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ELECTRODES HAVING SURFACE EXCLUSIONS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims priority to U.S. provisional patent application no.

62/267,290, titled "TRANSDERMAL ELECTRODES WITH EXCLUSIONS TO IMPROVE

UNIFORMITY OF CURRENT DISTRIBUTION," filed on December 15, 2015, herein

incorporated by reference in its entirety.

[0002] This application may be related to one or more of: U.S. Application no. 62/099,950,

titled "CANTILEVER ELECTRODES FOR TRANSDERMAL AND TRANSCRANIAL

STIMULATION," filed 1/5/2015; PCT Application no. PCT/US 15/3 1966, titled

"CANTILEVER ELECTRODES FOR TRANSDERMAL AND TRANSCRANIAL

STIMULATION", filed 5/21/15; PCT Application no. PCT/US 14/44870, titled

"TRANSDERMAL ELECTRICAL STIMULATION DEVICES AND METHODS FOR

MODIFYING OR INDUCING COGNITIVE STATE", filed 6/30/14; and PCT Application no.

PCT/US 15/3 1424, titled "WEARABLE TRANSDERMAL NEUROSTIMULATORS", filed

5/18/15.

INCORPORATION BY REFERENCE

[0003] All publications and patent applications mentioned in this specification are herein

incorporated by reference in their entirety to the same extent as if each individual publication or

patent application was specifically and individually indicated to be incorporated by reference.

FIELD

[0004] The methods and apparatuses described herein relate to electrodes for use in humans

and non-human animals. These apparatuses may be used for transdennal stimulation or may be

implanted. In particular, described herein are transdermal electrodes that improve the comfort

and efficacy of transdermal electrical stimulation (including transdermal electrical

neuromodulation).



BACKGROUND

[0005] Electrical stimulation of biological tissue in humans and non-human animals has

applications for stimulating excitable tissue (neurons, muscle, cardiac tissue, etc.) in both

transdermal (i.e. transcutaneous) and implanted configurations. Electrodes that improve the

comfort, targeting, and/or efficiency of electrical stimulation of tissue are desired so that more

precise, more comfortable, more long-lasting, and/or more power-efficient stimulation can be

achieved.

[0006] Ideally, transdermal electrical stimulation electrodes deliver current in a manner that

minimizes skin irritation and pain to the user or patient. Techniques for improving the comfort

and safety of transdermal electrical stimulation including using electrodes that (more) evenly

distribute current across the dermal-facing side of the electrode and/or incorporate materials that

cause electrochemical reactions to occur within the electrode rather than on or near the user's

skin. When current across the face of a dermal electrode is not uniform, current and voltage

gradients are created on a user's skin and underlying tissue, causing irritation and/or discomfort.

Moreover, charge imbalanced electrical stimulation waveforms generally lead to a charge-

transfer regime wherein reduction-oxidation reactions occur; electrodes designed with materials

(e.g., Ag-AgCl and hydrogel) so that these reactions occur in electrode layers rather than on or

near the user's skin can mitigate irritation and pain, at least in part due to reducing or eliminating

pH changes occurring on a user's skin.

[0007] Multi-layer electrodes may also improve the comfort of electrical simulation by

increasing the uniformity of current distribution and buffering pH changes at or near the skin

through redox electrochemistry in the electrodes. Multi-layer electrodes deposited onto a flexible

substrate are described in U.S. 9,393,401, U.S. application no. 14/715,470, filed May, 18/2015

("TRANSDERMAL NEUROSTIMULATOR ADAPTED TO REDUCE CAPACITIVE BUILD¬

UP"), U.S. US9333334, and PCT Application no. PCT/US 15/3 1966, titled "CANTILEVER

ELECTRODES FOR TRANSDERMAL AND TRANSCRANIAL STIMULATION", filed

5/21/15. These multi-layer electrodes significantly improve comfort of transdermal stimulation

and may thus improve the efficacy and/or enjoyment of transdermal electrical neuromodulation

and other forms of therapeutic or non-therapeutic transdermal electrical stimulation.



[0008] It has also been suggested that electrodes having an increased number of edges may

provide an improvement in implantable electrodes. See, e.g., Golestanirad et al., ("Analysis of

fractal electrodes for efficient neural stimulation", Frontiers in Neuroengineering, 7/12/13).

