by hair, and can use lower stimulation

intensities due to the proximity of the targeted nerve and absence of insulating skin. Though effective,

surgical implantation of electrodes is costly and is associated with normal surgical risks. In at least some

instances, implanted cranial and/or cervical spinal nerve stimulators cause side effects including difficulty

swallowing and hoarseness of the voice.

[0008] Transdermal cranial and/or cervical spinal nerve electrical stimulators require less

intervention, lower cost, and offer a better safety profile relative to implanted systems. However,

transdermal stimulation strategies are believed to be less than optimal in some circumstances, for

instance: the targeting of cranial and/or cervical spinal nerves that vary between patients; the difficulty of

delivering current comfortably and efficiently through the skin; and skin discomfort mediated by sensory

receptors that limits the intensity (or other parameters) of stimulation.

[0009] For example, the Electrocore gammaCore® stimulator is a handheld device that targets the

vagal nerve in the neck. US 8,843,210 to inventors Simon et al. describe a neck-based stimulation system.

This form factor is lacking in terms of miniaturization and ease of use, particularly hands-free use,

limiting the activity of users during stimulation and the available contexts for stimulation (i.e. it is

difficult to apply handheld stimulation while driving, holding a child, riding a bike, or even eating a

meal).

[00010] Targeting transdermal electric stimulation (TES) to the pinna may overcome some of these

limitations. The pinna generally has little or no hair and several cranial and cervical spinal nerves project

to this portion of the ear. Electrical stimulation of branches of the vagal, trigeminal, and facial nerves in

the pinna has been described previously. Fewer descriptions exist for targeting cervical spinal nerves (for



example the greater auricular nerve) projecting to this region to modulate brain activity. Existing Pinna

Electrical Nerve Stimulation (PENS, also referred to as auricular electrical stimulation, auricular TES,

auricular stimulation, or auricular electrical nerve stimulation) and methods are not optimal at least

because they have not proven effective and reliable for regular use, particularly by untrained users. The

waveforms, electrode composition, and mechanical-geometric structures for dermal application of

electrodes on the pinna have not yet been able to effectively deliver comfortable waveforms that induce

beneficial and significant cognitive effects, and, in some cases, non-cognitive effects. Additionally,

systems and methods optimized for stimulating combinations of cranial nerves (trigeminal, facial, and/or

vagal) and cervical spinal nerves (greater auricular nerve; C2-3) projecting to this region to modulate

brain function do not presently exist. For example, electrode compositions for pinna nerve stimulation

that distribute charge uniformly on the targeted skin area and buffer pH changes in the skin would be

beneficial improvements on available systems.

[00011] Various therapeutic and diagnostic applications of auricular electrical stimulation have been

described. In some instances, consumer applications (i.e. 'lifestyle' applications not intended to diagnose

or treat any medical condition) for auricular electrical stimulation would be beneficial. For these

applications in particular, though also for many therapeutic and diagnostic applications, it may be

beneficial for stimulation to be more comfortable - and to induce noticeable and beneficial effects in

healthy users. Existing systems and methods are lacking in this regard.

[00012] For example, US 5,144,952 to inventors Frachet and David describes an earring pierced

through the pinna for transcutaneous electrical stimulation. Though this form factor is minimally invasive

(at least with respect to individuals with cosmetic ear piercings), less invasive apparatuses for electrical

stimulation of the pinna would be more comfortable and avoid the potential for infection. In at least some

instances, this method may be limited because it delivers highly localized stimulation of particular

afferents, whereas broader stimulation of zones innervated by cranial and cervical spinal nerves could

induce more robust cognitive effects.

[00013] Electrostimulation via ear clips is one standard noninvasive means for TES of the pinna.

However, the ear clips are generally positioned on the ear lobe, a region with more fatty tissue that causes

ear clips to generally have high impedance and limit the intensity of stimulation, as well as the efficacy of

neuromodulation of the branches of cranial nerves in the pinna more distant from the ear lobe. Again, the

highly localized site of stimulation may preclude some outcomes where more diffuse and global

stimulation of several regions of the pinna simultaneously could overcome this limitation. For example,

systems and methods for simultaneously stimulating the helix, triangular fossa, and cymba conchae may

be beneficial for inducing more prominent changes in psychophysiological arousal than simply

stimulating the tragus or ear lobe.

[00014] US 5,514,175 to inventors Kim et al. describes a lightweight, portable auricular TES system

using bipolar waveforms including those with frequencies of 15 Hz, 500 Hz, and 15,000 Hz and, for

example, peak intensity of 150 µΑ . A key feature of the system described by Kim et al. is low voltage

operation (i.e. 2 volts or less, 10 volts or less). The inventors in the present case have found that such low



peak stimulation intensities are limiting for robust neuromodulation of cranial and/or cervical spinal

nerves and are not able to induce significant and beneficial physiological and/or cognitive effects.

Moreover, the low voltage operation of the systems described by Kim et al. are unsuitable for higher

current intensities (e.g. above about 1 mA) due to high skin impedance for small electrodes in the

relatively well insulated pinna.

[00015] In yet another example, Cerbomed GmBH sells the Nemos® transcutaneous vagal nerve

stimulator with an earphone-style assembly containing a pair of electrodes targeting vagal nerve endings

in the conch of the ear. Patients carry out stimulation autonomously about 4 hours per day for the

treatment of epilepsy. The intensity of stimulation is set by the user and delivered at (for example) 250

µ pulses at 25 Hz at an intensity that causes slight tingling, generally 2 mA or less.

[00016] Patents originally assigned to Cerbomed describe auricular stimulation systems and methods

for using them that are lacking in at least some instances for delivering comfortable transdermal electrical

stimulation that induces a significant and beneficial cognitive effect. In at least some instances, the

auricular stimulation systems disclosed by Cerbomed are lacking because they do not incorporate the use

of transducers or speakers (headphones for example) for introducing naturalistic stimulation, such as

music or sounds.

[00017] US 8,506,469 to Deitrich et al describes "a monophasic-modified rectangle impulse with a

pulse width of 250 s, electrical current amplitude between 4 mA and 8 mA stimulation frequency of 25

Hz is used." Also described are pinna stimulation waveforms that are either monopolar or bipolar and in a

preferable frequency range of 0.01 to 1000 Hz. However, these auricular transdermal electrical

stimulation waveforms are suboptimal in at least some instances for comfortable stimulation at high peak

intensities (and with other appropriate waveform parameters) that induce a significant and beneficial

cognitive effect.

[00018] US 8,688,239 to Hartlep et al. shows an auricular electrical stimulation apparatus with

mechanical and geometric features for stable placement in a patient's ear (in the conch) for targeting the

auricular branch of the vagal nerve. However, these apparatuses are not configured to use disposable

electrodes, including disposable electrodes that include consumptive electrochemistry to improve skin

comfort at higher peak stimulation intensities that induce stronger cognitive effects, in at least some

instances.

[00019] Erfan disclosed a bilateral headset auricular stimulator in U.S. application US2005/01 65460

wherein the hardware device hangs as a necklace from a patient's ears similar to a marketed product from

Auri-Stim Medical, Inc.

[00020] US 8,639,343 to de Vos describes an apnoea treatment that couples measurement of

breathing to auricular electrical stimulation at less than 500 Hz.

[00021] The products and patent art of Cerbomed, de Vos, and Auri-Stim Medical, Inc. are lacking in

the effects induced by stimulation of the pinna, as well as the intensity of stimulation achievable without

skin discomfort. New systems for stimulation of cranial and/or cervical spinal nerve projections in the



pinna (also referred to as the auricle) that are comfortable at higher peak stimulation intensities and

induce beneficial cognitive effects would be desirable.

[00022] It would generally be advantageous to provide devices and methods that allow transdermal

electrical stimulation of the pinna in a manner that overcomes the problems with pain and efficacy. In

particular, it would be beneficial to provide auricular TES devices and methods for modulating (e.g.,

inducing, enhancing, reversing, or otherwise increasing or changing) a cognitive effect and/or mental

state. For example, TES stimulation protocols and electrode configurations that induce a relaxing,

calming, anxiolytic, dissociated, high mental clarity, or worry-free state of mind in a subject would be

advantageous for improving the subject's experiences and state of mind, as well as addressing insomnia

and mitigating negative responses to stress. Similarly TES stimulation protocols and apparatuses that

increase a subject's motivation, alertness, subjective (and/or physiological) energy level, or focus would

be advantageous for improving a subject's productivity, frequency of physical activity, and providing

beneficial states of mind. Due to the way the brain integrates multimodal sensory information, it would

be beneficial to provide devices and methods that enable the stimulation of cranial and cervical spinal

nerves projecting to the pinna simultaneously combined with naturalistic auditory stimulation, such as

music to affect motivation, mood, psychophysiological arousal, and cognition. Described herein are

methods and apparatuses (including devices and systems) and methods that may address the problems and

opportunities discussed above. Also described herein are methods for treating or diagnosing a subject

with auricular TES systems. Electrical stimulation waveforms that activate nerves in the ear (pinna) while

causing minimal or limited discomfort would be beneficial for pinna electrical stimulation and are

described herein. Conductive form factors that fit comfortably in the ear and provide a generally uniform

and/or pH buffering electrode composition would provide an additional benefit and are also described

herein.

[00023] The various disclosed auricular stimulation systems are further lacking with regard to

miniaturization and portability. For lifestyle applications, as well as clinical (i.e. therapeutic or diagnostic)

applications, hands-free application with a lightweight, minimally-distracting or intrusive form factor

would enhance the ease-of-use and applications for the auricular stimulation system. Systems that are

small, lightweight and wearable in an ear (i.e. within the concha and/or triangular fossa), on an ear, or

adhesively attached on or near the ear would provide additional benefit relative to handheld systems and

systems that require a dedicated handheld or table-top control unit. One system design that enables a

smaller neurostimulator control unit is to offload some of the control software and/or power source

requirements to a portable user computing device (i.e. a smartphone, smartwatch, or tablet) by coupling to

a connector of the portable user computing device with a cable.

SUMMARY OF THE DISCLOSURE

[00024] Generally described herein are transdermal electrical stimulators (e.g., neurostimulators

configured to modify a subject's cognitive and/or physiological state) that may be worn on a subject's ear

or ears. These apparatuses (which may be devices and/or systems) may include a wearable component



(such as a headphone component) including in some variations a pair of electrodes for delivering TES to

the subject's ear (e.g., pinna) and particularly to the cymba region of the ear, as well as control circuitry

such as a processor and/or waveform generator, and a power supply (e.g., battery). In some variations the

apparatus may include audio output (e.g., speakers, as for a headphone/headset). The control circuity

and/or battery may be separate from (though connectable to) or integrated with the pair of electrodes. In

some variations the electrodes are configured to be worn on/in the subject's ear, and attached or coupled

(via a wire or wirelessly) to a body including the control circuity.

[00025] For example, described herein are methods of inducing or enhancing attention, alertness, or

mental focus or inducing or enhancing a calm or relaxed mental state, the method comprising: placing a

first electrode of a portable transdermal electrical stimulation (TES) applicator into the subject's first ear

in contact with a first pinna, and placing a second electrode of a portable TES applicator on the subject;

activating the TES applicator to deliver pulsed electrical stimulation between the first and second

electrodes at an intensity of 0.25 mA or greater, a duty cycle of greater than 10% and a frequency of

greater than 250 Hz; and delivering the pulsed electrical stimulation between the first and second

electrodes for 10 seconds or longer.

[00026] A method of inducing or enhancing attention, alertness, or mental focus or inducing or

enhancing a calm or relaxed mental state, may include: placing a first electrode of a portable transdermal

electrical stimulation (TES) applicator into the subject's first ear in contact with a first pinna and placing

a second electrode of a portable TES applicator into the subject's second ear in contact with a second

pinna; activating the TES applicator to deliver pulsed electrical stimulation between the first and second

electrodes with an intensity of 0.25 mA or greater, a duty cycle of greater than 10% and a frequency of

greater than 250 Hz; and modifying the subject's cognitive state to induce a calm cognitive state by

delivering the pulsed electrical stimulation between the first and second electrodes for 10 seconds or

longer.

[00027] A method of inducing or enhancing attention, alertness, or mental focus or inducing or

enhancing a calm or relaxed mental state may include: placing a portable transdermal electrical

stimulation (TES) applicator into a subject's first ear so that a first and second electrode of a portable TES

applicator contact a skin of the subject's pinna so that at least one of the first and second electrodes are in

contact with the subject's cymba; activating the portable TES applicator to deliver a pulsed electrical

stimulation having an intensity of greater than 0.25 mA between the first electrode positioned on the

subject's pinna and the second electrode on the subject's pinna; delivering audio output to the subject

from a speaker coupled to the portable TES applicator concurrently with delivery of the pulsed electrical

stimulation; and applying the transdermal electrical stimulation between the first and second electrodes

for 0 seconds or longer.

[00028] For example, described herein are methods of modifying a subject's cognitive state, the

method comprising: placing a portable transdermal electrical stimulation (TES) applicator into the

subject's ear so that a first and second electrode of a portable TES applicator contact the skin of the

subject's pinna; activating the TES applicator to deliver pulsed electrical stimulation with an intensity of



0.25 mA or greater; and modifying the subject's cognitive state by applying the pulsed electrical

stimulation between the first and second electrodes for 10 seconds or longer.

[00029] Any of the methods of modifying a subject's cognitive state described herein may be methods

of modifying a subject's cognitive state to induce or enhance attention, alertness, or mental focus or to

induce or enhance a calm or relaxed mental state. For example, such a method may include: placing a

portable transdermal electrical stimulation (TES) applicator into the subject's ear so that a first and

second electrode of a portable TES applicator contact the skin of the subject's pinna so that at least one of

the first and second electrodes are in contact with the subject's pinna (e.g., the concha, such as the cymba

and/or cavum region of the pinna); activating the portable TES applicator to deliver a pulsed electrical

stimulation having an intensity of greater than 0.25 mA between the first electrode positioned on the

subject's pinna and the second electrode on the subject's pinna; delivering audio output to the subject

from a speaker coupled to the portable TES applicator; and modifying the subject's cognitive state by

applying the transdermal electrical stimulation between the first and second electrodes for 10 seconds or

longer.

[00030] Also described herein are methods of stimulation the vagus nerve non-invasively by TES. In

particular, described herein are methods of non-invasively stimulating the vagus nerve to induce or

enhance attention, alertness, or mental focus or inducing or enhancing a calm or relaxed mental state. For

example any of these method may include: placing a first electrode of a portable transdermal electrical

stimulation (TES) applicator into the subject's first ear in contact with a first pinna, and placing a second

electrode of portable TES applicator on the subject (e.g., on the same ear, a different ear, or some other

portion of the subject's head and/or neck); stimulating the vagus nerve by activating the TES applicator

to deliver pulsed electrical stimulation between the first and second electrodes (e.g., at an intensity of 0.25

mA or greater, a duty cycle of greater than 10% and a frequency of greater than 250 Hz); and delivering

the pulsed electrical stimulation between the first and second electrodes for a duration (e.g., a duration of

10 seconds or longer, 30 seconds or longer, 1 min or longer, 2 min or longer, 5 min or longer, etc.).

[00031] Any of these methods may include placing the portable transdermal electrical stimulation

(TES) applicator so that the applicator is held in the ear by a friction fit.

[00032] In general, any of these methods may also include connecting the portable transdermal

electrical stimulation (TES) applicator to a portable computing device worn or held by the subject via a

cable. Alternatively or additionally the portable TES applicator may be wirelessly connected.

[00033] The user may adjust the delivered pulsed electrical stimulation, e.g., by manipulating a

control on the portable TES applicator and/or by a portable computing device coupled to the portable TES

applicator. Any of these methods may also include adjusting the delivered pulsed electrical stimulation

from a portable computing device coupled to the portable transdermal electrical stimulation (TES)

applicator.

[00034] Activating the portable TES applicator may include triggering activation of the portable TES

applicator from a portable computing device held or worn by the subject. Activating may include

delivering a pulsed electrical stimulation having a frequency of 10 Hz or greater. Activating may



comprise delivering a pulsed electrical stimulation electrical stimulation having a frequency of 150 Hz or

greater (e.g., 300 Hz or greater, 750 Hz or greater, etc.). Any of these methods may also include

delivering a pulsed electrical stimulation waveform that is asymmetric, biphasic and transdermal.

[00035] Any of these methods may include activating the TES applicator to deliver the transdermal

electrical stimulation having a duty cycle of greater than 10 percent.

[00036] In general, modifying the subject's cognitive state may comprise enhancing attention,

alertness, or mental focus. Modifying the subject's cognitive state may comprise enhancing a calm or

relaxed mental state.

[00037] Placing the first electrode and the second electrode may include the subject wearing the first

electrode and the second electrode on the pinna so that at least one of the electrodes is in contact with a

cymba of the ear. The electrodes may be built into the portable TES applicator so that the positioning is

automatic when the apparatus is placed in or on (over) the ear.

[00038] Any of these methods may include varying the applied transdermal electrical stimulation

while the biphasic transdermal stimulation is applied. Any of these methods may include ramping the

transdermal electrical stimulation during the application by decreasing one or more of the intensity,

frequency, or duty cycle and then increasing one or more of the intensity, frequency, or duty cycle. In any

of these variations, the electrical stimulation waveform may be biphasic.

[00039] In any of these variations, modifying the subject's cognitive state may include applying the

transdermal electrical stimulation between the first and second electrodes for 15 minutes or longer.

[00040] In any of these variations, the electrical stimulation may be paired (including coordinated)

with an audible signal. The audible signal (e.g., music, spoken words, nature sounds, etc.) may be

provided to the subject from the TES applicator. For example, delivering the audio output may include

delivering music. Delivering audio output may comprise delivering audio output concurrent with delivery

of the pulsed electrical stimulation. Any of these methods may include delivering an audio output to the

subject from the TES applicator wherein the TES applicator is configured as an earbud TES applicator

comprising a speaker.

[00041] Also described herein are methods of modifying a subject's cognitive state (e.g., to induce or

enhance attention, alertness, or mental focus or to induce or enhance a calm or relaxed mental state) by

applying TES to the subject's ear (pinna). For example, a method of modifying a subject's cognitive state

may include: placing a first and second electrode of a portable transdermal electrical stimulation (TES)

applicator on the skin of the subject's pinna; activating the TES applicator to deliver a transdermal

electrical stimulation having a frequency of 250 Hz or greater and a peak intensity of 0.25 n A or greater;

and modifying the subject's cognitive state by applying the biphasic transdermal electrical stimulation

between the first and second electrodes for 10 seconds or longer. In variations, the pinna electrodes may

be either bilateral with unipolar electrodes on each pinna or unilateral with at least two (bipolar)

electrodes on one pinna. In some variations, the electrical stimulation waveform may be asymmetric and

biphasic.



[00042] Thus, a method of modifying a subject's cognitive state to induce or enhance attention,

alertness, or mental focus or to induce or enhance a calm or relaxed mental state, may include: activating

a portable transdermal electrical stimulation (TES) applicator to deliver a pulsed transdermal electrical

stimulation having a frequency of 250 Hz or greater and an intensity of greater than 0.25 mA between a

first and second electrode positioned on the subject's pinna so that at least one of the first and second

electrodes are in contact with the subject's cymba; and modifying the subject's cognitive state by

applying the biphasic transdermal electrical stimulation between the first and second electrodes for 10

seconds or longer. In some variations the electrodes may be positioned bilaterally with unipolar electrodes

or unilateral with a bipolar electrode. In some variations, the electrical stimulation waveform may be

asymmetric and biphasic.