These electrodes are configured to provide an irregular current density profile on their surface.

[0009] When the distribution of current in Ag/AgCl electrodes such as those described above

is uneven, e.g., concentrated at the edges or boundaries of the electrode, the uneven distribution

causes AgCl to oxidize into Ag at the edges of the electrodes, resulting in a halo of discoloration

after usage (charge transfer) and potential reduction in both uniformity of charge distribution

across the electrode face and pH regulating consumptive layer function, which may lead to

reduced comfort or efficacy of transdermal electrical stimulation. There is a need for electrodes

that more evenly distribute current across the face of a dermal electrode to improve the comfort

and safety of electrical stimulation, particularly with higher current-density electrodes, including

those described by Golestanirad.

[00010] Described herein are apparatuses (e.g., devices and systems), and methods that may

address at least the needs identified above.

SUMMARY OF THE DISCLOSURE

[00011] Described herein are electrodes that, counterintuitively, achieve increased uniformity

of current distribution by reducing the uniformity of the electrode used to deliver the current (i.e.

by incorporating exclusions, grids, or other patterns to a conductive layer of the electrode).

[00012] For transdermal stimulation, the electrodes described herein may balance the total

current delivered with a limited current density per unit area which generally defines the comfort

profile of the electrode with regard to skin irritation or discomfort. Whereas prior art electrodes

(including those incorporating voids or inclusions), teach increasing the "edginess" of electrodes

to increase the local variation of current density, such electrodes may result in discomfort. Even

traditional transdermal electrodes that are generally uniform and contiguous across a dermal-

facing surface are lacking in part due to unwanted variation in current density. Described herein

are transdermal electrode apparatuses and methods of using them that deliver current more

uniformly across a dermal facing electrode for improving comfort and efficacy of transdermal

electrical stimulation.

[00013] Also described herein are electrodes having a multi-layer design. Relative to single-

layer designs, multi-layer electrode designs can achieve greater edge-length (e.g., "edginess")



per unit area, because conductive elements at an outermost (i.e., interfacing to the targeted

biological tissue) layer do not need to be contiguous; gaps may be present between isopolar

electrode elements that are conductively coupled through an underlying electrode layer. Single-

layer electrode designs for both implanted and transdermal electrode configurations may be

limited by the contiguity requirement of single-layer isopolar electrodes; the electrodes described

herein may avoid these limitations.

[00014] The electrodes described herein may also provide uniform charge transfer and, for

some electrode materials, electrochemical (pH) buffering while also reducing the amount of

expensive electrode materials such as those containing silver. Typically, transdermal and

implanted electrodes undergo chemical reactions during stimulation, limiting the duration of

their effective use. For transdermal electrodes, the cost of consumable (i.e. limited use)

transdermal electrodes is a limiting factor for some applications. For implanted electrodes,

electrode degradation may require an otherwise unwarranted invasive procedure (with associated

cost and risk to the patient). The more uniform charge transfer available from the electrodes

described herein may be beneficial for improving the useful lifetime of both external and

implanted electrodes.

[00015] Traditionally, contiguous layers of electrode materials are used in transdermal

electrodes. The electrodes described herein may comprise one or more layers with exclusions or

other patterns that incorporate gaps or holes so that an electrode layer does not cover the entire

electrode face while still maintaining equal (or improved) uniformity of current. This may

provide increased efficiencies in electrode manufacturing by reducing the amount of electrode

material required to cover a particular area (and effectively stimulate a biological target) and may

allow an increased usable lifetime for implanted electrodes.

[00016] For example, described herein are electrodes for transdermal electrical stimulation,

which may include: a substrate (e.g., a planar substrate); and a multi-layered active electrode

region comprising: a first layer on the substrate comprising an electrically conductive layer (e.g.,

a silver layer) that is arranged in a pattern (e.g., a contiguous pattern in which the parts contact or

directly connect) forming a plurality of one or more of: branches and voids (e.g., a grid pattern, a

snowflake pattern, a fractal pattern, etc.), a second layer (e.g., comprising a conductive carbon

layer) on the first layer, a third layer (e.g., comprising a Ag/AgCl conductive layer) on the

second layer, and a hydrogel covering the third layer, wherein the second layer is sandwiched



between the first and third layers and has a resistivity that is 5x or greater (e.g., lOx) than the

resistivity of the first and/or third layers; wherein the ratio of edges formed by first layer to the

perimeter of the multi-layered active region is greater than 4 (e.g., greater than 10, greater than

15, greater than 20, etc.). The third layer may also include the same or a different pattern

forming a plurality of one or more of: branches and voids.