[00043] Activating may include activating the TES applicator to deliver the transdermal electrical

stimulation having a duty cycle of greater than 10 percent. Modifying the subject's cognitive state may be

experienced as a change in physiology and may comprise enhancing attention, alertness, or mental focus,

and/or enhancing a calm or relaxed mental state.

[00044] In general, modifying the subject's cognitive state and/or physiology may be mediated

through the vagal nerve and affect one or more organ system, including but not limited to the gastric,

intestinal, renal, hepatic, pulmonary, cardiac, circulatory, immunological, and nervous systems.

Accordingly, transdermal stimulation of auricular vagal nerve branches with the systems and methods

described herein may be applied for the treatment or diagnosis of various medical conditions, including

but not limited to: alcohol addiction, Alzheimer's disease, anaphylaxis, anxiety disorders, apnoea, atrial

fibrillation, autism spectrum disorders, bulimia nervosa, burn-induced organ dysfunction, chronic heart

failure, chronic intractable hiccups, comorbid personality disorders, concussion and post-concussive

syndrome, coronary artery disease, Dravet syndrome, drop-attacks, eating disorders, epilepsy,

fibromyalgia, genital self-stimulation after complete spinal cord injury, heatstroke, immune disorders,

intestinal epithelial barrier breakdown, Lennox-Gastaut syndrome, memory disorders, migraines,

minimally conscious or persistently vegetative states, mood disorders, myocarditis, multiple sclerosis,

obsessive compulsive disorder, peripheral arterial occlusion disease, obesity, psychiatric disorders,

Rasmussen's encephalitis, sepsis, sleep disorders, tinnitus, transient focal cerebral ischemia, trauma-

hemorrhagic shock, and traumatic brain injury.

[00045] In some variations, placing the first electrode and the second electrode may comprise the

subject wearing the first electrode and the second electrode on the pinna so that at least one of the

electrodes is in contact with a cymba of the ear.

[00046] Placing the first electrode and the second electrode may comprise the subject wearing the first

electrode and the second electrode unilaterally on one pinna so that at least one of the electrodes is in

contact with a cymba of the ear.

[00047] Placing the first electrode and the second electrode may comprise the subject wearing the first

electrode and the second electrode bilaterally on both pinnae so that at least one of the electrodes is in

contact with a cymba of the ear. In variations, placing the second electrode may comprise unfurling or



otherwise extending a conductive wire or cable between the first electrode (and, optionally, any housing

or assembly connected thereto that may contain all or some of the components of the TES control

apparatus) and the second electrode (and, optionally, any housing or assembly connected thereto that may

contain all or some of the components of the TES control apparatus).

[00048] Activating the portable TES applicator may include triggering activation of the portable TES

applicator and/or triggering activation of the portable TES applicator from a handheld device wirelessly

or via a wired connection (e.g. via a one, two, or three channel headphone jack or via a multi-pin

communication and power exchange connector such as a lightning connector on an iPhone 6).

[00049] Activating the portable TES applicator may include triggering activation of the portable TES

applicator by a voice command, by pressing a button or other user interface on the portable TES

applicator, by sending a control signal via an application interface on a user computing device configured

to control the TES applicator in a wired or wireless (e.g. Bluetooth Low Energy) fashion, or automatically

as soon as skin contact of the two or more electrodes is detected (i.e. an electrode impedance below a

threshold value is measured, indicating dermal placement).

[00050] Any of the methods described herein may also include varying the applied transdermal

electrical stimulation while the transdermal stimulation is applied to apply neurostimulation using

ensemble waveforms. In general, an ensemble waveform typically includes a series or ordered set of

waveform parameters, where the set of waveform parameters may specify peak current amplitude (also

referred to as peak current intensity, and which in general may refer to the peak positive-going current

intensity and/or the peak negative-going current intensity), frequency, duty cycle, percent charge

imbalance, and optionally, capacitive discharge state. Each set may also include a time specifying the

duration that these waveform parameters are valid, and in some variations, a ramping value indicating the

value that the parameter is ramped over and, optionally, the pattern of ramping (i.e., linear, step-wise

linear, exponential, etc.). The set of these waveform parameters, duration, and ramping values may

together define a stimulation protocol having a plurality of different waveform parameters that are

arranged sequentially. For example, an ensemble waveform may include a series of 3 or more (e.g., 4 or

more, 5 or more, 6 or more, 7 or more, 8 or more, 9 or more, 10 or more, etc.) component waveforms,

wherein component waveforms are typically biphasic and each has a duration and a predefined set of

waveform parameters including a frequency, an intensity, a duty cycle and a percent charge imbalance,

wherein at least one of the waveform parameters of each component waveform is different from the

waveform parameters of a component waveform preceding it, following it, or preceding and following it

in the series. Each component waveform may also include a ramping time or ramping indicator,

indicating that any waveform parameter that changes from a preceding component waveform parameter is

to be ramped to the new value over the duration of the component waveform (or over the duration of the

ramping time in some variations). Functionally, a waveform ensemble may be created to evoke a

particular cognitive effect, such as relaxation, calmness, energy, etc. A waveform ensemble may also be

created to be comfortable and effective with a particular neurostimulator device and electrodes. Examples

of waveform ensembles are described herein.



[00051] Any of these methods may also include ramping the transdermal electrical stimulation during

the application by decreasing one or more of the intensity, frequency, duty cycle, charge imbalance,

bursting frequency, or bursting duty cycle and then increasing one or more of the intensity, frequency,

duty cycle, charge imbalance, bursting frequency, or bursting duty cycle. In any of these methods, the

electrical stimulation waveform may also be biphasic and may be asymmetric.

[00052] In general, the portable TES applicator may be worn on or in the ear. In variations, the TES

applicator may comprise one or more housings on or in only one ear. In alternative variations, the TES

applicator may comprise one or more housings on or in both ears, connected by a wire or cable (which

may incorporate inline electronic components such as a battery, microcontroller, current source, safety

circuitry, etc. in one or more housing) so that the assemblies worn on or in an ear are smaller for

improved fit, comfort, and discreteness.

[00053] In variations, the TES applicator worn on or in one or both ears may be standalone and

contain a power source, a current source, microcontroller, safety circuitry, etc. In other variations, the

TES applicator worn on or in one or both ears may be wired and connected to a portable TES controller

(e.g. user computing device such as a smartphone or tablet; or a dedicated portable electronic apparatus),

or the TES applicator worn on or in one or both ears may be in wireless communication with a portable

TES controller.

[00054] Modifying the subject's cognitive state may comprise applying the biphasic transdermal

electrical stimulation between the first and second electrodes for 30 seconds or longer, (e.g. 1 minute or

longer, 2 minutes or longer, 3 minutes or longer, 4 minutes or longer, 5 minutes or longer, 6 minutes or

longer, 7 minutes or longer, 8 minutes or longer, 9 minutes or longer, 10 minutes or longer, 11 minutes or

longer, 1 minutes or longer, 13 minutes or longer, 14 minutes or longer, 15 minutes or longer, 16

minutes or longer, 17 minutes or longer, 18 minutes or longer, 19 minutes or longer, 20 minutes or longer,

25 minutes or longer, 30 minutes or longer, etc.).

[00055] An advantage of the ear-based TES systems and methods described herein may include

concurrent electrical stimulation and an audible signal (e.g., which may be transduced by air or via bone

conduction). Novel cognitive effects may be induced by aligning in time (in some cases, with a temporal

offset) an auricular TES waveform with an audible signal through coordinated activation of auditory

pathways with cranial and/or cervical spinal nerve downstream pathways. For example, any of these

methods may include delivering an audible signal to the subject from the TES applicator. Any audible

signal may be used, including one or more of: a song (e.g., music), a tone or tones, a chant, spoken

language, instrumental music, white noise, structured noise (e.g. pink noise, brown noise, frequency-

modulated noise), binaural beats, recorded or synthesized sounds (e.g. ocean noise, wind noise, running

water, etc.), or the like. In variations, the audible signals may take the form of instructions or advisements

about the TES applicator (e.g. 'recharge device', 'one minute remaining', 'adjust intensity for optimal

experience', etc.); may take the form of music, chants, recorded sounds, and/or synthesized sounds timed

and temporally sequenced to match, enhance, or otherwise modulate the cognitive effects induced from

auricular TES alone; or may take the form of binaural beats in bilateral variations of the system (i.e.



higher frequency audible signals (generally frequencies above 200 Hz)) with phase offsets at frequencies

of brain rhythms (generally frequencies less than 200 Hz).

[00056] For example, any of these methods may include delivering an audible signal to the subject

from the TES applicator wherein the audible signal is delivered from an earbud TES applicator.

[00057] Also described herein are wearable pinna transdermal electrical stimulation (TES) applicators

for modifying a subject's cognitive state by applying TES to the subject's pinna. For example a wearable

pinna TES (e.g., PENS) apparatus may include: a first body adapted to be worn in a pinna region of a first

ear; a second body adapted to be worn in a pinna region of a second ear; a first electrode on the first body;

a second electrode on the second body; and a wearable TES controller coupled to the first and second

bodies and comprising a power source, a processor, a timer, and a waveform generator, wherein the TES

controller is adapted to deliver an electrical stimulation signal of 0 seconds or longer between the first

and second electrodes having a peak intensity of greater than 0.25 mA.

[00058] A wearable pinna transdermal electrical stimulation (TES) applicator for modifying a

subject's cognitive state by applying TES to the subject's pinna may include: a body adapted to be worn

by the subject in the subject's ear; a first electrode coupled to the body and configured to be worn in a

pinna region of the subject's ear; a second electrode coupled to the body; and a wearable TES controller

coupled to the first and second bodies and comprising a power source, a processor, a timer, and a

waveform generator, wherein the TES controller is adapted to deliver an electrical stimulation signal of

10 seconds or longer between the first and second electrodes having a peak intensity of 0.25 mA or

greater, a duty cycle of greater than 0% and a frequency of greater than 250 Hz.

[00059] A wearable pinna transdermal electrical stimulation (TES) applicator for modifying a

subject's cognitive state by applying TES to the subject's pinna may include a first body adapted to be

worn in a pinna region of a first ear; a second body adapted to be worn in a pinna region of a second ear;

a first electrode removably attached to the first body; a second electrode removably attached to the second

body; and a wearable TES controller coupled to the first and second bodies and comprising a power

source, a processor, a timer, and a waveform generator, wherein the TES controller is adapted to deliver

an electrical stimulation signal of 10 seconds or longer between the first and second electrodes having a

peak intensity of greater than 0.25 mA.

[00060] For example a wearable ear-attaching TES apparatus may include: a body adapted to be worn

by the subject; a first electrode comprising a core conductive layer covered by a conductive polymer

layer; a second electrode comprising a core conductive layer covered by a conductive polymer layer; a

TES control module (controller) comprising a power source, a processor, a timer, and a waveform

generator, wherein the TES controller is adapted to deliver an electrical stimulation signal of 10 seconds

or longer between the first and second electrodes having a frequency of between 10 Hz and 50 kHz (e.g.,

between 100 Hz and 1 kHz; between 3 kHz and 50 kHz, etc.) a duty cycle of between 10 and 80 percent,

a peak intensity of at least 0.25 mA; and (optionally) a wireless receiver connected to the TES controller.

Any of the electrodes described herein may be formed of multiple layers, as will be described in greater

detail below, including a carbon black layer, and other layers.



[00061] The first electrode may be on an outer surface of a wearable applicator and configured to

deliver TES from the TES controller to the subject's pinna. In some variation the second electrode and

the first electrode may be on separate applicators, for example where each applicator is configured to

connect to a separate ear (e.g., allowing TES between the ears/across the wearer's head) and connected by

a cable, wire, or other contoured or flexible assembly containing a conductive element; alternatively in

some variations the first and second electrode are on the same applicator that connects to the same ear.

[00062] Either the first electrode, the second electrode, or both may be coupled to the body by a cord.

Either or both the first and second electrode may be part (e.g., a component) of a removable

electroconductive earbud attachment of the wearable applicator.

[00063] Any of these apparatuses may include an adhesive on the body of the apparatus to secure the

body to the subject's skin (including, but not limited to, the ear). Alternatively or additionally, the

apparatus may be secured to the ear(s) and to the user's skin, garment, or not secured, but held by the user

(including in the user's pocket).

[00064] The power source may be at least one battery, and may be rechargeable or reusable or single-

use.

[00065] Any of these apparatuses may include a manual control on the body coupled to the controller

(e.g., knob, touchscreen, switch, button, slider, etc.).

[00066] Any of these apparatuses may include voice activation functionality.

[00067] Any of these apparatuses may commence electrical stimulation automatically as soon as skin

contact of the two or more electrodes is detected (i.e. an electrode impedance below a threshold value is

measured, indicating dermal placement).

[00068] Any of these apparatuses may include a wireless communication system (i.e. antenna,

chipset, etc.) so that the TES applicator may be controlled by a user computing device (i.e. an app stored

in a machine-readable memory on the user computing device).

[00069] Any of these apparatuses may connect by a wired connection to a user computing device. The

one or more TES applicators may connect via a one, two, or three channel headphone jack or via a multi-

pin communication and power exchange connector such as a lightning connector on an iPhone 6.

Connecting by a wired connection to a user computing device may reduce the size, complexity, and cost

of a TES applicator by reducing required components. For example, power for the TES applicator may be

supplied by the user computing device instead of having a battery and related circuitry on the TES

applicator - or the microcontroller needs of the TES applicator may be reduced by offloading some or all

of the processing to the user computing device.

[00070] Any of these apparatuses may include a capacitive discharge circuit, wherein the TES

controller is configured to occasionally trigger the capacitive discharge circuit to discharge capacitance on

the electrodes during the delivery of the biphasic electrical stimulation. Any of these apparatuses may

alternatively or additionally include a current limiter. Any of these apparatuses may also include a

memory connected to the TES controller and adapted to store information on the operation of the TES

applicator.



[00071] The first and/or second electrodes may be on an outer surface of a wearable applicator and

configured to deliver TES from the TES controller to the subject's pinna and wherein the wearable

applicator is in contact with at least one region of the wearer's pinna. A region of the wearable applicator

may be covered with a malleable and conductive material for contacting a region of the subject's pinna.

A region of the first electrode may be covered with a malleable and conductive material for contacting a

region of the subject's pinna. A region of the second electrode may be covered with a malleable and

conductive material for contacting a region of the subject's pinna. The malleable and conductive material

may comprise a conductive polymer, such as (but not limited to): conductive foam, conductive silicone,

or conductive rubber.

[00072] In any of the apparatuses described herein, an electrode may comprise conductive silicone

tubing (e.g. about 3 mm or smaller in diameter having about 40 Ohms/cm resistance) with a metal wire

contained in its center to provide uniform current distribution along the tubing as well as structural

integrity so that the wire-tubing electrode assembly conforms to individual concha anatomy for

comfortable fit. In variations of this electrode apparatus, a resistive layer may be coated at positions along

the length of the core conductive wire to permit control of current distribution spatially.

[00073] The first and/or second electrodes may be integrated with a first and/or second wearable

applicator.

[00074] As mentioned, any of the wearable applicators described herein may include a speaker

configured to deliver an auditory signal. The first and/or second electrode maybe coupleable and/or

uncoupleable from the wearable applicator (e.g., may be removeably attached so that they can be

repeatedly attached on, then removed from the applicator).

BRIEF DESCRIPTION OF THE DRAWINGS

[00075] The novel features of the invention are set forth with particularity in the claims that follow.

A better understanding of the features and advantages of the present invention will be obtained by

reference to the following detailed description that sets forth illustrative embodiments, in which the

principles of the invention are utilized, and the accompanying drawings of which:

[00076] FIG. 1 is an illustration of a human pinna indicating the approximate positions of various

cranial and cervical spinal nerve branches.

[00077] FIG. 2 is an anatomical illustration of a human pinna.

[00078] FIG. 3 is a diagram of the components of a portable, wired pinna TES neurostimulator

system.

[00079] FIG. 4 is a diagram of components of a pinna TES neurostimulator system that connects

wirelessly to a control unit comprising a microprocessor.

[00080] FIG. 5 is a diagram of a workflow for configuring, actuating, and ending a pinna TES

session.

[00081] FIG. 6 is a diagram illustrating a cycle of a transdermal electrical stimulation waveform for

stimulating one or more cranial and/or cervical spinal nerves in the pinna, as described herein.



[00082] FIG. 7A is an example showing a first potential variation of the transdermal electrical

stimulation waveform with varied amplitudes for positive and negative peak currents and period cycle

length compared to the waveform shown in FIG. 6.

[00083] FIG. 7B is an example showing a second potential variation of the transdermal electrical

stimulation waveform with a sharp negative peak form (e.g., from applied capacitive discharge current

after the first, positive-going, pulse of this unit waveform).

[00084] FIG. 7C is an example showing a third potential variation of the transdermal electrical

stimulation waveform with a sharp positive peak form (e.g., from applied capacitive discharge current

after the second, negative-going, pulse of this unit waveform).

[00085] FIG. 7D is an example showing a fourth potential variation of the transdermal electrical

stimulation waveform with both a sharp positive and a sharp negative peak form (e.g., from applied

capacitive discharge current after both the positive- and negative-going pulses of this unit waveform).

[00086] FIG. 7E is an example of another variation of a TES unit waveform that may be used, e.g.,

repeated alone or in combination with any of the other variations of unit waveforms shown in FIGS. 7A-

7D, including a capacitive discharge current applied at the start of the second, negative-going, pulse.

[00087] FIG. 8A is a schematic of a transdermal electrical stimulation electrode. FIG. 8B is a

schematic illustration of an ear, including various regions; the apparatuses and methods described herein

may contact and/or stimulate any of these regions or groups of regions within the pinna (concha).

[00088] FIG. 9 is a schematic illustrating an earbud-style wearable neurostimulator with ball

electrodes for dermal stimulation of the pinna, as described herein.

[00089] FIG. 0 is a schematic illustrating a wireless earbud-style wearable neurostimulator with an

electro-conductive attachment for placement within the meatus, as described herein.

[00090] FIG. 11 is a schematic illustrating a series of wires in electrical connection to the TES

waveform generator.

[00091] FIG. 2 is a schematic illustrating a TES waveform generator in physical connection with a

pair of pinna electrical nerve stimulation (PENS) electrodes.

[00092] FIG. 13 is a schematic illustrating one example of a PENS electrode inserted into a wearer's

ear.

[00093] FIG. 14 is a schematic illustrating the use of one example of a pinna electrical nerve

stimulation electrode in conjunction with a set of headphones.

[00094] FIG. 15 is a schematic illustrating a variation of the pinna electrical nerve stimulation system

where a pinna module is fitted into a wear's ear and a clip is used to hold the pinna module for display

purposes only and is not used to couple the pinna electrical nerve stimulation electrode with the TES

waveform generator.

[00095] FIG. 16 is a schematic illustrating the variation of the pinna electrical nerve stimulation

system shown in FIG. 15 where a pinna module is fitted into a wearer's ear where the pinna electrical

nerve stimulation electrodes are permanently connected to wires for connecting the TES waveform

generator.



[00096] FIG. 17 is a schematic illustrating a pinna module such as the one shown in FIG. 16 within a

wearer's ear.

[00097] FIG. 18 is schematic illustrating the wearer-facing side of another variation of a pinna

electrical nerve stimulation system where the pinna electrical nerve stimulation electrode is integrated

with a pair of earbud headphones.

[00098] FIG. 9 is a schematic view of the lateral, non-wearer facing side of one of the pinna

electrical nerve stimulation system assemblies shown in FIG. 18.

[00099] FIG. 20 is a schematic illustrating the second variation of the pinna electrical nerve

stimulation system in a wearer's ear.

[000100] FIG. 21 shows a plot of the relative change in heart rate before and during a pinna TES

session in a subject.

[000101] FIG. 22A shows an exemplary (not to scale) sectional view through an active region of an

electrode fed by a conductive trace. FIG. 22B shows a section view though an active region directly

connected to a (snap) connector for coupling to a neurostimulator; FIG. 22C is a slightly enlarged view of

FIG. 22B.

[000102] FIG. 22D illustrates another example (not to scale) of a section view though an active region

of an electrode fed by a conductive trace; in this example, the active region includes a weakly insulating

layer (e.g., a thin carbon layer between the silver and silver chloride layers). FIG. 22E shows a section

view though an active region directly connected to a (snap) connector for coupling to a neurostimulator

and including a weakly insulating layer (e.g., carbon); FIG. 22F is a slightly enlarged view of FIG. 22E.

[000103] FIG. 23 schematically illustrates one method of forming an electrode apparatus such as a

PENS electrode apparatus.

[000104] FIG. 24 schematically illustrates an example of a capacitive discharge circuit including a

double H-bridge according to some embodiments of the disclosure.

[000105] FIG. 25A illustrates an example of capacitive discharging pulses from the double H-bridge

capacitive discharge circuit.

[000106] FIG. 25B illustrates another example of capacitive discharging pulses from the capacitive

discharge circuit with the double H-bridge.

[000107] FIG. 26 schematically illustrates an example of a safety comparison circuit according to some

embodiments of the disclosure.

[000108] FIGS. 27A-27C show schematic representations of a TES apparatus having two modules

connected by a durable cable that can be disconnected.

[000109] FIG. 28 shows the hardware features in a first durable TES housing and a second durable

TES housing connected by a cable.

[0001 10] FIG. 29A is a schematic illustration of one example of an apparatus (e.g., system) including a

wireless controller that sends command instructions, including ensemble waveform information, to a



wearable neurostimulator having a processor adapted to receive and interpret this information, which may

be sent in an abbreviated and efficient message encoding system.

[000111] FIG. 29B is a schematic illustration of another example of a system in which the controller

and processor are directly connected, rather than wirelessly connected.

[000112] FIG. 30A is an example of a smart cable (TES cable neurostimulator) for use with an

electrode assembly to be worn on the subject. The TES cable neurostimulator may connect (and receive

power and control instructions) from a portable computing device such as a smartphone, and also connect

directly to the connectors (e.g., snap connectors are shown) of an electrode assembly. The cable may be

reused with multiple disposable (single-use or limited-use) electrode assemblies.

[000113] FIG. 30B illustrates another example of distal end of a TES cable neurostimulator having a

pair of connectors that may be independently connected to an electrode assembly.

[0001 14] FIG. 30C illustrates another example of a TES cable neurostimulator connecting to another

pair of electrode assemblies having connectors on a region of the electrode assembly that is configured to

be worn on or in a user's pinna (outer ear).

[0001 15] FIG. 31A illustrates a pinna TES neurostimulator with an electrode in each ear, controlled by

a smartphone.

[0001 16] FIG. 31B illustrates a pinna TES embodiment with an electrode apparatus in one ear. A

second electrode may optionally connect to another (non-ear) region of the skin on the subject's body

(dashed line), or it may also connect to the same ear.

DETAILED DESCRIPTION

[0001 17] In general, described herein are pinna electrical nerve stimulation (PENS) apparatuses

(devices and systems) that may generally be used to apply transdermal electrical stimulation (TES)

through at least one electrode in contact with a portion of the subject's pinna (e.g., outer ear). These

apparatuses may be configured to be worn on the outer ear and may include a controller that is adapted to

deliver electrical waveforms (TES doses) within a predetermined range of values that have been

identified as effective for modulating a subject's cognitive state to induce or enhance a particular

cognitive state, without resulting in pain or undue discomfort. Modulation of a subject's cognitive state

may comprise a physiological change.

[0001 18] As used herein, the term "pinna" typically refers to the external part of the ear in humans and

other mammals. A "subject' may refer to a user, wearer, person, patient, etc. Subjects may be human or

non-human mammals.

[000119] Examples of the general components and principles of pinna electrical nerve stimulation

devices are described herein in the following detailed description in conjunction with the figures. The

detailed description and figures provide merely examples of the various inventions described herein.

Those skilled in the art will understand that the disclosed examples may be varied, modified, and altered

without departing from the scope of the inventions described herein. Many variations are contemplated



for different applications and design considerations; however, for the sake of brevity, each and every

contemplated variation is not individually described in the following detailed description.

[000120] Throughout the following detailed description, a variety of pinna electrical nerve stimulation

device examples are provided. Related features in the examples may be identical, similar, or dissimilar in

different examples. For the sake of brevity, related features will not be redundantly explained in each

example. Instead, the use of related feature names will cue the reader that the feature with a related

feature name may be similar to the related feature in an example explained previously. Features specific

to a given example will be described in that particular example. The reader should understand that a given

feature need not be the same or similar to the specific portrayal of a related feature in any given figure or

example.

[000121] Transdermal electrical stimulation (TES) of the pinna is a beneficial strategy for targeting

cranial nerves. The pinna generally has little or no hair, so stimulating electrodes can make relatively

uniform, low impedance contact. Also, branches of several cranial and cervical spinal nerves are present

in a compact area, permitting forms of neuromodulation not possible by stimulating other areas of the

body (i.e. head) where cranial and/or cervical nerve branches may be spaced more broadly or covered in

hair.

[000122] The innervation of the pinna forms the basis of auriculotherapy and ear acupuncture

techniques, which are designed to improve mood, relieve pain, promote relaxation, reduce stress, and treat

substance abuse disorders or neuropsychiatric diseases. Improved TES of the pinna could provide great

benefit for the treatment and diagnosis of a variety of cognitive and non-cognitive disorders.

Neuromodulation in healthy subjects to induce cognitive effects would be another beneficial application

of TES of the pinna.

[000123] The innervation of the pinna and external ear is achieved by several nerves including

branches of cranial nerves V (trigeminal), VII (facial), and X (vagus), as well as the greater auricular

nerve and auriculo-temporal nerve, which are branches of the cervical plexus (spinal nerves C2 and C3).

These nerves carry motor signals and sensory signals from and to the brain, respectively. Several of these

nerves provide communication between the external world and key arousal regions of the brainstem

including the reticular nucleus, locus coeruleus, and nucleus of the solitary tract. Systems for stimulation

of nerves of the pinna would be advantageous for inducing reliable forms of neuromodulation to induce

beneficial cognitive effects that may in at least some cases be associated with physiological changes in

the user or patient. Both lifestyle applications and therapeutic treatments are possible with the PENS

systems and methods described herein.

[000124] FIG. 1 shows locations of innervation for the vagus nerve with triangles (localized largely to

the concha) and facial nerve with circles, as well as innervation by the auriculotemporal branch of the

mandibular nerve in the area outlined by rectangle 101 and the cervical nerves (outside of the area inside

of rectangle 101). FIG. 2 shows anatomy of the pinna.

[000125] Any of the methods or devices described herein may include electrically contacting the

subject's skin at any location on one or both pinnae, including in particular one or more of those



illustrated in FIGS. 1 and 2 . Thus, any of the apparatuses described herein may be configured to

electrically connect to the pinna in a region at or near one or more of the locations/regions shown in

FIGS. 1 and/or 2. Similarly, any of these methods may be configured to position an electrode (or

electrodes) at one or more of these locations/regions and/or apply TES at one or more of these

locations/regions.

[000126] The PENS apparatuses described herein typically include electrodes, e.g., a first electrode and

a second electrode, wherein at least one electrode is configured to attach to the pinna, as well as a

controller including a signal generator to generate the waveforms to be delivered to the subject by the

electrodes. The controller generally includes circuitry to generate and deliver these waveforms. These

apparatuses may also be referred to herein as neurostimulators or PENS neurostimulators.

[000127] The neurostimulator may be capable of autonomous function and/or controllable in a wired or

wireless manner by a computerized user device (e.g. smartphone, tablet, laptop, smartwatch, other

wearable device). The neurostimulator is configured specifically to deliver stimulation within a range of

parameters, including intensity and frequency, determined to be effective for inducing, enhancing, or

promoting (collectively, "modifying") a desired cognitive state and/or effect (also including

predominantly non-cognitive physiological effects) while minimizing pain and discomfort due to the

relatively large magnitude stimulation provided. For example, an apparatus (such as an applicator) may

include a controller having circuitry (e.g., hardware), software, and/or firmware that allows the apparatus

to apply signals within an effective range, including, for example, one or more processors, timers, and

waveform generators.

[000128] Relative to existing systems for transdermal electrical stimulation of the ear (e.g., pinna), the

systems and methods described herein induce more powerful cognitive effects for treatment, diagnosis,

and / or lifestyle (i.e. not for treatment of diagnosis of any medical condition) applications. In some

examples described herein, by using replaceable, disposable (e.g., consumable, p buffering) electrodes

and appropriate electrical stimulation parameters, discomfort from the relatively sensitive skin of the

pinna can be mitigated, enabling higher peak currents to be delivered for stimulating pinna nerves.

[000129] Nerve branches in the pinna may be targeted broadly (e.g., branches of more than one cranial

and/or cervical spinal nerve) or specifically. The specificity of which single cranial nerve, single cervical

spinal nerve, or set of cranial and/or cervical spinal nerve branches is stimulated can be achieved by the

placement of two or more electrodes; by the stimulation parameters selected (e.g., frequency, duty cycle,

peak intensity, percent charge imbalance, bursting parameters (e.g., frequency and duty cycle), and

presence or absence of capacitive discharge); or by both electrode placement and stimulation parameters.

[000130] Beneficial aspects of the systems and methods for pinna stimulation described here include:

( 1) miniaturized and wearable neuromodulation devices configured to deliver electrical stimulation

waveforms that are sufficiently comfortable and effective for inducing a cognitive effect by stimulation of

one or more cranial and/or cervical spinal nerves in the pinna (The devices may include wireless and

battery-powered form factors controlled by a remote controller that may be a smartphone, tablet, or other

connected wearable device; fully autonomous battery-powered form factors that fit on or in an ear and do



not require any external controller or user interface; and form factors that connect to a portable user

computing device (e.g. smartphone, tablet, smartwatch, etc.) via a cable for transmission of control

signals and/or power from the battery of the user computing device); (2) structural, mechanical, and

electrode systems for placement of dermal electrodes targeting one or more cranial and/or cervical spinal

nerves in the pinna; (3) replaceable and/or consumable (i.e. disposable or semi-disposable) dermal

electrodes, including those that buffer pH for charge imbalanced waveforms; and (4) ensemble

waveforms (including intermittent waveforms, i.e. those having a low frequency (< 1 Hz) bursting

frequency) and / or waveforms comprising a capacitive discharge pulse to improve the efficacy of

stimulation.

[000131] In general, the devices described herein include a wearable neurostimulator to deliver TES

via two or more electrodes in contact with the dermis of one or both pinna to target one or more cranial

and/or cervical spinal nerves. The devices and systems described herein may also include assemblies

configured to couple electrodes to appropriate locations in the pinna for targeting one or more cranial

and/or cervical spinal nerves. The devices and systems described may also include replaceable and/or

disposable (i.e. consumable) dermal electrodes configured to reduce skin irritation and provide a

sufficiently uniform and low impedance connection (and, in some embodiments, consumptive pH

buffering electrochemistry) to the skin of the pinna for comfortable and efficacious pinna TES.

Exemplary TES systems

[000132] FIG. 3 shows one example of a schematic 300 for a portable, wearable TES neurostimulator

configured to connect to subject's pinna. In this example, electrodes (which may include adhesive and/or

structural components for contacting the skin of the pinna relatively uniformly) 301 connect to pinna TES

controller 304 via connectors 302 and wires 303. Pinna TES controller 304 has several components

including battery 305, fuse and other safety circuitry 307, memory 308, microprocessor 309, user

interface 310, current control circuitry 306, and waveform generator 311. The adherent electrodes may

be adapted specifically to attach to the pinna, as described herein. The electrodes are to be worn in contact

with the subject (e.g., at least one of them in contact with at least a portion of the subject's pinna), and are

connected via one or more wire, cable, flex circuit, connector, etc. to the TES controller 304. The

electrodes may be part of an earplug/earbud type structure to be worn in and/or secured on the ear.

Electrodes may therefore be adhered to the ears by mechanical connection (e.g., expandable foam, wires,

structural components, including those with spring functionality for forming stable connections, etc.)

and/or adhesive (e.g., biocompatible adhesive), or the like. The phrase adherent refers to the placement of

the electrodes in electrical contact with the subject's skin and does not require an adhesive connection

(e.g., sticking to the skin), and includes connections that are held to the skin by mechanical rather than

adhesive means.

[000133] FIG. 4 shows another example of a pinna TES system comprising adherent or otherwise

wearable pinna TES neurostimulator 400 that communicates wirelessly with microprocessor-controlled

control unit 409 (e.g. a smartphone running an Android or iOS operating system such as an iPhone or

Samsung Galaxy, a tablet such as an iPad, a personal computer including, but not limited to, laptops and



desktop computers, or any other suitable computing device). In this exemplar embodiment, adherent or

wearable pinna neurostimulator 400 holds two or more electrodes in dermal contact with a subject with an

adhesive and/or a shaped form factor that fits on or is worn on a portion of a user's body (e.g., a headband

or around-the-ear 'eyeglass' style form factor). In an exemplary embodiment, adherent or wearable pinna

neurostimulator 400 comprises components: battery 40 , memory 402, microprocessor 403, user interface

404, current control circuitry 405, fuse and other safety circuitry 406, wireless antenna and chipset 407,

and waveform generator 416. Microprocessor-controlled control unit 409 includes components: wireless

antenna and chipset 410, graphical user interface 4 11, one or more display elements to provide feedback

about a pinna TES session 412, one or more user control elements 413, memory 414, and microprocessor

4 15. In an alternate embodiment the pinna neurostimulator 400 may include additional or fewer

components. One of ordinary skill in the art would appreciate that neurostimulator could be comprised of

a variety of components, and embodiments of the present invention are contemplated for use with any

such component.

[000134] An adherent or wearable pinna neurostimulator 400 may be configured to communicate

bidirectionally with wireless communication protocol 408 to microprocessor-controlled system 409. The

system can be configured to communicate various forms of data wirelessly, including, but not limited to,

trigger signals, control signals, safety alert signals, stimulation timing, stimulation duration, stimulation

intensity, other aspects of stimulation protocol, electrode quality, electrode impedance, and battery levels.

In other variations, the pinna neurostimulator may connect via a wired connection to a user computing

device for bidirectional communication (including the above listed forms of data) and, optionally, power

for the pinna neurostimulator apparatus (in which case the pinna neurostimulator apparatus may not

require a battery or may function with a smaller power reservoir (e.g. smaller battery or capacitor(s)).

Communication may be made with devices and controllers using methods known in the art, including but

not limited to, RF, WIFI, WiMax, Bluetooth, BLE, UHF, NHF, GSM, CDMA, LAN, WAN, or another

wireless protocol. Pulsed infrared light as transmitted for instance by a remote control is an additional

wireless form of communication. Near Field Communication (NFC) is another useful technique for

communicating with a neuromodulation system or neuromodulation puck. One of ordinary skill in the art

would appreciate that there are numerous wireless communication protocols that could be utilized with

embodiments of the present invention, and embodiments of the present invention are contemplated for use

with any wireless communication protocol.

[000135] An adherent or wearable pinna neurostimulator 409 may but does not need to include user

interface 404 and may be controlled exclusively through wireless communication protocol 408 (or wired

communication) to control unit 409. In an alternate embodiment, adherent or wearable pinna

neurostimulator 409 does not include wireless antenna and chipset 407 and is controlled exclusively

through user interface 404 or wired connection to a user computing device. One skilled in the art will

recognize that alternative pinna neurostimulator systems can be designed with multiple configurations

while still being capable of delivering electrical stimulation transdermally into a subject.



[000136] FIG. 5 shows an exemplary workflow for configuring, actuating, and ending a pinna TES

session. According to an embodiment of the present invention, user input on pinna TES device or

wirelessly/wired connected control unit 500 is used to select desired cognitive or physiological effect 501

which determines electrode configuration setup 502 to achieve the desired cognitive or physiological

effect, including selection of electrodes or a pinna TES system that contains electrodes and determination

of correct positions for electrodes. In an embodiment, configuration instructions to user 503 are provided

by one or more ways selected from the list including but not limited to: instructions provided via user

interface; kit provided to user; wearable system configured to contact pinna TES electrodes to appropriate

portions of a user's pinna; electrode choice and positioning done autonomously by user (e.g. due to

previous experience with pinna TES); assistance provided by skilled practitioner of pinna TES; and

instructions provided via other means.

[000137] Based on these instructions or knowledge, a user or other individual or system positions

electrodes on pinna 504. In some embodiments, the pinna TES session starts 507 automatically after

electrodes are positioned on the pinna. In other embodiments, the impedance of the electrodes 505 is

checked by a pinna TES system before the pinna TES session starts 507. In some embodiments, after

impedance of the electrodes 505 is checked by a pinna TES system, user actuates pinna TES device 506

before the pinna TES session starts 507. In other embodiments, after positioning electrodes on the body

504 the user actuates the pinna TES device 506 to start the pinna TES session 507. Once the pinna TES

session starts, the next step is to deliver electrical stimulation with specified stimulation protocol 508. In

some embodiments, a user actuates end of pinna TES session 509. In other embodiments, the pinna TES

session ends automatically when the stimulation protocol completes pinna 5 .

[000138] In general, the apparatuses described herein may be neuromodulation devices for pinna TES.

For example, miniaturized and wearable neuromodulation devices for pinna TES may generally be

lightweight and fit on or in one or both ears. Dermal pinna electrodes connected to the neuromodulation

device transmit electrical stimulation waveforms generated by the neuromodulation device in order to

modulate the activity of one or more cranial and/or cervical spinal nerves. These neuromodulation devices

may also be referred to as neurostimulation devices, neurostimulators, neuromodulators, applicators,

neuromodulation applicators, electrical stimulators, or the like.

[000139] The TES controller may be wearable on (i.e. around) the ear or within the conch of the ear.

Alternatively, the TES controller may be connected by a wire to the housing that places the two or more

electrodes on the skin of the pinna and worn either elsewhere on the body, held by the user, or carried in a

bag, pocket, or other suitable enclosure for a portable device (e.g. a user computing device such as a

smartphone or dedicated hardware). Hardware devices that fit over the ear may be discreet and may rely

on the ear itself for structural support to hold the device. Hardware devices that mount within the conch of

the ear can use that structure to support and/or hold a miniaturized device, similar to how an earbud

headphone is secured in the ear for providing auditory signals.

[000140] In some embodiments, the electrode apparatus may include an attachment (such as a

mechanical and/or adhesive attachment) configured to couple the electrode apparatus to a pinna of a user



or any other device or system. For example, an attachment portion of an electrode apparatus may include

an adhesive component that may surround and/or be adjacent to the boundary of a consumptive layer of

the electrode. Alternatively, a structural component (e.g. firm and shaped or containing a spring

component to hold one or more electrodes in firm contact with the targeted area of the pinna (i.e. concha).