BRIEF DESCRIPTION OF THE DRAWINGS

[00017] 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:

[00018] FIG. 1A is a schematic showing a multi-layer electrode assembly comprising offset

grid-pattern exclusions in both the Ag and Ag-AgCl layers.

[00019] FIG. B is a schematic showing a multi-layer electrode assembly comprising grid-

pattern exclusions in the Ag layer only.

[00020] FIG. 1C is a schematic showing a multi-layer electrode assembly with no electrode

exclusions on any layer while also using only a single pass of Ag-AgCl (thus thinner), and

controlling for totally deposited Ag on the electrode face.

[00021] FIG. ID is a schematic showing a multi-layer electrode assembly control design with

no exclusions and a more standard multiple pass Ag-AgCl layer.

[00022] FIG. 2A is a sketch of the density of current for an electrode edge in which multiple

layers differ in impedance and are offset in position relative to each other.

[00023] FIG. 2B is another sketch of the direction of current flow in a multi-layer electrode in

which multiple layers differ in impedance and are offset in position relative to each other.

[00024] FIG. 2C is a sketch showing exemplar materials for the layers in FIGS. 2A, 2B, 2D,

and 2E. (Note that the orientation is flipped relative to FIGS. 2A, 2B, 2D, and 2E; the skin is at

the top of figure 2C).

[00025] FIG. 2D is a sketch illustrating how current may become concentrated in the corners

of a rectangular-shaped multi-layer electrode.



[00026] FIG. 2E is a sketch illustrating how multiple layers (the Ag and Ag-AgCl layers) may

have grid pattern designs. In some embodiments, the exclusions forming the grids may be

aligned to each other across layers, whereas in other embodiments the exclusions may be offset.

[00027] FIGS. 3 and 4 show schematics of two active areas of an electrode apparatus wherein

the filled regions contain conductive material and the approximately rectangular (trapezoidal)

regions are exclusions, creating extensive edges within the electrode region.

[00028] FIG. 5A shows a schematic line drawing of the upper surface of a flexible electrode

apparatus configured to connect to a user's temple and neck and including conductive paths and

the positioning of conductive snap connectors to a neurostimulator module.

[00029] FIG. 5B shows a schematic line drawing of the lower surface of a flexible electrode

apparatus configured to connect to a user's temple and neck and including the outline of the Ag-

AgCl layer of two multilayer electrodes comprising a 'snowflake' pattern.

[00030] FIG. 6A shows a schematic line drawing of the lower surface of a flexible electrode

apparatus configured to connect to a user's temple and mastoid and including the outline of the

Ag-AgCl layer of two multilayer electrodes comprising a 'snowflake' pattern.

[00031] FIG. 6B shows a schematic line drawing of the upper surface of a flexible electrode

apparatus configured to connect to a user's temple and neck and including conductive paths and

the positioning of conductive snap connectors to a neurostimulator module.

[00032] FIG. 7A shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's temple and including the outline of

one layer of a multilayer electrode comprising a contiguous Ag layer.

[00033] FIG. 7B shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's temple and including the outline of

all three layers of a multilayer electrode.

[00034] FIG. 7C shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's temple and including the outline of

the Ag-AgCl layer of a multilayer electrode comprising a 'snowflake' pattern.

[00035] FIG. 7D shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's temple and including the outline of

the conductive carbon layer of a multilayer electrode.



[00036] FIG. 8A shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's mastoid and including the outline

of one layer of a multilayer electrode comprising a contiguous Ag layer.

[00037] FIG. 8B shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's mastoid and including the outline

of the Ag-AgCl layer of a multilayer electrode comprising a 'snowflake' pattern.

[00038] FIG. 8C shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's mastoid and including the outline

of the conductive carbon layer of a multilayer electrode.

[00039] FIG. 9A shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's neck and including the outline of

one layer of a multilayer electrode comprising a contiguous Ag layer.

[00040] FIG. 9B shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's neck and including the outline of

the conductive carbon layer of a multilayer electrode.

[00041] FIG. 9C shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's neck and including the outline of

the Ag-AgCl layer of a multilayer electrode comprising a 'snowflake' pattern.

[00042] FIG. 9D shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's neck and including the outline of

all three layers of a multilayer electrode.

[00043] FIG. 10A shows an unused flexible electrode assembly with two multi-layer electrode

areas that has a Ag-AgCl layer of a multilayer electrode comprising a 'snowflake' pattern.

[00044] FIG. 10B shows a higher magnification view of one electrode area of an unused

flexible electrode assembly that has a Ag-AgCl layer of a multilayer electrode comprising a

'snowflake' pattern.

[00045] FIG. OC shows a higher magnification view of one electrode area of a flexible

electrode assembly that has a Ag-AgCl layer of a multilayer electrode comprising a 'snowflake'

pattern and indicates uniform conversion of AgCl to Ag across the electrode area as indicated by

a darkened coloration after use by a subject for transdermal electrical stimulation.



[00046] FIG. 0D shows a higher magnification view of one electrode area of a flexible

electrode assembly that has a Ag-AgCl layer of a multilayer electrode that is uniform across the

electrode area and indicates uneven conversion of AgCl to Ag across the electrode area as

indicated by localized regions of darkened coloration after use by a subject for transdermal

electrical stimulation.

[00047] FIG. 10E shows a higher magnification view of one electrode area of a flexible

electrode assembly that has a Ag-AgCl layer of a multilayer electrode comprising a 'grid' pattern

and indicates regional conversion of AgCl to Ag across the electrode area as indicated by a

darkened coloration in some areas of the electrode after use by a subject for transdermal

electrical stimulation.

[00048] FIG. 11A shows an exemplary (not to scale) sectional view through an active region

of a multi-layer electrode fed by a conductive trace comprising gaps in a Ag-AgCl layer.

[00049] FIG. 1IB shows an exemplary (not to scale) sectional view through an active region

of a multi-layer electrode fed by a conductive trace comprising gaps in a Ag-AgCl layer and a

Ag layer.

[00050] FIG. 12A shows an exemplary (not to scale) sectional view through an active region

of an electrode fed by a conductive trace. FIG. 12B shows a section view though an active

region directly connected to a (snap) connector for coupling to a neurostimulator; FIG. 12C is a

slightly enlarged view of FIG. 12B.

[00051] FIG. 2D 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. 12E 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. 12F

is a slightly enlarged view of FIG. 12E.

[00052] FIG. 3 schematically illustrates one method of forming an electrode apparatus such

as a cantilever electrode apparatus.

[00053] FIG. 14 schematically illustrates a 'snowflake' pattern to rete high edge-length

contiguous patters in one layer of a multi-layer electrode.



DETAILED DESCRIPTION

[00054] Described herein are electrodes in which one or more conductive layers has

exclusions (e.g. has a grid design or other pattern) to achieve more even charge distribution

across the face of the electrode than if there were a contiguous layer or layers. In general, these

electrodes may be used transdermally to stimulate the nervous system, muscles, etc. - or multi¬

layer electrodes with exclusions in a conducting layer may be implanted for directed stimulation

in a patient. An unexpected and key insight underlying the electrode apparatuses described

herein (and methods for using them) is that decreasing the uniformity of a conductive layer of an

electrode can lead to increased uniformity of the current delivered from the electrode. The core

principle underlying this electrode design is that current density is higher at an edge of a

conductive area, so designs that increase the edge-length per unit area increase the overall

uniformity of current density. Several benefits follow from uniform current densities, including

greater control of current density in general (including peak, minimum, average, and spatial

distribution of current), improved comfort (i.e. for transdermal stimulation, by removing current

gradients that are known to induce irritation, discomfort, and pain), and more even degradation

of electrode materials (including consumption of electrode materials in reduction-oxidation

reactions for charge imbalanced waveforms) that leads to a longer duration of usable lifetime for

a given electrode.