[000141] In some embodiments, the PENS apparatus includes a wearable applicator that is configured

to connect to at least a portion of a pinna so that the electrode(s) can be in electrical contact with a skin

region of the pinna. For example, the apparatus may include a wearable applicator portion that is a soft,

conformable attachment to (or configured as) an earbud neurostimulator that has one or more

electroconductive polymer (or electroconductive rubber, etc.) attachments that provide improved comfort

and fit of the neurostimulator earbud, while also delivering electrical stimulation to the pinna. By

securing the earbud neurostimulator in the ear canal, the electroconductive polymer attachment can also

form a secure connection for providing auditory stimulation (e.g. music) via a speaker element of the

neurostimulator. Conductive electrode attachments to an earbud neurostimulator can be replaceable and

consumable, as well as sized and shaped for different ear shapes, and different shapes to target different

cranial and cervical spinal nerves as desired for a cognitive effect such as modulation of

psychophysiological arousal. FIG. 9 illustrates an earbud-style pinna TES neurostimulator 901, 902 with

a conformable attachment 905 that may be an electroconductive polymer and improve the fit of the unit

within the external auditory meatus of the pinna. Device portion 902 is configured to sit within the

external auditory meatus or portion 90 1 is configured to project beyond the pinna when being worn.

Electroconductive polymer component 905 may be insulated except in specific active electrode areas

placed at appropriate locations and may be consumable, replaceable and intended for use once or a

limited plurality of times.

[000142] In another embodiment, one or more ball electrodes (e.g. 903, 904) may be attached to an

earbud embodiment designed to be worn in the conch of the ear. Ball electrodes have a conductive

portion (e.g. sphere) at an end distal from the neurostimulator, connected by an insulated conductive wire,

cable, or other structural component. In one embodiment, an earbud fits into the meatus for providing

auditory stimulation such as music while ball electrodes extend from the headphone to make contact with

the cymba, triangular fossa, and / or intertragal notch. One advantage of ball electrodes is the robustness

to different curvatures as are present within and between pinnae. In this manner, a spherical, ovoid, or

other rounded shape may be pressed at any angle and at any portion of the pinna (regardless of the

curvature of that region of the pinna) and still maintain a conductive path for stimulation. FIG. 9

illustrates an earbud-style pinna TES neurostimulator with dermal ball electrodes 903, 904 for stimulating

the pinna. Preferably, the conductive and insulated structures that couple the ball electrodes to the

neurostimulator device (either the portion 905 configured to sit within the external auditory meatus or

portion 901 that project beyond the pinna) can be flexibly rotated yet stably held in place once moved into

position for pinna stimulation. The pinna TES neurostimulator may be wired 902 and connected to a

controller, power source, mobile computing device, etc. Alternatively, the device may have no wires and

be controlled autonomously by user interfaces of the wearable device (i.e. a button), by voice commands,



or in a wired or wireless manner from a user computing device (smartphone, tablet, laptop, desktop,

wearable computer, etc.)

[000143] In other embodiments as those shown in FIGS. 11 - 14, a first PENS electrode 1203 and a

second PENS electrode 1 04 can be fitted into the right and left ear of the wearer and controlled by

triangular controller unit shown in FIG. 11 and FIG. 12 (1210). The first and the second PENS electrode

are in wired communication with the neuromodulation device 1210. Either detachable leads or

permanently connected wires couple the PENS electrodes to the neuromodulation device. In addition to

the use of the PENS system, a wearer can add auditory stimuli (such as music or binaural beats) through

use of a set of headphones in conjunction with the PENS system as shown in FIG. 14.

[000144] Another alternative embodiment of the PENS system can be seen in FIGS. 15 -17. In this

configuration, right and left ear fitting structures are coupled to PENS electrodes 1501. (Note that the

metal clip 1503 shown in FIG. 15 is to hold the system for photography and not a functional part of the

system in use.) In FIG. 1 , detachable electrical leads couple the PENS electrodes to the

neuromodulation device. The PENS electrodes are coupled to generic earbud attachments 1520 that fit

comfortably into a wearer's pinna. It should be noted that additional contact points may be made along

earbud attachment 1520 to other regions of a wearer's pinna to provide alternate points of stimulation.

The illustration in FIG. 15 shows a unipolar PENS electrode assembly for one ear; two such units are

required for bipolar stimulation bilaterally in this embodiment. Alternatively in FIG. 16, the PENS

electrodes may be hard wired to connect to the neuromodulation device. This particular embodiment has

the advantage that there are other possible points of contact with the pinna region of the ear compared to

previous embodiments where stimulation is sent to largely the meatus. The ability to contact other

regions of the pinna can potentially provide additional neurostimulation that affect other regions of a

user's nervous system.

[000145] Yet another embodiment of a PENS system is shown in FIGS. 18-20. In this particular

embodiment, PENS electrodes 1801 are integrated into a headphone system 1830. Headphones 1830 are

wired to the neuromodulation device. It should be noted that electrodes 180 1 can be covered with

cushioned conductive material such as conductive rubber, conductive foam, conductive silicon, and so on,

to provide not only comfortable fit but also excellent contact between the wearer's skin and electrodes

1801 . In some variations, the conductive portion of the electrode assembly has multiple conductive layers

configured to distribute current more evenly and/or to provide electrochemical buffering of pH changes

caused by charge imbalanced waveforms. See, e.g., FIGS. 22A-22F, described in detail below. For

example, a first conductive metal layer (e.g. silver) is coated with a higher impedance material (e.g.

conductive rubber, conductive foam, conductive carbon, or another material), which is then covered by a

consumptive Ag-AgCl layer and a dermal-facing hydrogel. In another example, a two-layer pinna

electrode comprises a conductive metal layer covered by a conductive rubber or conductive silicone.

Multilayer flexible electrodes are described in US patent application 14/664,634 filed 2/27/15 by one of

the named inventors of this invention and titled "CANTILEVER ELECTRODES FOR TRANSDERMAL

AND TRANSCRANIAL STIMULATION," incorporated in its entirety herein by reference. The



integration of the PENS electrodes with an audio producing component allows for production of both

neuromodulated stimuli as well as an auditory stimulus if desired but still allows for auditory output or

neuromodulated stimuli alone.

[000146] The PENS system shown in FIGS. 18-19 was placed bilaterally in both ears of a subject (as

shown for one ear in FIG. 20) while the subject's heart rate was measured with an optical heart rate

sensor (i.e. by plethysmography). The data of this experiment is shown in FIG. 2 1. For baseline period

2101 until about the 8 minute mark of the experiment, the subject's heart rate (HR) generally fluctuates

within +/- 5%. At the onset of bilateral PENS stimulation at about the 8 minute mark of the experiment,

the subject's HR drops significantly 2102, reaching a level of 10% HR reduction before rebounding to a

stable baseline of about 5% reduction 2103. This pattern of HR reduction and rebound is a known feature

of vagal regulation of HR, indicating modulation of vagal pathways by PENS in this subject. At about 15

minutes of the experiment, the bursting frequency (referred to in the figure as 'AC freq') is shifted from

150 Hz to 10 Hz, causing further reduction of HR and a stable reduced HR baseline 2104. For this

experiment, the stimulation parameters were about 1 A peak intensity and 9.4 kHz pulsing frequency

with monopolar pulses at 50% duty cycle and no capacitive discharge.

[000147] Pinna neuromodulation devices may be wireless and battery-powered and controlled remotely

by a smartphone, tablet, or other computerized connected device (i.e. wearable device such as a

smartwatch or smart glasses). Communication between the remote controller and the neuromodulation

device may use a standard communication protocol such as Bluetooth or a custom communication

framework. Instead of or in addition to wireless communication, the neuromodulation device may have

wired cables that connect to a controller device (much as wires from earbud headphones connect to an

audio controller via a headphone jack port, though in variations of the system it may be configured to

connect to a computer bus/power connector (e.g. the Lightning connector on Apple products ca. 2015) to

provide control and/or power to the neurostimulator). Wireless and/or wired communication may control

electrical stimulation (e.g. waveform parameters, intensity, starting and stopping a waveform, etc.) and/or

deliver auditory stimulation (music, spoken word, white noise, structured noise intended to drive specific

brain rhythms, or binaural beats, such as stimuli at frequencies of brain rhythms (about 0.5 to 200 Hz)

generated by delivering two fundamental frequencies within auditory hearing range (i.e. 1 kHz) that differ

by the targeted brain rhythm (i.e. 12 Hz)).

[000148] Pinna neuromodulation devices may be bilateral, permitting stimulation of both right and left

ears simultaneously or in close temporal proximity (i.e. with a latency between left and right pinna TES

of less than about 5 minutes; less than about 4 minutes; less than about 3 minutes; less than about 2

minutes; less than about 1 minute; less than 30 seconds; less than 0 seconds; less than 1 second; etc.).

Bilateral stimulation that includes auditory stimuli in addition to electrical stimulation targeting one or

more cranial and/or cervical spinal nerves of the pinna may be advantageous for modulating brain

physiology (e.g. brain rhythms) via binaural beats.

[000149] A bimodal ear stimulator includes PENS electrodes or electrode materials for simultaneously

delivering acoustic stimuli to the inner ear and electrical neurosignaling waveforms to the pinna



including, but not limited to the triangular fossa, meatus, conchae, tragus, and superficial surface of the

auditory canal. In some instances, auditory stimulation may be transmitted by bone conduction speaker

components of the neurostimulator mounted near the pinna. In other embodiments, the system may be

configured to stimulate multiple regions of the pinna simultaneously or sequentially for targeting two or

more branches of cranial and/or cervical spinal nerves, and may optionally be combined with auditory

stimulation, such as music.

[000150] One or more (e.g., two) electrodes may be positioned on the skin of the pinna to target one or

more branches of cranial and/or cervical spinal nerves. Appropriate structural, mechanical, and/or

electrode array systems for placement of dermal electrodes are beneficial for targeting cranial and/or

cervical spinal nerves projecting to and from the pinna and the brain and/or spinal cord.

[000151] The location of electrodes of the PENS apparatus may be fixed relative to the rest of the

neurostimulator device. The electrodes may be integrated with a housing of the neurostimulator or

attached via a structural component that may extend some distance away from the main housing of the

neurostimulator.

[000152] Alternatively, an arm, including one or more electrode, or other structure may permit

movement of the electrode to a particular position through a high level of force (yet easily exerted by the

fingers of a user) while at the same time being sufficiently firm so that the shape and position is retained

between uses.

[000153] The ability to (in some variations) move the location of one, two, or more electrodes while

having a structure, component, or assembly that maintains that positioning during and between uses is

beneficial for simplifying autonomous use by a subject. For example, flexibility of electrode location and

retention of shape may be achieved by a multi-component structure (i.e. as used commonly in mobile

tripods such as that described in US patent 7,891,615).

[000154] A screw, clasp, snap, or other mechanical feature of the wearable neurostimulator may be

configured to extend and/or rotate and may have multiple joints and/or axes of movement so that a

position is set by the user or a third party, then fixed in place for between-session consistency of electrode

position

[000155] In embodiments, one or more pinna electrodes may be positioned by a skilled practitioner

(i.e. medical professional or other individual well-versed in the position of cranial and cervical spinal

nerves in the pinna).

[000156] In embodiments, a custom-fit aspect of (or attachment to) a pinna transdermal electrical

stimulation system - or an electrode assembly configured to attach to a pinna transdermal electrical

stimulation system - may be generated for each user by molding, 3D scanning, or another method of

determining a complex 3D shape. For example, a custom-fit attachment for interfacing two or more

electrodes to the skin of a user's pinna may be 3D printed with biocompatible electroconductive material,

such a silicon or similar polymer formulations known in the art. Alternatively, multiple sizes or shapes of

electrode assembly or other attachments may be provided to a user, similar to how multiple sizes and

shapes of soft attachments are used for speaker earbuds. For example, electroconductive polymer



formulations can be molded such that an electroconductive material comprises the portion of an earbud

headphone that fits into the outer region of the ear canal (meatus) to provide simultaneous auditory

stimulation during the delivery of electrical stimulation waveforms to the nerves innervating the pinna. In

a similar embodiment, the PENS earbud may have arms that extend from the earbud base to make contact

to multiple regions of the pinna such as the helix, triangular fossa, and cavum conchae.

[000157] In addition to the methods of providing comfortable, form-fitting electrodes, other suitable

materials can be used. These materials include silver-based conductive materials, conductive foams,

conductive silicon, conductive rubber, and so forth. These conductive materials are generally the

dermally-contacting portion of the electrode assembly and may comprise several layers of materials in

order to achieve both relatively uniform current density and comfortable electrochemistry in contact with

the skin. For example, FIG. 8A shows a schematic representation of a pinna electrode that derives its

shape from a (generally) nonconductive core form covered by a first layer of an Ag-based conductive

material (e.g. silver epoxy) which is nonconsumptive, has low internal impedance, and distributes current

relatively uniformly across the dermal-facing surface of the electrode, and a second conductive polymer

layer (e.g. nickel doped silicon, conductive foam (e.g. a highly resilient Nickel-Copper polyurethane foam

that is sandwiched between knitted and non-woven fabrics from Schlegel Electronic Materials (Rochester,

NY)), or conductive tubing with a conductive wire or carbon nanotube mesh) that makes direct contact

with the skin for more comfortable transmission of the pinna TES waveforms to the user. Generally, a

wire connects to or runs within a portion of the first layer of the electrode (i.e. the layer furthest from the

user's skin). Electrodes may be formed to contact a varied sizing of pinna as well as contact different

regions of the pinna. In the embodiments shown in FIGS. 18 - 20, a conductive, but also comfortable

material (i.e. nickel doped silicon) 1801, 1802, 1901, 2001 can encase a region of the PENS electrodes

that is in contact with the subject's pinna thereby delivering the neuromodulated stimulation to the desired

region of the subject's pinna and at the same time be comfortable to wear. Similarly, the embodiment

shown in FIGS. 15-16, concha-facing portion 1501, 60 may comprise a first layer of silver epoxy and a

second layer of nickel doped silicon sized and positioned to achieve a press fit contact with the concha

when the earpiece form is placed in a user's ear. Note that in some variations, the electrodes on the

apparatus (e.g., on the concha-facing portion(s), etc.) may be formed on any appropriate material. In

particular, the material may be formed of multiple layers (e.g., of hydrogel and/or layers of conductive

material (e.g., silver, silver chloride) and charge-spreading material (e.g., carbon), as illustrated and

discussed below in relation to FIGS. 22A-22F.

[000158] In other embodiments, the region of the PENS electrode that is in contact with the subject's

skin can be doped with a medicant that numbs or desensitizes the skin to continued contact. The addition

of such a medicant can prolong a user's tolerance of having the electrodes against their skin while still

providing the appropriate levels of neurostimulation required to elicit a cognitive, behavioral, and/or

physiological effect. Useful medicants include topical anesthetics such as lidocaine, benzocaine, and

tetracaine. A person skilled in the art would appreciate that there is a plethora of other skin de-sensitizing

agents that would be similarly effective.



[000159] Pinna TES may be localized by using an array of electrodes positioned on different portions

of the pinna and activated selectively based on the cranial nerve, cervical spinal nerve, or set of cranial

and/or cervical spinal nerves targeted. For this type of stimulation targeting, personalization can be

particularly beneficial so that stimulation targets a particular user's anatomy effectively and can be

reliably repeated across PENS sessions. In an exemplar embodiment, a first pinna TES session tests

different sets of electrodes within the array while receiving feedback from the user via one or more of:

subjective report (i.e. of the comfort of stimulation and any subjectively apparent cognitive or

physiological effect); physiological measurement (heart rate, heart rate variability, breathing rate, facial

infrared thermography to detect changes in dilation of skin vasculature, galvanic skin conductance,

biochemical markers, pupil dilation, etc.); brain recording of neuronal activity in the brain or a nerve;

survey, assessment, or cognitive task. The system can then associate a target state (as defined by one or

more of subjective reports; physiological measurement; neuronal recording; and cognitive task) with

pinna TES via a particular set of electrodes in the array for a specific user, then save this information in a

user-dedicated record locally or remotely so that future pinna TES sessions in that user apply stimulation

through the effective electrode pads. In at least some instances, different stimulation parameters (i.e.

varying intensity, frequency, duty cycle, bursting parameters, or other waveform parameter) may also be

assessed while determining the comfort and efficacy of stimulation, then effective stimulation parameters

may be saved specifically for the user in order to provide more comfortable and/or effective stimulation

in future pinna TES sessions. The information concerning which electrodes to use for stimulation and/or

about comfortable and effective waveform parameters may be stored in one or more of: locally in a

wearable device that includes a pinna TES controller; a connected device (i.e. smartphone, smartwatch,

tablet, etc.) in wired and/or wireless communication with the pinna TES controller; and on a remote

server connected via the Internet to the pinna TES controller and/or a connected device in wired/wireless

communication with the pinna TES controller.

[000160] A pinna electrode of the systems described here may be replaceable and consumable (i.e.

disposable or semi-disposable) and may include components for buffering p for charge imbalanced

waveforms to improve the comfort of stimulation.

[000161] In general, an electrically active region of an electrode apparatus is shown in FIG. 8A. The

electrode includes a core form conductive layer. In FIG. 8A, the core layer is a silver based conductive

layer. But it can be conceived that conductive core layers of different compositions such as copper, gold,

aluminum and so forth can also be used. Further, conductive alloys can also be used for the core layer.

Next, the PENS electrode includes a conductive polymer layer. The conductive polymer layer serves two

main functions. First, suitable polymers have to be malleable for comfortable fit within a range of pinna

sizes. And second, suitable polymers have to be conductive in order to transmit the appropriate amount

of neuromodulation from TES. It can be conceived that adjusting where the conductive polymer layer

contacts a wearer's pinna and thus altering the stimulation region could result in different effects.

Suitable conductive polymers include but are not limited to conductive foams, conductive silicon, and

conductive rubbers.



[000162] In general, a neurostimulation system (e.g., a neurostimulation systems for pinna TES) as

described herein may include at least two parts: (1) a lightweight, wearable, neurostimulator device

(neurostimulator) that is configured to be worn on, in, or near the ear such as behind the ear or around the

back of the neck; and (2) a consumable/disposable electrode assembly. In some variations a third

component may be a controller that is separate from but communicates with the neurostimulator. For

example, in some variations the controller may be a user computing device that wirelessly communicates

with the neurostimulator. In some variations, a wired connection is made between the pinna

neurostimulator and the user computing device by a communications bus / power connector or headphone

jack for two-way communication and, optionally, power supply of the neurostimulator apparatus. In some

variations the controller is a mobile telecommunications device (e.g., smartphone or tablet) being

controlled by an application that sends instructions and exchanges 2-way communication signals with the

neurostimulator. For example, the controller may be software, hardware, or firmware, and may include

an application that can be downloaded by the user to run on a wireless-connectable (i.e. by Bluetooth)

device (e.g., smartphone or tablet) to allow the user to select the waveforms delivered by the

neurostimulator, including allowing real-time or short latency (i.e. less than one second or less than 500

ms) modulation of the delivered neurostimulation to modify the user's cognitive state as described herein.

[000163] In variations, the system may be operated to induce either "calm" states of mind or

"energetic" states of mind. These changes to psychophysiological arousal can be selected by the user and

selectively induced by the application of different waveforms and/or pinna electrode configurations.