[00055] The multi-layer electrode design shown in FIG. 2A-E schematically illustrates the

principle of charge bias toward the edges of an electrode. This layering design is discussed at

greater length below (and shown in FIGS. 11A-B and 12A-F). FIG. 2D illustrates an electrode

stack including: Polyethylene Terephthalate (PET) substrate 203, silver (Ag 205), conductive

carbon (207), Ag/AgCl (209), and a dermal-facing hydrogel (21 1). Whereas the Ag and Ag/AgCl

layers have low impedance (e.g., ~ 1 ohm/cm 2), the conductive carbon layer between them has an

impedance ~100x higher. Even without the voids or exclusions described herein, this layering

design improves the distribution of charge away from the edges (corners) of an electrode to some

degree as illustrated in FIGS. 2A and 2B. An offset at the edges of each layer (relative to

adjacent layers) may further enable charge to distribute away from the edges. In the examples of

FIGS. 2A-2E, the first Ag layer has the least area, the subsequent conductive carbon layer

extends beyond the edge of the first Ag layer around its entire circumference, and the third



Ag/AgCl layer has the largest area and extends beyond the conductive carbon layer around its

entire circumference. Although the layers in FIGS. 2A-2E are shown as "flat" they may bend

over each other at the edges (e.g., the overlapping edges from the larger layers may

enclose/cover the larger layers. As shown in FIGS. 2A and 2B, these offsets may cause the

highest current density (arrows) to occur at the edge of the Ag layer and from this edge towards

the middle in the conductive carbon layer. Finally, once the charge enters the Ag/AgCl layer 209,

it passes through the hydrogel 2 1 into the skin (not shown) with sufficiently low impedance that

the charge cannot concentrate as highly in the edge of the Ag/AgCl layer as occurred in the Ag

layer passed through previously. Although current density in the layer towards the user's skin (at

the bottom of the figure) is concentrated at the edge, the concentration away from the edge of the

electrode is higher than it would otherwise be without the impedance mismatch of the layers and

their spatial offset. In contrast, FIG. 2B shows how current density (darker region) is highly

concentrated in the edge of a hypothetical electrode that does not have an offset between the

layers.

[00056] Despite the improved charge distribution of the offset layer design, the charge

uniformity may be further improved as described herein to achieve enhanced stimulation comfort

(e.g. for transdermal stimulation) or to uniformly consume or degrade the electrode material. For

example, a grid design for the Ag and Ag/AgCl layers (FIG. 2E) offers a further improvement in

uniformity of current distribution and is described in further detail below.

[00057] Thus, described herein are layered electrodes including a first conductive layer (e.g.,

an Ag layer) and a second conductive layer (e.g., sacrificial layer such as an Ag/AgCl layer)

separated by a weakly insulating layers (e.g., Carbon layer), in which the conductive layer(s) are

designed with exclusions (also referred to as gaps or voids) to create more edges across the face

of the electrode. The edges of the second conductive layer may overlap the edges of the weakly

insulating layer and the edges of the weakly insulating layer may overlap the edges of the first

conductive layer; in some variations, the surface area of the first conductive layer is less than the

surface area of the weakly insulating layer and the surface area of the weakly insulating layer is

less than the surface area of the second conductive layer. Without being bound by theory,

current (electrons) tends to be present at greater density at the edges of electrodes at equilibrium.

Thus electrodes that include more edges may surprisingly have a greater uniformity of charge

distribution despite reduced overall electrode active area, particularly where the multi-layered



configuration described herein may spread out the current, resulting in improved comfort for the

user (e.g., patient). As a result, stronger electrical stimulation effects (e.g., cognitive effects of

transdermal electrical neuromodulation targeting peripheral nerves in the face, neck, or other part

of the body) can be achieved by reducing pain or distraction in the user and/or by permitting the

user to comfortably attain higher stimulation intensities. Another advantage of electrodes

designed with gaps or exclusions (relative to those with contiguous electrode layer(s)) is a

reduction in material cost, which can be significant, because biological electrodes commonly

include precious metals (e.g. Ag and AgCl, gold, platinum, etc. due to their beneficial

electrochemical properties).