Operating the system to induce a state of increased energy can be alternatively described as one or more

of: enhancing focus and attention; enhancing alertness; increasing focus and/or attention; enhancing

wakefulness; increasing subjective feeling of energy; increasing objective physiological energy levels;

increasing motivation; increasing physiological arousal; and evoking a physical sensation of warmth in

the subject's chest. Such changes in psychophysiological arousal may be mediated through modulation of

cranial nerve activity by stimulating the pinna that then projects information back to sensory regions of

the brain stem before being integrated by local circuits to affect the activity of the reticular activating

system. Operating the system to induce a state of enhancing a calm or relaxed mental state can be

alternatively described as one or more of: a state of calm within about 5 minutes of starting a TES

session; a care-free state of mind; a mental state free of worry; induction of sleep; facilitating falling

asleep; a perception of slowing of a passage of time; muscular relaxation; enhanced concentration;

inhibition of distractions; increased cognitive clarity; increased sensory clarity; a dissociated state; a mild

intoxication; a euphoric state; a relaxed state; enhanced enjoyment of auditory and visual experiences;

reduced physiological arousal; increased capacity to handle emotional or other stressors; a reduction in

psychophysiological arousal associated with changes in the activity of the hypothalamic-pituitary-adrenal

axis and/or the reticular activating system; a reduction in biomarkers of stress, anxiety, and mental

dysfunction; anxiolysis; a state of mental clarity; enhanced physical performance; resilience to stress; a

physical sensation of relaxation in the periphery; and a perception of feeling the heartbeat.



[000164] The neurostimulator may apply an ensemble waveform for about 5-30 min (or longer) that is

made up of different "blocks" having repeated waveform characteristics; the waveform ensemble may

include transition regions between the different blocks. In general, at least some of the waveform blocks

(and in some variations most or all of them) generally have a current amplitude greater than 0.5 mA (e.g.,

between 0.5 mA and 5 mA (though higher currents up to 30 mA may be possible in some embodiments),

preferably a current amplitude of between 1 mA and 3 mA). The neurostimulator has a frequency range

of 3 and 30 kHz, or 5 and 1 kHz, or 7 and 0 kHz (optimally between 6-8 kHz). The current is typically

pulsed, biphasic, asymmetric, and has a duty cycle of between 10-99% (e.g., between 20-95%, between

30-80%, between 20-50%, optimally between 50-60%, etc.). Bursting (i.e. burst-modulated) waveforms

may be particularly effective for inducing cognitive effects via PENS by using bursting duty cycles

between 10-90% (preferably 40-80%>) and bursting frequencies of 3-500 Hz.

[000165] Bursting waveforms may further permit the induction of both calm and energy cognitive

states with fixed electrode locations (e.g. bilateral unipolar concha electrodes) by changing the frequency

of bursting. For example, bursting frequencies of 40-500 Hz induce 'energy' cognitive states (e.g. limited

amount of alertness at 40-80 Hz and more prominent energizing effects at 150 Hz or greater (i.e. 150-500

Hz)), while lower frequencies less than 10 Hz (and, in particular about 3 Hz) provide a calming, even

sedative effect.

[000166] One or more waveform characteristics may be changed during stimulation over timescales of

every few seconds to minutes. FIG. 6 shows an exemplar cycle of a waveform for pinna TES comprising

a positive-going pulse of duration tp, a negative-going pulse of duration tn, and a total pulse duration of t .

As shown in FIG. 6 the peak of the positive- and negative-going pulses may be equal (absolute value).

The duty cycle percentage may be defined as (tp + t,,)/t and the charge imbalance percentage may be

defined as (tp - 1„)/ (tp + tn) . Finally, it has also been found that shifting the frequency in "bursts" increases

the response to the neurostimulation (For example, having an initial frequency of 3 Hz, going up to 50

Hz, then 100 Hz, and back down).

[000167] Any of the PENS neurostimulators described herein may be lightweight (e.g., less than 30g,

less than 25g, less than 20g, less than 18g, less than 15g, etc.), and self-contained, e.g. enclosing the

circuitry, power supply, microcontroller, current source, and, optionally, wireless communication

components, rechargeable battery, charging circuit. A neurostimulator may also include safety circuitry.

[000168] In use, a user may interact with a controller (e.g., a smartphone controlled by application

software/firmware) that pairs with the neurostimulator (e.g. by Bluetooth or a wired connection). The

user may operate the controller to select the operational mode, e.g., the type of cognitive effect to be

induced, such as an energy mode or calm mode, and/or the device could automatically detect based on the

configuration of an electrode to which the apparatus is attached, a previous selection by a user, a

physiological measurement of the user, a speech or facial recognition algorithm, or an augmented reality

approach based on location, etc. The user may select, for example, from a set of ensemble waveforms

which ensemble waveform to execute. There may be separate waveforms to evoke a desired



experience/effect (e.g., an effect of enhanced calm or an effect of increased energy or other

predominantly non-cognitive physiological effect).

[000169] An ensemble waveform may generally be between about 3-90 min (e.g., between about 3-60

min, between about 5-60 min, between about 5-40 min, etc., between about 3-25 minutes, etc.) long, or

longer (e.g., greater than 3 min, greater than 5 min, greater than 10 min, greater than 12 min, etc.). In

general, an ensemble waveform may be broken up into segments with specific pulsing parameters, i.e.

current amplitude, frequency, duty cycle, charge imbalance, shorting/capacitive discharge, bursting

frequency and duty cycle, etc., and these parameters may change at pre-specified times as they change to

new segments; a transition period may be included to switch between block properties. Once the user

selects an ensemble waveform, they can start the neurostimulation and the user can control or change the

perceived intensity (e.g., by dialing the perceived intensity up or down), pause, or stop the session using

the connected user device. In general, the perceived intensity can be scaled by the user between 0-100%

of a maximum perceived intensity (e.g., one or more of a current, frequency, duty cycle, charge

imbalance, bursting frequency and duty cycle, and/or shorting/capacitive discharge), using a control such

as one or more buttons, sliders, dials, toggles, etc., that may be present on the controller (e.g.,

smartphone) in communication with the neurostimulator.

[000170] The controller may also allow a user to activate ("on demand") a waveform configuration that

is designed to evoke a predetermined response. For example, the control device could be adapted to

display one or more icons to trigger an audible sound or song - or an intensification of the perceived

cognitive effect or skin sensation intensity. In addition, the controller may be configured to allow the user

to press an icon to help in applying the electrode apparatus and/or neurostimulator. During or after a

session, a user can access help screens, a profile page, social sharing interfaces (i.e. tweet your

experience), feedback about a session, and analysis & history of previous use. In general, the system may

also be configured to pass data to and from the controller and/or the neurostimulator and to/from a remote

server via the Internet. These data may include user information, waveform data, information about the

function or state of the hardware device or electrode assembly, etc.

[000171] In general, the TES controller may be specifically adapted to deliver an electrical stimulation

signal of 10 seconds or longer between the first and second electrodes, where the signal has a frequency

of 100 Hz or greater (e.g., 200 Hz or greater, 400 Hz or greater, 450 Hz or greater, 500 Hz or greater, 600

Hz or greater, 700 Hz or greater, etc.; optimally 750 Hz or greater, including 1 kHz or greater, 2 kHz or

greater, 3 kHz or greater, 4 kHz or greater, 5 kHz or greater, 7.5 kHz or greater, 10 kHz or greater, 20

kHz or greater, etc.) and an intensity of 0.25 mA or greater (e.g., 0.5 mA or greater, 1 mA or greater, 2

mA or greater, 3 mA or greater, 4 mA or greater, 5 mA or greater, 6 mA or greater, 7 mA or greater, 8

mA or greater, 9 mA or greater, 0 mA or greater, etc.). The stimulation may be monophasic or biphasic.

The controller may also be configured to reduce pain when applying the stimulation by controlling the

duty cycle (e.g., the percent of time that the current applied is non-zero, and/or greater than zero), e.g. so

that the duty cycle of the applied energy is greater than 10 percent (e.g., greater than 15 percent, greater

than 20 percent, greater than 30 percent) and less than 90 percent (e.g., less than 75 percent, greater less



than 70 percent, less than 60 percent). In addition, the controller may be configured so that the applied

current is biphasic and/or is not charge balanced (e.g., has a DC offset, also referred to as DC bias, so that

the mean amplitude of the applied waveform is non-zero). Alternatively or in addition, the controller

(TES control module) may be configured to deliver waveforms biphasically asymmetric (i.e. not having

the same pulse in the positive and negative direction) and/or to discharge capacitance built up on the

electrodes (and in the body), e.g., by occasionally or periodically applying an opposite current(s).

Alternatively or in addition, the controller (TES control module) may be configured to modulate the

waveform at a second, generally lower, frequency that may be greater than 0.01 Hz (e.g. greater than 0.03

Hz, greater than 0.1 Hz, , greater than 0.25 Hz, , greater than 0.5 Hz, , greater than 1 Hz, greater than 3

Hz, greater than 5 Hz, greater than 10 Hz, greater than 25 Hz, greater than 50 Hz, greater than 100 Hz),

and provide a full (i.e. square wave, bursting) modulation or a relative modulation (sawtooth, triangular,

sine wave, etc.). In general, a controller may be configured to generate stimulation that includes these

parameters, and may be configured to prevent stimulation outside of these parameters, in order to avoid

inducing pain.

[000172] The devices and methods described herein allow the reproducible evoking of cognitive and/or

physiological effects, as are described herein. The nature of the cognitive and/or physiological effects

resulting from the methods and devices described may depend, at least in part, on the positioning of the

electrodes on the pinna and/or the parameters of the waveform being delivered (e.g. bursting frequency,

see above). For example, a class of cognitive effects generally results in the subject experiencing an

increased mental focus and may include: enhanced focus and attention; enhanced alertness; increased

focus and/or attention; enhanced wakefulness; increased subjective feeling of energy; increased objective

(i.e. physiological) energy levels; higher levels of motivation (e.g. to work, exercise, complete chores,

etc.); increased energy (e.g., physiological arousal, increased subjective feelings of energy); and a

physical sensation of warmth in the chest. This class of cognitive effects may be referred to collectively

as enhancing (or enhanced) attention, alertness, or mental focus.

[000173] Another example of a class of cognitive effects includes those associated with relaxation and

a calm mental state, for example: a state of calm, including states of calm that can be rapidly induced (i.e.

within about 5 minutes of starting a TES session); a care-free state of mind; a mental state free of worry;

induction of sleep; a slowing of the passage of time; enhanced physiological, emotional, or and/or

muscular relaxation; enhanced concentration; inhibition of distractions; increased cognitive and/or

sensory clarity; a dissociated state; a state akin to mild intoxication by a psychoactive compound (i.e.

alcohol); a state akin to mild euphoria induced by a psychoactive compound (i.e. a morphine); the

induction of a state of mind described as relaxed and pleasurable; enhanced enjoyment of auditory and

visual experiences (i.e. multimedia); reduced physiological arousal; increased capacity to handle

emotional or other stressors; a reduction in psychophysiological arousal as associated with changes in the

activity of the hypothalamic-pituitary-adrenal axis (HPA axis) and/or by modulating the balance of

activity between the sympathetic and parasympathetic nervous systems generally associated with a

reduction in biomarkers of stress, anxiety, and mental dysfunction; anxiolysis; a state of high mental



clarity; enhanced physical performance; promotion of resilience to the deleterious consequences of stress;

a physical sensation of relaxation in the periphery (i.e. arms and/or legs); a physical sensation of being

able to hear your heart beating, and the like. This class of cognitive effects may be referred to

collectively as "a calm or relaxed mental state".

[000174] Another class of effects modifies the subject's physiology through the vagal nerve and affects

one or more organ system, including but not limited to the gastric, intestinal, renal, hepatic, pulmonary,

cardiac, circulatory, immunological, and nervous systems. Accordingly, transdermal stimulation of

auricular vagal nerve branches with the systems and methods described herein may be applied for the

treatment or diagnosis of various medical conditions, including but not limited to: alcohol addiction,

Alzheimer's disease, anaphylaxis, anxiety disorders, apnoea, atrial fibrillation, autism spectrum disorders,

bulimia nervosa, burn-induced organ dysfunction, chronic heart failure, chronic intractable hiccups,

comorbid personality disorders, concussion and post-concussive syndrome, coronary artery disease,

Dravet syndrome, drop-attacks, eating disorders, epilepsy, fibromyalgia, genital self-stimulation after

complete spinal cord injury, heatstroke, immune disorders, intestinal epithelial barrier breakdown,

Lennox-Gastaut syndrome, memory disorders, migraines, minimally conscious or persistently vegetative

states, mood disorders, myocarditis, multiple sclerosis, obsessive compulsive disorder, peripheral arterial

occlusion disease, obesity, psychiatric disorders, Rasmussen's encephalitis, sepsis, sleep disorders,

tinnitus, transient focal cerebral ischemia, trauma-hemorrhagic shock, and traumatic brain injury.

[000175] Any of the waveforms described herein may be applied continuously or intermittently,

including with variations such as transitions states (e.g., ramps) from outside of these ranges into these

ranges or within the ranges of current and frequency (and in some variations, duty cycle, charge

imbalance, and/or bursting frequency and/or duty cycle,). In general, ramping and other waveform

features can be incorporated in order to shift a waveform between different effective ranges of parameters

for inducing a particular cognitive effect and thus achieve a more intense, longer lasting cognitive effect.

Shifting between effective waveforms may be iterative (i.e. one parameter changes, than another changes)

and may be repetitive (i.e. change from one waveform to a second waveform, then back to the first

waveform, etc.; or toggling between three or more effective waveforms). In some embodiments, rapidly

shifting one or more waveform parameters within an effective range induces a stronger cognitive effect,

wherein rapid generally refers to less than 15 seconds and may be as short as one second or less.

[000176] As mentioned, the apparatuses described herein may include a controller having components

operating at high voltage so that sufficiently high peak currents can be achieved (i.e. greater than 0 V,

greater than 15 V, greater than 20 V, greater than 25 V, greater than 30 V, greater than 35 V, greater than

40 V, greater than 45 V, greater than 50 V, greater than 55 V, greater than 60 V, greater than 65 V, and

greater than 75V). Impedances of a subject's tissue (mostly due to skin impedance) and hardware

components of the system including electrodes are generally between 1 kOhm and 20 kOhm (though

occasionally up to 30 kOhm or higher), so high voltage current sources above 50 V are beneficial for

delivering higher peak currents required for inducing a cognitive effect.



[000177] Pinna TES may include electrically stimulating the at least two electrodes with the

neurostimulator, such that the neurostimulator delivers stimulation waveforms to the at least two

electrodes for transdermal electrical stimulation. This may deliver stimulation waveforms to the electrode

apparatus from the neurostimulator. Stimulation waveforms may include one or more waveforms selected

from the group including: constant direct current; pulsed direct current stimulation (also referred to as

pulsed monophasic alternating current stimulation); pulsed direct current stimulation with a constant

direct current offset; alternating current stimulation (also referred to as biphasic alternating current

stimulation); pulsed biphasic stimulation; or combined direct current stimulation and alternating current

stimulation (also referred to as biased alternating current stimulation). In some embodiments,

modifications or changes to the pulse sequence may occur at discrete time points during naturalistic

auditory stimulation, such as when the tempo, beats per minute, instrumentation, melody, etc. in a song

changes.

[000178] In some variations, any waveform described above can be combined in series or in parallel

(i.e. concurrently) to create a hybrid waveform, or ensemble waveform. In embodiments, any waveform

described above can be added, subtracted, convolved, or otherwise amplitude modulated. Moreover, in

embodiments, any waveform above can have its amplitude ramped using linear, exponential, or another

ramp shape including by one or more controllers that the user may manually adjust during stimulation.

[000179] In some embodiments, pinna electrical stimulation waveforms may comprise square waves,

sine waves, sawtooth waves, triangular waves, rectified (unimodal) waves, pulse-width modulated,

amplitude-modulated, frequency-modulated, or other pattern of waveform. For preferred embodiments, a

primary frequency of stimulation is between 100 Hz and 35 kHz (e.g., between a lower frequency value

of 100 Hz, 200 Hz, 300 Hz, 400 Hz, 500 Hz, 600 Hz, 650 Hz, 700 Hz, 750 Hz, 800 Hz, 900 Hz, 1kHz, 2

kHz, 3 kHz, 4 kHz, 5 kHz, 6 kHz, 8 kHz, 9 kHz, 1OkHz, and an upper frequency value or 1 kHz, 2 kHz, 3

kHz, 4 kHz, 5 kHz, 6 kHz, 8 kHz, 9 kHz, 10kHz, 12 kHz, 15 kHz, 17k Hz, 18 kHz, 19 kHz, 20 kHz, 2 1

kHz, 23 kHz, 25 kHz, 27 kHz, 30 kHz, 35 kHz, etc.); optionally between 5 kHz and 30 kHz; optionally

between 7 kHz and 25 kHz; optionally between 5 kHz and 12 kHz. Alternatively, the primary frequency

stimulation may be in any suitable range such that a cognitive effect is induced.

[000180] In some embodiments, the maximum intensity of pulses delivered to a subject via pinna TES

is generally greater than 0.1 mA and less than 30 mA; optionally greater than 1 mA, greater than 2 mA,

greater than 3 mA, greater than 4 mA, greater than 5 mA, etc.). For example, the amplitude may be

between a lower value of about 0.1 mA, 0.2 mA, 0.3 mA, 0.4 mA, 0.5 mA, 0.6 mA, 0.7 mA, 0.8 mA, 0.9

mA, 1 mA, 1.5 mA, 2 mA, 2.5 mA, 3 mA, etc., and an upper value of about 1 mA, 2 mA, 3 mA, 4 mA, 5

mA, 6 mA, 7 mA, 8mA, 9 mA, 10mA, 1 mA, 12 mA, 13 mA, 14 mA, 15 mA, 16 mA, 17 mA, 18 mA,

19 mA, 20 mA, 25 mA, 30 mA, etc.). The maximum intensity may be of any suitable maximum intensity

such that a cognitive effect is induced. In preferred embodiments using pulsed direct current stimulation

and/or alternating current stimulation, efficacious peak current intensities are generally between about

0.25 mA and 5 mA.



[000181] As discussed above, any of the apparatuses described herein (transdermal neurostimulator

apparatuses, also referred to as PENS apparatuses or pinna transdermal electrical stimulation apparatuses)

may include a housing enclosing a high-voltage power supply having maximum voltage or may be

coupled to a high-voltage power supply (e.g., of greater than 10V, greater than 5V, greater than 20V,

greater than 25V, greater than 30V, etc.) and further configured to provide a supply voltage of less than

the maximum voltage, wherein the supply voltage is adjustable. These apparatuses generally include a

first connector configured to electrically connect with a first electrode and a second connector configured

to electrically connect with a second electrode. Any of these apparatuses may also include a controller

(e.g., coupled to or within the housing enclosing the power supply) that includes, e.g., a waveform

generator configured to deliver a pulsed, asymmetric, monophasic and/or biphasic electrical signal

between the first and the second connectors, wherein the waveform generator receives the supply voltage

from the high-voltage power supply. Any of these controllers may also include a sensing circuit

configured to detect an applied voltage between the first and second connectors (the V
pp

i d) . The sensing

circuit may comprise an amplifier connected to one or both of the first and second connectors. The

controller may also be configured to compare a difference between the supply voltage (Vs) and the

applied voltage (Vapp i d) with a predetermined target voltage offset, and to adjust the supply voltage by

decreasing the supply voltage if the difference between the supply voltage and the applied voltage is

greater than the target voltage offset and to adjust the supply voltage by increasing the supply voltage if

the difference between the supply voltage and the applied voltage is less than the target voltage offset.

[000182] In general, any appropriate high-voltage power supply may be used. For example, the high-

voltage power supply may be configured to provide between 20V and 100V.

[000183] As mentioned above, the controller may be configured to decrease the supply voltage if the

difference between the supply voltage and the applied voltage is above the target voltage offset and to

increase the supply voltage if the difference between the supply voltage and the applied voltage is below

the target voltage offset. The controller may be configured to adjust the supply voltage as a function of

the difference between the supply voltage and the applied voltage.

[000184] In any of the apparatuses and methods described herein, the controller may be configured to

determine if the apparatus is in an overheating state based on an applied current and the difference

between the supply voltage and the applied voltage.

[000185] As mentioned above, in various embodiments, the controller of the neurostimulator (e.g.,

PENS apparatus) may include a capacitive discharge circuit configured to discharge a capacitance on the

electrodes during the delivery of the biphasic electrical stimulation signal. Neurostimulators that

incorporate discharging the capacitance on the electrodes may be useful for pulsed stimulation regimes,

and may help reduce or prevent pain and discomfort. In some variations the apparatus includes

capacitance discharging circuitry in connection with the electrodes. For example, as described above,

capacitance discharging circuitry may include electronic components and firmware features that short the

anode-cathode path to permit discharge of capacitance that builds up during a pulse (e.g., in the subject's

skin). In some instances, short-circuiting is beneficial for reducing discomfort and accordingly increasing



the cognitive effects induced by pinna TES (due to one or both of: reducing the distraction of discomfort

so that other cognitive effects can be experienced by a subject and permitting higher peak current

intensities to be delivered that induce more significant cognitive effects). In general, controlling the

maximum current of a capacitance discharging pulse may be beneficial for tuning the comfort of a TES

waveform (e.g. to vary the maximum current of discharge based on the estimated amount of capacitance

built up, which is expected to correlate with increasing imbalance (i.e. duration and/or peak current)

between positive-going and negative-going pulses, as well as by frequency, where lower frequency

stimulation at a fixed duty cycle will cause relatively more capacitance build-up per cycle).

[000186] As used herein, the term "TES" may refer to pinna TES (e.g., application of TES at entirely

or in part, the pinna using an apparatus such as a pinna TES applicator, including, e.g., PENS apparatuses

and pinna transdermal electrical stimulation apparatuses). These apparatuses may generally be wearable,

e.g. configured to be worn on a subject's ear(s), and worn on the subject's body. They may be worn on

one ear (e.g., with one or both electrodes contacting the ear region, or with one electrode on the ear, e.g.,

pinna, and another on another region of the body, such as the neck, temple, or mastoid), or on both ears

(e.g., one electrode on each ear).

[000187] As mentioned, the transdermal electrical stimulator (e.g., PENS) may comprise a controller

having the capacitive discharging features (which may be referred to as a 'short circuiting' applicator)

described. For example, the wearable transdermal electrical stimulator may include: a housing

configured to be connected to a first electrode and a second electrode, a controller at least partially within

the housing including: a processor, a waveform generator configured to deliver a biphasic electrical

stimulation signal between the first electrode and the second electrode, and a capacitive discharge circuit

configured to discharge a capacitance on the first electrode and the second electrode during the delivery

of a monophasic or biphasic electrical stimulation signal. The controller may be adapted to deliver a

electrical stimulation signal of 10 seconds or longer between the first and second electrodes having a

frequency of between 100 Hz and 35 kHz (e.g., 400 Hz or greater, 750 Hz or greater, etc.), a duty cycle of

greater than 10 percent, an intensity of 0.25 mA or greater, with a DC offset; and a capacitive discharge

circuit, wherein the controller (control module) may be configured to occasionally trigger the capacitive

discharge circuit to discharge capacitance on the electrodes during the delivery of the electrical

stimulation.

[000188] FIG. 7A schematically illustrates a biphasic electrical stimulation waveform with a

positive pulse and a negative pulse in one cycle. In some embodiments, the apparatus (e.g., the firmware,

hardware and/or software) may create segments in a waveform cycle. The smallest segment may be

limited by the clock of the processor. For example, in some embodiments, the shortest segment per cycle

can be 2, 5, or 10 microseconds or any values there between. For example, in some embodiments, the

firmware may create 10, , 15, or 20 segments per cycle. For each segment of the cycle, the controller

may instruct the waveform generator to generate a positive intensity value, a negative intensity value, a

value of "zero" which indicates an open circuit mode, or a capacitive discharge.



[000189] In some embodiments, the capacitive discharge (which may be referred to as "short-

circuiting" although it is not the result of shorting) can be triggered immediately after the positive pulse or

negative pulses as shown in FIGS. 7B- 7D. For example, as shown in FIG. 7B, at the time when the

positive pulse ends, the controller triggers the capacitive discharge circuit to short the anode-cathode path,

resulting in a capacitive discharging pulse to permit discharge of capacitance. The minimum duration of

the capacitive discharging pulse may be limited by the shortest segment of the cycle as discussed above.

Thus the duration of the pulse can be larger than 2, 5, or 10 microseconds. However, the duration of the

pulse may not be too short. It might be advantageous to have a more gradual pulse to prevent pain in the

subject. It might be advantageous to have a limited peak value of the pulse to further prevent pain and

discomfort. The peak value and the time constant of the capacitive discharging pulse may be controlled

by the capacitive discharge circuit. In some other embodiments, the capacitive discharge can be triggered

immediately after the negative pulse as shown in FIG.7C. In some embodiments, the capacitive discharge

can be triggered both after the positive pulse and after the negative pulse as shown in FIG.7D.

[000190] In some alternative embodiments, the capacitive discharging pulse can be triggered at the

onset of each negative-going pulse in the negative-going direction as shown in FIG. 7E. For example, in

an "energy" mode (e.g., enhancing attention, alertness, or mental focus), the capacitive discharging pulse

can be triggered at the onset of each negative-going pulse in the negative-going direction to induce an

enhanced cognitive state. In some other embodiments, the capacitive discharging pulse may be triggered

at the onset of each positive-going pulse in the positive-going direction. In some other embodiments, the

capacitive discharging pulse can be triggered both at the onset of each negative-going pulse in the

negative-going direction and at the onset of each positive-going pulse in the positive-going direction.

[000191] FIG. 24 schematically illustrates an example of a capacitive discharge circuit including a

double H-bridge according to some embodiments of the disclosure, which may be part of the controller

described herein. The double H-bridge circuit can be configured to generate a gradual capacitive

discharging pulse with controlled time constant and peak value. As discussed above, the outside H-bridge

can be configured to adaptively adjust the applied voltage Vs based on feedback signals. In addition to

the outside H-bridge, the circuit can further comprise an inside H-bridge including transistors 1324, 1305

and 1310. The transistors 1305 and 1310 can be configured to form a current source, driving the current

to the ground. When probe B is negatively charged, and probe A is positively charged, the transistors

1305 and 1310 can pull probe B to ground with a gradually discharging pulse. In the other direction, the

transistors 1324 can be configured to form a second current source, driving the current to the ground.

When probe A is negatively charged, and probe B is positively charged, the transistors 1324 can pull

probe A to ground with a second gradually discharging pulse. Therefore, the inside H-bridge including

transistors 1324, 1305 and 1310 can be configured to generate gradual capacitive discharging pulses with

controlled time constants and peak values. In general, the double H-bridge circuit can be configured to

generate gradual capacitive discharging pulses, in addition to adaptively adjust the applied voltage Vs

using feedback signals.



[000192] For example, the waveform may have a frequency of 1 kHz, the time constant of the

capacitive discharging pulse can be between 0.00001 to 100 microseconds. The peak value can be

controlled to be between 0.001 and 10mA in some embodiments. In some embodiments, the controller of

the neurostimulator may include a switch configured to turn off the current source when the capacitive

discharge circuit is triggered.

[000193] FIG. 25A illustrates an example of the capacitive discharging pulse from the double H-

bridge capacitive discharge circuit, measured from the electrodes (e.g., the probes are at the electrodes).

The discharging pulse immediately after the positive pulse can be controlled to have a gradual slope with

a controlled peak value. The discharging pulse immediately after the negative pulse is small because there

is only small amount of capacitance built up.

[000194] FIG. 25B illustrates another example of the capacitive discharging pulse from the

capacitive discharge circuit with the double H-bridge. The discharging pulse is triggered at the onset of

the negative going pulse in the negative going direction with a controlled time constant and peak value.

The discharging pulse can be configured to enhance the "energy" cognitive state and minimize user

discomfort.

[000195] In some other embodiments, the capacitance discharging circuitry may include electronic

components and firmware features that short the anode-cathode path with a low ohm resistor (e.g. 50

Ohms) to permit discharge of capacitance that builds up during a pulse (e.g., in the subject's skin). In

some other embodiments, the capacitive discharging circuitry may include a fixed current source similar

to the main current source in the device, but saturating at 0V and allowing discharge of the accumulated

charges. The discharge time may be fixed or may depend on the voltage and electrode capacitance. In

one example a nominal short-circuit current may be adjustable (e.g., to 40 mA), which could be changed

by changing a resistor. The discharge could be made by the regular current source with an adjustable

current inside the range, e.g., up to 20 mA; turning on the two rectified bottom switches may avoid

reverse charging in this case. In general, a capacitive discharge can be very quick (e.g. on the

microsecond timescale) and could use a very high current, e.g., tens of mA to 100 mA.

[000196] In general, a biphasic pulse may include a positive-going pulse following (either immediately

or after some delay) by a negative-going pulse. As described herein, these pulses are not limited to

square-wave pulses, but may be sawtooth, or other shapes. In some variations, the positive-going and

negative-going pulses may have different shapes. In some variations, the biphasic pulse includes a

positive-going (or negative-going) monophasic square wave pulse and a capacitive discharge (from a

capacitive discharge circuit) in the other direction. For example, the apparatus may be configured to

apply a uniphasic square wave pulse (positive or negative going) and a capacitive discharge in the

opposite direction. In general, waveforms may include bursting regimes wherein cycles of stimulation

occur intermittently.

[000197] FIG. 26 schematically illustrates an example of safety comparison circuits according to some

embodiments of the disclosure. In various embodiments, the controller of the neurostimulator (PENS

apparatus) can include safety comparison circuits configured to prevent the current and/or the voltage



from exceeding maximum values. For example, the maximum DC current may be set at 5 mA, 8 mA, or

10 mA, or any values therebetween. Similarly, the voltage may have a maximum value for the safety of

the subject as well. The circuit can be configured to shut down the power supply when the current or

voltage exceeds the maximum value. For example, the safety circuit can comprise a current safety

comparison circuit section 1510. The section 1510 can be configured to compare the current values in

both directions and output a fault signal to the microprocessor if the current value in any direction

exceeds the maximum value. The safety circuit can further comprise a voltage safety comparison circuit

section 2620. The section 2620 can be configured to compare the voltage values in both directions and

output a second fault signal to the microprocessor if the voltage value in any direction exceeds the

maximum value. The voltage safety comparison circuit section 2620 can comprise a transistor 1 27 to

increase the sensitivity of the safety circuit.

[000198] The systems, devices, and methods of the preferred embodiments and variations thereof can

be embodied and/or implemented at least in part as a machine configured to receive or include a

computer-readable medium storing computer-readable instructions. The instructions are preferably

executed by computer-executable components preferably integrated with the system including the

computing device configured with software. The computer-readable medium can be stored on any

suitable computer-readable media such as RAMs, ROMs, flash memory, EEPROMs, optical devices (e.g.,

CD or DVD), hard drives, floppy drives, or any suitable device. The computer-executable component is

preferably a general or application-specific processor, but any suitable dedicated hardware or

hardware/firmware combination can alternatively or additionally execute the instructions.

[000199] In any of the apparatuses described herein, an electrically conductive tethering wire may be a

durable portion of the TES system and intended for long-term use. The tethering wire may connect to the

electrode(s) and to a controller, such as a wearable microprocessor (e.g., smartphone, etc.). FIG. 27A

shows exemplar schematic embodiments of a TES system comprising primary durable housing 2402,

secondary durable housing 2401 , connectors 2403 & 2404, and electrically conductive tethering wire

2405. Not shown are disposable electrodes that couple electrically and mechanically to housings 2401

(and in some variations 2402) and may contain a dermally-facing adhesive. In some variations the

apparatus may include an adhesive so that the PENS system can be wearably attached to the user. Other

variations of PENS systems as described herein may be non-adherent and otherwise wearably attached to

a user's body (e.g. by a headband, headset, cap, etc.).

[000200] As shown in FIG. 27A the tethering wire may be permanently attached to the primary and

secondary units, or it may be configured to unplug from either or both of the primary or secondary system

housing (FIG. 27B, FIG. 27C) with standard or custom connector 2406, 2407.

[000201] In some embodiments, one of the durable primary and/or secondary housing may have a

standard plug component (e.g. a male USB or male micro-USB connector) for charging and

communication with other electronic or computing devices. For example, the smaller, secondary durable

housing may contain a male USB connector, a charging circuit, and a battery.



[000202] In general, PENS systems may contain an electrically conductive cable that is permanently or

detachedly attached may contain all components in a single housing. In such instances, the electrically

conductive cable would include at least a connector at or near its end distal from the unit containing the

electrical components to which a disposable electrode can be electrically connected.

[000203] In general, a PENS system may contain an electrically conductive cable that is permanently

or detachedly attached may contain components in two or more housings. These embodiments may be

advantageous because they may permit miniaturization of each of the housings relative to having all

components in a single housing. This miniaturization may improve comfort, wearability, durability,

and/or fit of a PENS system. Any set of necessary or optional components may be selected to be in a first

housing or a second housing (or a third housing, etc.). FIG. 28 shows an exemplary schematic of a

PENS system schematic with first durable TES housing 2512, which may contain current control circuitry

2505, fuse and other safety circuitry 2506, wireless antenna and chipset 2507, waveform generator 2508,

memory 2509, microprocessor 2510, and may include a connector (2514) to a first electrode. The

connector may be part of or distinct from an electrically conductive cable 25 1 that may connect to a

second durable TES housing 25 13. In variations having the second housing, the second housing may at

least partially enclose a battery 2501, recharging circuitry 2502, connector to an electrode (e.g., a first

electrode or in some variations a second electrode) 2503, and other electrical components 2504. The

housing may be coupled to one or both electrodes directly. In some variations, where there are distinct

electrodes (e.g., coupling to different ears), the controller (e.g., electronics) may be part of a housing that

is coupled directly to one or both electrodes, without a connector wire, or it may be connected via a

connector wire.

[000204] A method of using the PENS systems described herein can include connecting two controller

housings with a detachable, reusable electrically-conductive cable, followed by connecting the two

electrodes to the cable and/or TES controller. Alternative methods can employ the opposite ordering of

connecting necessary and detachable system components.

[000205] A PENS apparatus with a durable cable connecting two housings with electrode connectors -

or a single housing with two or more electrode connectors - may be used with disposable electrodes that

do not have a wire connecting them. This system architecture may reduce the cost and complexity of a

disposable set of transdermal electrodes, which typically only require a connector (e.g. electrically

conductive button snap connector) configured to connect with the PENS controller system.

Electrode Configuration

[000206] As already discussed above, any of the electrodes described herein may be configured to have

layers that help distribute the charge applied/received, enhance efficacy, and reduce irritation. For

example, any of the variations described herein may include a sacrificial layer (e.g., Siver/Silver Chloride

layer) that may be consumed during operation. The apparatus may also include one or more layers that

comprises a pH buffer. Also, in some variations, the electrodes may include a current spreading layer

(e.g., carbon black, etc.) that prevents local current maxima during operation.



[000207] For example, FIG. 22A is a section through one variation of an active region of an electrode,

showing different layers that may be used to form the active region, including a connector for connecting

(and removing). For example, in FIG. 22A, an electrode trace 201 1 extends on a top surface of a

substrate 2003 (such as a polymeric material). This trace 201 1 may be insulated (e.g., by an insulating

covering) 201 5 and may make an electrical contact with the controller. In this example the electrode is

printed on a substrate with the electrical connection being made through the substrate. This is optional;

the connection could be made on the same side of the substrate as the rest of the electrode. In this

example, an opening through the substrate (e.g., flex circuit), e.g., hole 2019, may include a conductive

material (e.g., carbon black, silver, etc.) resulting in electrical communication between the trace 201 1

connecting to the controller and a portion of the electrically active region 2024, that (in this example)

includes a layer of conductive metal (e.g., Ag) 2005, a layer of sacrificial conductor (e.g., Ag/AgCl) 2007

that completely covers the Ag layer and an outer, skin-contacting layer of hydrogel 2009 that is in

electrical contact with the Ag/AgCl layer, and may also completely cover it (or cover it in conjunction

with an insulator). The sacrificial Ag/AgCl layer 2007 in this example may also extend beyond the

border of the conductive (i.e. Ag) layer 2005 to avoid shorts between the conductive (i.e. Ag) layer and

the skin-contacting layer of hydrogel 2009 (i.e. extends beyond it around its entire circumference,

including any internal exclusions or holes in the layer, for instance to permit a snap conductor to be

placed).

[000208] FIG. 22B shows a partial section through a portion of an active region that is electrically

connected to an electrical and/or mechanical connector via an indirect connection pathway and thereby

connects to an electrical stimulator (e.g., such as a neurostimulator). In some variations the electrode

includes an active region that is directly connected to a connector to releasably connect to the controller

(e.g., snap, etc.). An example of this arrangement is shown in FIG. 22B and in detail in FIG. 22C,

illustrating a snap that may be releasably coupled to a connector for coupling to the controller.

[000209] In FIG. 22B the active region of the electrode includes a contact (shown as a snap or pin) for

connection to the electrical stimulator (e.g., neurostimulator). In this example, the connector 2020

penetrates the substrate 2003 and a layer of conductive material (shown as a conductive metal, e.g., Ag)

2005 and makes electrical contact with this Ag layer. The bottom of the post or connector 2020 is

electrically insulated (visible in FIG. 22C as the insulating layer 2015). A sacrificial layer of Ag/AgCl

covers the Ag layer (and the insulated base of the post 2020), and a skin contacting layer of conductive

hydrogel 2009 contacts the Ag/AgCl layer. FIG. 22C shows a slightly enlarged view of FIG. 22B, and

schematically illustrates the current flowing from the electrical/mechanical connector 2020 into the

hydrogel 2009 through the sacrificial Ag/AgCl layer 2007 and the Ag conductive layer 2005. In this

example, the connection is configured so that the current does not flow directly into the Ag/AgCl 2007 or

hydrogel 2009, but first passes from an upper surface of the connector that is in electrical contact with the

Ag layer 2005 and then down into the Ag/AgCl layer 2007 and the hydrogel to contact the user. Thus, in

this example, the portion of the connector base in contact with the silver/silver chloride layer is insulated

2015 so that the current primarily passes through the silver layer 2005.



[000210] In general, an electrically active region of an electrode portion(s) of the apparatus may

include a nonconsumptive conducting layer (e.g., 2005 in FIGS. 22A-22C), a consumptive conducting

layer (e.g., 2007 in FIGS. 22A-22C), and a conductive hydrogel layer (e.g., 2009 in FIGS. 22A-22C). In

some embodiments, the consumptive layer may be a buffer layer disposed between the nonconsumptive

layer and the hydrogel layer. Further, the consumptive layer may extend beyond the boundary of the

nonconsumptive layer at each edge of the nonconsumptive layer and may be configured to reduce

hydrolysis in the hydrogel layer, such that the consumptive layer donates electrons for redox reactions.

Examples of the conductive nonconsumptive layers may include silver, gold, copper, or any other type of

conductive metal or non-metallic material, such as carbon or conductive polymers (e.g. poly(3,4-

ethylenedioxythiophene). Preferably, the nonconsumptive and consumptive layers include silver. An

important feature of the nonconsumptive layer is that any electrochemical reactions occurring in that layer

do not cause the quality of the layer as an electrical conductor (i.e. impedance) to change during a

transdermal (e.g., transcranial) stimulation. This feature ensures that current delivered to the layer is, for

the most part, distributed evenly over its surface first before entering the consumptive layer. In some

variations, an additional, higher impedance, layer is disposed between the nonconsumptive layer and the

consumptive layer to more evenly spread current across the nonconsumptive layer before entering the

higher impedance layer and, subsequently, the consumptive layer. In some embodiments, the

nonconsumptive layer experiences reduced consumption, such that the nonconsumptive layer includes

silver. Alternatively, the nonconsumptive layer may experience essentially zero consumption, such that

the nonconsumptive layer includes carbon. In some embodiments, the nonconsumptive layer experiences

reduced consumption since it does not include an anion that can be electrically consumed during electrical

stimulation. The nonconsumptive layer may disperse the electrical current over its surface area before the

current reaches the consumptive layer (i.e. there is lower impedance within the nonconsumptive layer

than between the nonconsumptive layer and the consumptive layer). If the electrical current is not

dispersed over the surface area of the nonconsumptive layer before reaching the consumptive layer, the

consumptive layer may be over-consumed, such that AgCl becomes Ag(0) in a local area of the

consumptive layer surface, causing uneven current distribution and the potential for local hydrolysis and

local pH changes that may lead to discomfort in the subject. In embodiments, the consumptive layer is

composed of a ratio of silver to silver chloride (Ag:AgCl) for efficient consumption and electrochemistry.

Optimal ratios can be selected based on the charge balance of stimulation. In some embodiments, the ratio

of Ag to AgCl particles in the consumptive layer may be between 40%:60% to 95%:5%, preferably

65%:35% to 85%:15%. Alternatively, the consumptive layer may include any suitable ratio of Ag:AgCl

such that the chloride may be consumed but not depleted during an electrical stimulation session of

sufficient length to induce a beneficial cognitive effect in a subject. The AgCl in the consumptive layer is

consumed during alternating current or direct current stimulation (DC) because it acts as a sacrificial

anode/cathode and is converted to Ag and a CI ion. The Ag+ in the consumptive layer is consumed

during alternating current or direct current stimulation (DC) because it acts as a sacrificial anode/cathode

and is converted to AgCl. In some embodiments, if the consumptive layer does not fully cover the dermal



side of the nonconsumptive layer, the current may travel directly to the hydrogel layer and cause a site of

high current density, for example a current hotspot. In some embodiments, the conductive hydrogel layer

37, as shown in FIG. 6, ensures that the current is transmitted substantially evenly to the skin of a user.

Further, the hydrogel layer creates a uniform connection between the multi-electrode assembly and the

skin of a user.

[000211] In any of the electrode apparatuses described herein, an additional layer may be positioned

between the conductive layer in electrical contact with the connector (e.g., snap connector) and the

sacrificial anode/cathode layer in contact with the hydrogel. The additional layer may be a material that

is less conductive than the adjacent conductive metal (e.g., Ag) layer and sacrificial (e.g., Ag/AgCI) layer,

or even a weakly insulating material. In this example, the material is carbon, although other materials

may be used. In general this layer may be less conductive than the layers immediately above (e.g., Ag)

and below (e.g., Ag/AgCI). For example, FIGS. 22D-22F illustrate another variation of section through

an active region of an electrode apparatus, showing different regions that may be used to form the active

region and including an additional carbon layer. In FIG. 22D, the electrode trace 201 1 extends on a top

surface of a substrate 2003 (such as a polymeric material appropriate for use in a flexible circuit). This

trace 201 1 may be insulated (e.g., by an insulating layer 2015). An opening through the flex circuit (e.g.,

hole 2019) may include a conductive material (e.g., carbon black, silver, etc.) making an electrical

communication between the trace 201 1 and a portion of the electrically active region 2024, that includes a

layer of conductive metal (e.g., Ag) 2005, a layer (e.g., carbon) having a lower conductance than the

adjacent layers 2044, a covering layer of sacrificial Ag/AgCI 2007 that completely covers the Ag layer

and it itself covered by the carbon layer 2044, and an outer, skin contacting layer of hydrogel 2009 in

electrical contact with the Ag/AgCI layer.

[000212] In any of the electrode apparatuses described herein, the first conductive layer (e.g., a Ag

layer) connects to the connector (e.g., pin, snap, clamp, etc.) and thus the electrical stimulator. This first

conductive layer is separated from the sacrificial layer (e.g., Ag/AgCI layer) that connects to the gel (e.g.,

hydrogel) by the intermediate, less conductive layer. This less conductive layer may also be referred to as

a weakly conductive layer, a weakly insulating layer, or a more resistive layer (all in reference to the

adjacent first conductive layer and sacrificial layer). In general, this weakly conductive layer has an

electrical conductance that is lower than either the adjacent first conductive layer or the sacrificial layer,

although the electrical properties of the sacrificial layer may change with use. Thus, in general the

weakly conductive layer may be more resistive than the first conductive layer; for example, the weakly

conductive layer may have a resistivity that is greater than 3x, 4x, 5x, 6x, 7x, 8x, 9x, lOx, 15x, 20x, etc.,

the resistivity of the first conductive layer. In some variations, the resistance of the weakly conductive

layer is greater than 5x the resistance of the first conductive layer that it covers. In general, each

successive layer distal from the flexible substrate (i.e. a polymeric material appropriate for use in a

flexible circuit) extends beyond the edge of the more proximal layer along its entire circumference to

ensure that current cannot short between non-successive layers.



[000213] The weakly conductive layer may be formed of any appropriate material having the electrical

properties described herein. For example, the weakly conductive layer may include carbon. For example,

the weakly conductive material may be a polymeric material (including rubbers, polyvinyl chlorides, etc.)

that is mixed with or incorporates carbon (e.g., carbon particles), etc.

[000214] FIG. 22E shows a partial section through a portion of another active region that is in

electrical contact with a connector configured to couple with the controller of the electrical stimulator

(e.g., the electrical and/or mechanical connector that contacts with the neurostimulator). The electrode

may include an active region that is connected to the connector as shown in FIG. 22E and in detail in FIG.

22F. In this example, the active region of the electrode includes a contact (shown as a snap or pin) for

connection to the electrical stimulator (e.g., neurostimulator). The connector 2020 penetrates the

substrate 2003 as well as a layer of conductive material (shown as a conductive metal, e.g., Ag) 2005 and

(in some variations) a layer of less conductive material (e.g., carbon) 2044, to make electrical contact

with this Ag layer. The bottom of the post/connector 2020 is electrically insulated (shown in FIG. 22E as

an insulating layer 2015). In this example, the Ag layer 2005 is separated from the sacrificial layer of

Ag/AgCl 2007 by a less conductive (than either the Ag or Ag/AgCl layers) layer of carbon 2044, and a

skin-contacting layer of conductive hydrogel 2009 contacts the Ag/AgCl layer 2007. FIG. 22F shows a

slightly enlarged view of FIG. 22E, and schematically illustrates the current flowing from the

electrical/mechanical connector 2020 into the hydrogel 2009 through the sacrificial Ag/AgCl layer 2007,

less conductive layer 2044 and the conductive Ag layer 2005. In this example, current does not flow

directly into the Ag/AgCl 2007 or hydrogel 2009, but first passes from an upper surface of the connector

that is in electrical contact with the Ag layer 2005, either directly (not shown) or through the less

conductive (e.g., carbon) layer 2044, and then flows down into the Ag/AgCl layer 2007 and the hydrogel

to contact the user.

[000215] The optional less conductive layer 2044 described above may be helpful to spread the current

as it moves from the highly conductive metal layer such as the Ag layer 2005 shown in FIGS. 22A-22F to

the sacrificial layer (e.g., Ag/AgCl layer 2007) and into the hydrogel. In effect, this carbon layer (or

similar less-conductive layer) may make the electrodes much more comfortable for the user to wear them,

even when delivering relatively high intensity current signals, by improving the uniformity of current

density and electrochemistry occurring in the consumptive layer and/or hydrogel.

[000216] In some embodiments, the electrode apparatus (flexible electrode assembly) may include an

adhesive component. The adhesive component may be configured to couple the electrode apparatus to a

body portion of a user or any other device or system. An adhesive component may surround and/or be

adjacent to the boundary of the consumptive layer. In some embodiments, the adhesive component and

the three layers (consumptive, nonconsumptive, and hydrogel) of the electrode active region may be

substantially the same thickness, such that substantially all areas of the flexible assembly may be flush

with the skin of a user. In some embodiments, the hydrogel layer may extend slightly beyond the adhesive

layer so that the hydrogel makes a more uniform contact through slight compression when the electrode is

adhered to the skin.



[000217] Any of the electrodes formed as described herein may include a substrate and a connector

(e.g., pin) as mentioned above, for removably connecting to the rest of the apparatus; thus the electrodes

may be electrode pads that are disposable and/or easily replaceable by a removable attachment. The

substrate (e.g., polymeric insulating material substrate, such as a flexible substrate, e.g., Kapton) may be

connected to the apparatus and then coupled to the skin of the user. The electrode may be adhesively held

in addition to or alternative to a friction hold, e.g., a headband, helmet, head scarf, or any other type of

wearable device. For example the electrode may be connected to a body configured to fit within a portion

of the pinna of the user's ear, as described above.

[000218] As described above, any of these apparatuses may include two or more electrodes (active

regions) for electrical stimulation.

[000219] As mentioned any of these apparatuses may optionally or additionally include one or more

sensors, safety features, or identification features or devices embedded in the flexible substrate and/or

integrated with the controller (e.g., in the PENS neurostimulator). One or more sensors may include an

accelerometer, thermometer, gyroscope, GPS, pH sensor, one or more biosensors, or any other type of

sensor. One or more safety features may include an automatic off trigger, for example when the current

reaches a certain threshold, when the temperature and/or pH of the device exceeds a threshold, or when

the controller does not contain enough power to complete an entire TES session. One or more

identification features may include a Bluetooth beacon, an RFID tag, a barcode, a near-field

communication device, a biometric sensor for reading, for example a fingerprint of a user, or any other

type of identification feature or device, including the capacitive identification system described above.

[000220] FIG. 23 illustrates one method of making an electrode portion (including a disposable

electrode portion) of any of the apparatuses described herein. In this example a nonconductive (e.g.,

optionally flexible) substrate 2300 having a first surface and a second surface opposite the first surface

may be coated with the multiple layers to form the electrode. In some variations the electrical connection

to the controller may be made through a via or hole in the substrate, from the opposite side of the

substrate. This hole may be filled with a conductive material so that the apertures are at least partially

filled (and more preferentially completely filled) with an electrical conductor that is configured to deliver

current between the first and second surfaces 23 10. Alternatively, when the electrode active region is

formed on the same surface as the connecting conductive trace, this step may be unnecessary. When

forming on the opposite surface, the connector may be formed on the second surface, such that a

conductive trace is coupled to the electrical conductor on the second surface. In either example, the

conductive trace is configured to couple a current source to the electrical conductor 2320. An adhesive

component, configured for dermal application, may then be placed (e.g., coated) to the first surface 2330;

and at least one electrodes may be formed or connected to the first surface and coupled to the the

electrical conductor on the first or second surface 2340. Connecting or forming the electrode may include

depositing a nonconsumptive conducting layer, depositing a consumptive conducting layer, and

depositing a hydrogel layer, such that the consumptive layer is a buffer layer disposed between the

nonconsumptive layer and the hydrogel layer that extends beyond the boundary of the nonconsumptive



layer at each edge of the nonconsumptive layer and is configured to reduce hydrolysis in the hydrogel

layer.

[000221] One embodiment of manufacturing an electrode apparatus for electrical stimulation to

modulate a cognitive function may therefore generally include forming an aperture through a

nonconductive flexible substrate having a first surface and a second surface opposite the first surface. In

general, the flexible substrate may include polyimide, volara foam, or any other type of nonconductive

material. The flexible substrate may be poured, dispersed, or otherwise positioned in a mold. The mold

may include two or more protrusions, such that the flexible substrate, once set, includes two or more

apertures. The flexible substrate in the mold may be thermoset and/or cured (e.g. form cross-links) by

heat, a chemical reaction, and/or irradiation. In some embodiments, the cured flexible substrate may

include a higher melting temperature than the temperature used to cure it. Thus, the cured flexible

substrate may not be re-melted and/or deformed with the application of low intensity heat, such as the low

intensity heat experienced during electrical stimulation. In some embodiments, additional components

may be positioned in the flexible substrate before curing the flexible substrate, such that the additional

components are embedded in the flexible substrate. The apertures formed in the flexible substrate may

function to electrically connect the second surface with the first surface, such that the first surface may

deliver electrical stimulation to a body portion of a user, as described above.

[000222] An alternative manufacturing process may use a substrate that is cut, severed, or otherwise

carved from a large sheet or the substrate may be poured, dispersed, or otherwise positioned in a mold.

The substrate may be rigid, semi-rigid or flexible and may include one or more electrode areas and a thin

structure that has at least one conductive trace, e.g., on the first (nondermal) side, or in an internal layer

insulated on both dermal and nondermal sides, for delivering current from a connector to a portion of the

substrate containing the electrode pad/active region. Electrode layers may be printed on the first (dermal

facing) side of the substrate. Hydrogel pieces having the same or very similar shape to the electrode areas

may be placed over them. Adhesive regions adjacent to or surrounding a hydrogel and electrode area may

also be placed on the first dermal facing side of the flexible assembly. Multiple sheets may be bonded,

glued, or otherwise fastened together to form the electrode assembly, and conductive connections to the

controller (e.g., PENS electrical stimulation controller) may be made with connectors such as male studs

or snap connectors riveted through flexible substrate layers. Each snap connector may be conductively

connected to one of the electrode areas either directly or via a conductive path printed on the substrate.

[000223] In some embodiments, the electrode layers may be coated, silkscreened, painted, or printed

(e.g., with a conductive metal). For example, the conductive metal may include gold, silver, copper,

aluminum, or any other type of conductive material. A method of manufacturing an electrode assembly

may include coupling a conductive trace to the first or second surface, such that the conductive trace is

coupled to an electrical conductors/connector and configured to couple with the current source

(controller). A conductive trace may be coupled to the surface by printing, silk-screening, soldering,

welding, gluing, or any other type of coupling process. In some embodiments, multiple conductive traces



may be electrically connected to the same electrode, such that each trace electrically controls a subset

(e.g. electrode area) of the electrode.

[000224] Further, a method of manufacturing an electrode portion of a PENS apparatus (including a

disposable/removable electrode) may include coupling an adhesive component, configured for dermal

application, to the first surface of the electrode. The adhesive component may be adhered, secured,

coupled, fastened, bonded, or otherwise attached to the (e.g., flexible) substrate adjacent to and/or

surrounding the electrode active region, or (if appropriately conductive) overlapping it. In some

embodiments, an adhesion promoter may be used to help couple the adhesive component to the flexible

substrate. Once coupled to the flexible substrate, the adhesive component may be flush with and/or not

extend beyond the height of the other components coupled to the flexible substrate. Further, in some

embodiments, the adhesive component may include a protective layer on the skin facing side, such that a

user would need to peel the protective layer off before adhering the adhesive component to a body portion

of the user. The protective layer may include plastic, synthetic rubber-like material, wax paper, or any

other type of material that can be removably detached from the adhesive without significantly reducing

dermal adhesion.

[000225] A method of manufacturing a flexible transdermal multi-electrode assembly for electrical

stimulation of a neural target may also include forming and/or bonding the electrode to the first surface

and coupling it to an electrical conductor on the second surface, such that the step of bonding the

electrode further includes depositing a nonconsumptive conducting layer, depositing a consumptive

conducting layer, and depositing a hydrogel layer, such that the consumptive layer is a buffer layer

disposed between the nonconsumptive layer and the hydrogel layer that extends beyond the boundary of

the nonconsumptive layer at each edge of the nonconsumptive layer and is configured to reduce

hydrolysis in the hydrogel layer. The nonconsumptive and consumptive layers may be printed or

silkscreened on the substrate. The silver ink in the nonconsumptive and consumptive layers may include

60-70% silver solids plus ethylene glycol and additional solvents. The ethylene glycol and additional

solvents are flashed off while drying each of the layers after depositing each of the layers. Alternatively,

other methods of printing the silver on the substrate may be used. In some embodiments, the method may

further include applying an adhesion promoter to enhance the coupling of the nonconsumptive and

consumptive layers to the substrate. In some variations the substrate forms a part of the body of the

earbud or insertable piece held in the user's ear.

WAVEFORM CONTROLLER

[000226] Also described herein are methods and apparatuses for efficient, compact and rapid

communication of control currents (e.g., ensemble waveforms) including transmitting and receiving

information to form the applied waveforms for evoking the appropriate cognitive response. For example,

control information may be transmitted to a controller including a waveform controller of the wearable

neurostimulator from a separate device (e.g., smartphone, wearable electronics, etc.). The controller may

be part of the wearable apparatus or remotely located relative to the wearable neurostimulator. FIG. 29A



is a schematic illustration of a wearable neurostimulator 1701 such as the ones described herein which

may wirelessly receive control information (e.g., ensemble waveform information and/or command

controls from a waveform controller 1705). In this example, the wearable neurostimulator includes at

least two electrodes 1721 that are integral with or connectable to the neurostimulator 1701, and a

processor 1707 that connects to wireless communication circuitry 1715 (e.g., wireless transducer), a

power source 1709, and a pulse generator 17 13 to apply the waveforms via the electrodes 172 1. The

processor may also include a memory 1723 having one or more registers for storing waveform

information, including one or more of a : a current and/or next component waveform. The waveform

controller 1705 may also include wireless communication circuitry 1715' for transmitting (and/or

receiving) control information, including component waveform control information.

[000227] The processor 1707 is generally configured to receive and handle waveform information.

Specifically, the processor described herein is configured to operate in real-time to communicate with and

receive information from the waveform controller. The waveform controller may transmit (e.g., in real¬

time or near-real time) sequential component waveforms from the series of waveforms forming an

ensemble waveform; to achieve this, the controller and processor share a specific communication

architecture that allows the rapid and reliable transmission of component waveforms to the wearable

apparatus, allowing the wearable apparatus to deliver the potentially complex ensemble waveform in an

energy-efficient and reliable manner. In this example in FIG. 28A, the PENS apparatus may include a

body portion that is worn so that the electrode(s) are in connection with one or both ears. The wearable

apparatus 170 1 may be formed to fit into, over or around the ear, and may connect wirelessly (or via a

cable/wire, not shown) to the controller that determines the waveform shape and pattern to be applied (via

controller 1705). The separate controller may be part of a smartphone or other wearable electronics.

[000228] Specifically, the controller may transmit one or more control codes that may be received by

the processor. A variety of control codes may be transmitted, for controlling any of the functions of the

wearable neurostimulator, including self-reporting codes (instructing the device to run and/or return

diagnostic information including power charge status), LED controls, pairing controls, power-down

controls, and the like. In particular, the controller may transmit control codes instructing the

neurostimulator to receive waveform information and in particular component waveform information. A

command control may tell the processor to prepare to receive and/or deliver a new component waveform,

or it may tell the processor to edit or modify an existing component waveform; the command control may

also specific the number of segments to expect for the new component waveform or which segments in a

stored (including currently running) component waveform to modify.

[000229] For example, a first command message (e.g., "new waveform" message/command control)

may instruct the processor of the wearable apparatus to prepare a memory register ("shadow register") to

receive waveform information. This message may indicate that the processor should start a "new"

component waveform or use a component waveform already stored (which may be the waveform most

recently delivered by the device). In general, the command messages may be structured to include a

message identifier (message ID) that indicates what the message will contain (e.g., which may be



recognized by the processor via a look-up table or other mechanism), and/or routing information (e.g.,

destination and/or source endpoints), and a message payload, which may be the message, such as the new

waveform message or the waveform segment message discussed below. FIG. 29B illustrates another

variation in which the controller 1705' is integrated into the wearable portion.

[000230] Other variations of TES neurostimulation apparatuses that are not integrated, but may include

external power and/or control are also described herein, as mentioned above. For example, FIGS. 30A-

3 B illustrate variations of a TES apparatus in which the electrode assembly 486, 485 is coupled via

connectors (shown as snaps, but any connector may be used) and configured to be worn in, over, or

around the ear, so that one or more electrodes are in contact with the pinna of the ear. A connector such as

a snap connector or other mechanical and electrical connectors may be connected to a cable 499, and

(through the cable) to a hand-held or otherwise portable computing device 490, such as a general-purpose

smartphone (e.g., iPhone™, Android™, Google phone) or other portable or wearable electronics. The

portable computing device may function by running software and/or firmware for controlling operation of

the neurostimulator, including in some variations, selecting and preparing the PENS waveforms

(ensemble waveforms) to be delivered, confirming connection of the electrode assembly to the user,

and/or confirming the type/state of the electrode apparatus. Although the electrode apparatus may be

single-use or limited-use, and may include no or very little of the control circuitry, the cable 499 may be

configured as a "smart" cable, which includes control circuitry receiving power and control information

from the portable computing device (control device) and forming the waveform(s) for delivery by the

electrode assembly. The smart cable may also be referred to herein as a TES (or PENS) cable

neurostimulator, and it may include all or some of the control circuity described above, including at least

amplification circuitry for amplifying the power provided by the control device to the waveforms.

[000231] In FIG. 30A, the cable neurostimulator 499 is configured to plug into the control device 490,

so that it may drive delivery of waveforms appropriate for the type of electrode assembly (e.g., calm 485

or energy 486). In FIG. 30A, the proximal end of the TES cable neurostimulator includes a housing

region which may house some of the TES control circuitry as well as forming the connector (e.g., a

"Lightning" type connector when connecting to an appropriate iPhone). The distal end of the TES cable

neurostimulator may include a set of connectors (e.g., snap connectors, magnetic connectors, multi-pin

connectors, concentric connectors, etc.) complimentary to the connectors on the electrode assembly. In

FIG. 30A the connectors are held in a fixed spacing appropriate to mate with the mechanical/electrical

connectors on the electrode assembly. FIG. 30B shows another example of the distal end region of an

apparatus in which the connectors are separately positionable relative to each other (the distance

separating them is not to scale; for example when connecting to both ears on each side of a user's head

the separate cable regions may be longer). In other variations of the cable neurostimulator, a larger

housing containing control circuitry may be present at or near the distal end of the cable (i.e. near the

electrode assembly) or in-line along the cable, similar to how music controls may be present along the

cable of earbuds.



[000232] FIG. 30C illustrates an alternative view of a cable neurostimulator 499' connectable to two

alternative configurations of PENS electrode assemblies 485', 486'. In this example, the cable

neurostimulator is configured to be connected to a region of the electrode assembly that is worn away

from the face (e.g., on the back of the neck and/or behind the ear).

[000233] FIGS. 31A and 3IB show connection between some variations of the PENS apparatuses

described herein (e.g., 3100, 103) connected to the skin of a pinna region of one or both ears (FIGS . 3 A

and 3IB, respectively). A cable 3101, 3102, 3104, 3109, such as but not limited to the "smart" cables

shown in FIGS. 30A-30C may be used to connect to a source of control information and/or power, and in

some variations the controller, such as a smartphone or wearable electronics 3105. In FIG. 3IB the PENS

apparatus connects to both of the user's ears for delivery of current between the two electrodes (one on

each ear). For comparison, a system such as that shown in FIGS. 30A-30B is illustrated worn on a user in

FIG. 3 1A. The dashed line 3109 shows the optional separate cable portion for connecting a second

electrode to a separate portion of the body (e.g., the back of the neck, shoulder, head, etc.).

[000234] Inventions embodied in other combinations and subcombinations of features, functions,

elements and/or properties may be claimed through amendment of those claims or presentation of new

claims in the present application or in a related application. Such amended or new claims, whether they

are directed to the same invention or a different invention and whether they are different, broader,

narrower or equal in scope to the original claims, are to be considered within the subject matter of the

inventions described herein.

[000235] When a feature or element is herein referred to as being "on" another feature or element,

it can be directly on the other feature or element or intervening features and/or elements may also be

present. In contrast, when a feature or element is referred to as being "directly on" another feature or

element, there are no intervening features or elements present. It will also be understood that, when a

feature or element is referred to as being "connected", "attached" or "coupled" to another feature or

element, it can be directly connected, attached or coupled to the other feature or element or intervening

features or elements may be present. In contrast, when a feature or element is referred to as being

"directly connected", "directly attached" or "directly coupled" to another feature or element, there are no

intervening features or elements present. Although described or shown with respect to one embodiment,

the features and elements so described or shown can apply to other embodiments. It will also be

appreciated by those of skill in the art that references to a structure or feature that is disposed "adjacent"

another feature may have portions that overlap or underlie the adjacent feature.

[000236] Terminology used herein is for the purpose of describing particular embodiments only

and is not intended to be limiting of the invention. For example, as used herein, the singular forms "a",

"an" and "the" are intended to include the plural forms as well, unless the context clearly indicates

otherwise. It will be further understood that the terms "comprises" and/or "comprising," when used in

this specification, specify the presence of stated features, steps, operations, elements, and/or components,

but do not preclude the presence or addition of one or more other features, steps, operations, elements,



components, and/or groups thereof. As used herein, the term "and/or" includes any and all combinations

of one or more of the associated listed items and may be abbreviated as "/".

[000237] Spatially relative terms, such as "under", "below", "lower", "over", "upper" and the like,

may be used herein for ease of description to describe one element or feature's relationship to another

element(s) or feature(s) as illustrated in the figures. It will be understood that the spatially relative terms

are intended to encompass different orientations of the device in use or operation in addition to the

orientation depicted in the figures. For example, if a device in the figures is inverted, elements described

as "under" or "beneath" other elements or features would then be oriented "over" the other elements or

features. Thus, the exemplary term "under" can encompass both an orientation of over and under. The

device may be otherwise oriented (rotated 90 degrees or at other orientations) and the spatially relative

descriptors used herein interpreted accordingly. Similarly, the terms "upwardly", "downwardly",

"vertical", "horizontal" and the like are used herein for the purpose of explanation only unless specifically

indicated otherwise.

[000238] Although the terms "first" and "second" may be used herein to describe various

features/elements (including steps), these features/elements should not be limited by these terms, unless

the context indicates otherwise. These terms may be used to distinguish one feature/element from another

feature/element. Thus, a first feature/element discussed below could be termed a second feature/element,

and similarly, a second feature/element discussed below could be termed a first feature/element without

departing from the teachings of the present invention.

[000239] Throughout this specification and the claims which follow, unless the context requires

otherwise, the word "comprise", and variations such as "comprises" and "comprising" means various

components can be co-jointly employed in the methods and articles (e.g., compositions and apparatuses

including device and methods). For example, the term "comprising" will be understood to imply the

inclusion of any stated elements or steps but not the exclusion of any other elements or steps.

[000240] As used herein in the specification and claims, including as used in the examples and unless

otherwise expressly specified, all numbers may be read as if prefaced by the word "about" or

"approximately," even if the term does not expressly appear. The phrase "about" or "approximately" may

be used when describing magnitude and/or position to indicate that the value and/or position described is

within a reasonable expected range of values and/or positions. For example, a numeric value may have a

value that is +/- 0.1% of the stated value (or range of values), +/- 1% of the stated value (or range of

values), +/- 2% of the stated value (or range of values), +/- 5% of the stated value (or range of values), +/-

10% of the stated value (or range of values), etc. Any numerical range recited herein is intended to

include all sub-ranges subsumed therein.

[000241] Although various illustrative embodiments are described above, any of a number of changes

may be made to various embodiments without departing from the scope of the invention as described by

the claims. For example, the order in which various described method steps are performed may often be

changed in alternative embodiments, and in other alternative embodiments one or more method steps may

be skipped altogether. Optional features of various device and system embodiments may be included in



some embodiments and not in others. Therefore, the foregoing description is provided primarily for

exemplary purposes and should not be interpreted to limit the scope of the invention as it is set forth in

the claims.

[000242] The examples and illustrations included herein show, by way of illustration and not of

limitation, specific embodiments in which the subject matter may be practiced. As mentioned, other

embodiments may be utilized and derived there from, such that structural and logical substitutions and

changes may be made without departing from the scope of this disclosure. Such embodiments of the

inventive subject matter may be referred to herein individually or collectively by the term "invention"

merely for convenience and without intending to voluntarily limit the scope of this application to any

single invention or inventive concept, if more than one is, in fact, disclosed. Thus, although specific

embodiments have been illustrated and described herein, any arrangement calculated to achieve the same

purpose may be substituted for the specific embodiments shown. This disclosure is intended to cover any

and all adaptations or variations of various embodiments. Combinations of the above embodiments, and

other embodiments not specifically described herein, will be apparent to those of skill in the art upon

reviewing the above description.



CLAIMS

What is claimed is:

A method of inducing or enhancing attention, alertness, or mental focus or inducing or enhancing

a calm or relaxed mental state, the method comprising:

placing a first electrode of a portable transdermal electrical stimulation (TES) applicator into

the subject's first ear in contact with a first pinna, and placing a second electrode of

portable TES applicator on the subject;

activating the TES applicator to deliver pulsed electrical stimulation between the first and

second electrodes at an intensity of 0.25 mA or greater, a duty cycle of greater than 10%

and a frequency of greater than 250 Hz; and

delivering the pulsed electrical stimulation between the first and second electrodes for 10

seconds or longer.

A method of inducing or enhancing attention, alertness, or mental focus or inducing or enhancing

a calm or relaxed mental state, the method comprising:

placing a first electrode of a portable transdermal electrical stimulation (TES) applicator into

the subject's first ear in contact with a first pinna and placing a second electrode of

portable TES applicator into the subject's second ear in contact with a second pinna;

activating the TES applicator to deliver pulsed electrical stimulation between the first and

second electrodes with an intensity of 0.25 mA or greater, a duty cycle of greater than

0% and a frequency of greater than 250 Hz; and

modifying the subject's cognitive state to induce a calm cognitive state by delivering the

pulsed electrical stimulation between the first and second electrodes for 10 seconds or

longer.

A method of inducing or enhancing attention, alertness, or mental focus or inducing or enhancing

a calm or relaxed mental state, the method comprising:

placing a portable transdermal electrical stimulation (TES) applicator into a subject's first ear

so that a first and second electrode of a portable TES applicator contact a skin of the

subject's pinna so that at least one of the first and second electrodes are in contact with

the subject's cymba;

activating the portable TES applicator to deliver a pulsed electrical stimulation having an

intensity of greater than 0.25 mA between the first electrode positioned on the subject's

pinna and the second electrode on the subject's pinna;

delivering audio output to the subject from a speaker coupled to the portable TES applicator

concurrently with delivery of the pulsed electrical stimulation; and

by applying the transdermal electrical stimulation between the first and second electrodes for

10 seconds or longer.



4. A method of non-invasively stimulation the vagus nerve to induce or enhance attention, alertness,

or mental focus or inducing or enhancing a calm or relaxed mental state, the method comprising:

placing a first electrode of a portable transdermal electrical stimulation (TES) applicator into

the subject's first ear in contact with a first pinna, and placing a second electrode of

portable TES applicator on the subject;

stimulating the vagus nerve by activating the TES applicator to deliver pulsed electrical

stimulation between the first and second electrodes at an intensity of 0.25 mA or greater,

a duty cycle of greater than 10% and a frequency of greater than 250 Hz; and

delivering the pulsed electrical stimulation between the first and second electrodes for 10

seconds or longer.

5. The method of claim , 2, 3 or 4, wherein placing comprises placing the portable transdermal

electrical stimulation (TES) applicator so that the applicator is held in the ear by a friction fit.

6. The method of claim , 2, 3 or 4, further comprising connecting the portable transdermal

electrical stimulation (TES) applicator to a portable computing device worn or held by the

subject via a cable.

7. The method of claim 1, 2, 3 or 4, further comprising allowing the user to adjust the delivered

pulsed electrical stimulation.

8. The method of claim 1, 2, 3 or 4, further comprising adjusting the delivered pulsed electrical

stimulation from a portable computing device coupled to the portable transdermal electrical

stimulation (TES) applicator.

9. The method of claim 1, 2, 3 or 4, wherein activating the portable TES applicator comprises

triggering activation of the portable TES applicator from a portable computing device held or

worn by the subject.

0. The method of claim 1, 2, 3 or 4, wherein activating comprises delivering a pulsed electrical

stimulation that is asymmetric, biphasic transdermal electrical stimulation having a frequency of

10 Hz or greater.

1. The method of claim 1, 2, 3 or 4, wherein activating comprises delivering a pulsed electrical

stimulation that is asymmetric, biphasic transdermal electrical stimulation having a frequency of

150 Hz or greater.

12. The method of claim 3, wherein activating comprises delivering a pulsed electrical stimulation

that is asymmetric, biphasic transdermal electrical stimulation having a frequency of 300 Hz or

greater.



13. The method of claim 3, wherein activating comprises delivering a pulsed electrical stimulation

that is asymmetric, biphasic transdermal electrical stimulation having a frequency of 750 Hz or

greater.

1 . The method of claim 3, wherein activating comprises activating the TES applicator to deliver the

biphasic transdermal electrical stimulation having a duty cycle of greater than 0 percent.

15. The method of claim 1, 2, 3 or 4, wherein placing the first electrode comprises the subject

wearing the first electrode on the pinna in contact with a cymba of the ear.

16. The method of claim 1, 2, 3 or 4, further comprising varying the applied transdermal electrical

stimulation while the transdermal stimulation is applied.

17. The method of claim 1, 2, 3 or 4, further comprising ramping the transdermal electrical

stimulation during the application by decreasing one or more of the intensity, frequency, or duty

cycle and then increasing one or more of the intensity, frequency, or duty cycle.

18. The method of claim 1, 2, 3 or 4, wherein modifying the subject's cognitive state comprises

applying the transdermal electrical stimulation between the first and second electrodes for 15

minutes or longer.

19. The method of claim 1, 2, 3 or 4, further comprising delivering an audible signal to the subject

from the TES applicator.

20. The method of claim , wherein delivering audio output comprises delivering music.

2 1. The method of claim 3, wherein delivering audio output comprises delivering music.

22. The method of claim 1, 2, 3 or 4, wherein delivering audio output comprises delivering audio

output concurrent with delivery of the pulsed electrical stimulation.

23 . A wearable pinna transdermal electrical stimulation (TES) applicator for modifying a subject's

cognitive state by applying TES to the subject's pinna, the device comprising:

a first body adapted to be worn in a pinna region of a first ear;

a second body adapted to be worn in a pinna region of a second ear;

a first electrode on the first body;

a second electrode on the second body; and

a wearable TES controller coupled to the first and second bodies and comprising a power

source, a processor, a timer, and a waveform generator, wherein the TES controller is

adapted to deliver an electrical stimulation signal of 1 seconds or longer between the

first and second electrodes having a peak intensity of greater than 0.25 mA.



24. A wearable pinna transdermal electrical stimulation (TES) applicator for modifying a subject's

cognitive state by applying TES to the subject's pinna, the device comprising:

a body adapted to be worn by the subject in the subject's ear;

a first electrode coupled to the body and configured to be worn in a pinna region of the

subject's ear;

a second electrode coupled to the body; and

a wearable TES controller coupled to the first and second bodies and comprising a power

source, a processor, a timer, and a waveform generator, wherein the TES controller is

adapted to deliver an electrical stimulation signal of 10 seconds or longer between the

first and second electrodes having a peak intensity of 0.25 mA or greater, a duty cycle of

greater than 10% and a frequency of greater than 250 Hz.

25. A wearable pinna transdermal electrical stimulation (TES) applicator for modifying a subject's

cognitive state by applying TES to the subject's pinna, the device comprising:

a first body adapted to be worn in a pinna region of a first ear;

a second body adapted to be worn in a pinna region of a second ear;

a first electrode removably attached to the first body;

a second electrode removably attached to the second body; and

a wearable TES controller coupled to the first and second bodies and comprising a power

source, a processor, a timer, and a waveform generator, wherein the TES controller is

adapted to deliver an electrical stimulation signal of 10 seconds or longer between the

first and second electrodes having a peak intensity of greater than 0.25 mA.

26. The device of claim 23, 24, or 25, wherein the TES controller is adapted to deliver an asymmetric

biphasic electrical stimulation signal of 10 seconds or longer between the first and second

electrodes having a frequency of between 3 kHz and 50 kHz, a duty cycle of greater between 20

and 50 percent, a peak intensity of greater than 0.25 mA and 5 mA.

27. The device of claim 23, 24, or 25, wherein the first electrode is on an outer surface of a wearable

applicator and configured to deliver TES from the TES controller to the subject's pinna.

28. The device of claim 24, wherein the second electrode is coupled to the body by a cord.

29. The device of claim 23, 24, or 25, wherein the first electrode is a component of a removable

electroconductive earbud attachment to the wearable applicator.

30. The device of claim 23, 24, or 25, wherein the second electrode is a component of a removable

electroconductive earbud attachment to the wearable applicator.

3 1. The device of claim 23, 24, or 25, further comprising an adhesive on the body to secure the body

to the subject's skin.



32. The device of claim 23, 24, or 25, wherein the power source comprises at least one battery.

33. The device of claim 23, 24, or 25, further comprising a manual control on the body coupled to the

controller.

34. The device of claim 23, 24, or 25, further comprising a capacitive discharge circuit, wherein the

TES controller is configured to occasionally trigger the capacitive discharge circuit to discharge

capacitance on the electrodes during the delivery of the electrical stimulation.

35. The device of claim 23, 24, or 25, further comprising a current limiter.

36. The device of claim 23, 24, or 25, further comprising a memory connected to the TES controller

and adapted to store information on the operation of the TES applicator.

37. The device of claim 23, 24, or 25, wherein the first or second electrodes are on an outer surface of

a wearable applicator and configured to deliver TES from the TES controller to the subject's

pinna and wherein the wearable applicator is in contact with at least one region of the wearer's

pinna.

38. The device of claim 23, 24, or 25, wherein the first electrode is on an outer surface of a wearable

applicator and configured to deliver TES from the TES controller to the subject's pinna and

wherein a region of the wearable applicator is covered with a malleable and conductive material

for contacting a region of the subject's pinna.

39. The device of claim 23, 24, or 25, wherein the first electrode is on an outer surface of a wearable

applicator and configured to deliver TES from the TES controller to the subject's pinna and

wherein a region of the first electrode is covered with a malleable and conductive material for

contacting a region of the subject's pinna.

40. The device of claim 39, wherein the malleable and conductive material comprises a conductive

polymer.

4 1. The device of claim 39, wherein the conductive polymer is conductive foam, conductive silicon,

or conductive rubber.

42. The device of claim 23, 24, or 25, wherein the first electrode is on an outer surface of a wearable

applicator and configured to deliver TES from the TES controller to the subject's pinna and

wherein the first electrode is integrated with the wearable applicator.

43 . The device of claim 23, 24, or 25, wherein the first electrodes is on an outer surface of a wearable

applicator and configured to deliver TES from the TES controller to the subject's pinna and



wherein the wearable applicator further comprises a speaker configured to deliver an auditory

signal.

44. The device of claim 23 and 24, wherein the first electrode is on an outer surface of a wearable

applicator and configured to deliver TES from the TES controller to the subject's pinna and

wherein the first electrode can be coupled or uncoupled from the wearable applicator.
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