[00058] Thus, the electrodes described herein may be more effective (and/or comfortable)

when used for electrical stimulation of tissue (including stimulation delivered transdermals and

stimulation delivered via implanted electrodes) at reduced cost based on a surprising design

constraint: improve uniformity of charge distribution by reducing the uniformity of one or more

layers of the electrode (e.g., by incorporating voids, e.g., grids, or a fractal-like pattern to

increase the length of edges). The increased edge length achieved by using voids, and patterns as

described herein may be expressed as a ratio of edge lengths to the outside perimeter of the

electrode, or as the ratio of edge length(s) to surface area for the entire electrode (e.g., the entire

electrode may refer to the electrode receiving a single electrical input/output. This ratio (e.g.,

length of edges/length of outside perimeter) is typically greater than 1 (e.g., greater than .2,

greater than 1.5, greater than 2, greater than 3, greater than 4, greater than 5, greater than 6,

greater than 7, greater than 8, greater than 9, greater than 10, greater than 11, greater than 12,

greater than 13, greater than 14, greater than 15, greater than 16, greater than 17, greater than 18,

greater than 19, greater than 20, greater than 25, greater than 30, etc.).

[00059] Various designs can be used to improve or optimize the uniformity of current

distribution, including one or more exclusion design feature selected from the list including but

not limited to: a single exclusion, a plurality of exclusions, exclusions that are all the same size

or exclusions that vary in size (i.e. smaller exclusions and thus more dense set of edges toward

the center of an electrode), a grid pattern of identical or similar shapes, different shapes of

exclusions, a radial pattern in which exclusions are small near the center of the extending radii

and larger near the periphery of the electrode, exclusions on one layer of an electrode or



exclusions on multiple electrode layers, and exclusions shaped as polygons, circles, ovals, fractal

patterns, etc.

[00060] Transdermal electrodes that have gaps, holes, or other patterns may also reduce cost

of electrode materials (which may be expensive, i.e. silver) while also increasing the edge-length

of electrode area per unit area to achieve increased uniformity of current distribution, cause

chemical reactions in the electrode to occur more evenly across the electrode area, and improve

the comfort and efficacy of stimulation.

[00061] In general, electrode layer (e.g. Ag or Ag-AgCl layer) patterns that have gaps,

exclusions, voids, or other patterns whereby the layer does not extend fully across the electrode

region require a balance between (1) having sufficient coverage of the conducting layer and (2)

incorporating gaps between portions of the conducting layer across the face of the electrode in

order to create increased edge-length per unit area of the electrode. Thus, examples of electrodes

of this invention provide sufficient conductive electrode area for bulk electrochemistry reactions

to occur in a non-limiting (or minimally-limiting) fashion while at the same time increasing the

available edges for current to distribute and thus achieve a more even spread of current across the

face of an entire electrode.

[00062] In general, one benefit of the electrode apparatuses described herein (particularly

those comprising consumptive pH buffering conductive layers, e.g. Ag-AgCl layers) is that the

increased uniformity of charge transfer causes electrochemical reactions to occur more uniformly

across the electrode area, permitting a thinner layer of electrode material to be used (for a given

amount of pH buffering reactions) than if the charge were concentrated at the edges of the

electrode as is generally the case for electrodes lacking the voids or exclusions described herein.

In the exemplar electrodes shown schematically and in images in FIGS. 5A-1 , the electrode

layers may be deposited by a silk-screen like process. In general, it may be difficult to design or

implement a layer of variable thickness (i.e. such that more Ag-AgCl was deposited in the

corners of an electrode, where they would be consumed more quickly). Due to this fundamental

physical limitation, the design described herein is preferred, because it achieves more

consumptive pH buffering with less of the expensive silver-containing electrode material. In

general, two factors contribute to savings on materials for a consumptive conducting layer: a

thinner layer achieves more electrochemical buffering due to the more even spread of current

across the face of the electrode, and no material needs to be deposited in the gaps (e.g., voids)



between conductive electrode regions (i.e. in the voids of a grid as in FIGS. 3-4 and FIG 0E or

the circuitous gaps between active electrode areas in the 'snowflake' pattern of FIGS. 5B, 6A,

7C, 8B, 9C, lOA-C, 14) so that the total area of that electrode layer is reduced.

[00063] Electrode apparatuses as described herein may be electrically coupled to a

neurostimulator device for delivering controlled current across two or more electrode areas,

including neurostimulator systems for implantable and transdermal electrical stimulation known

in the art. For example, a wearable neurostimulator controllable from a user computing device

(e.g. smartphone) is described in US patent 9,002,458 titled 'Transdermal electrical stimulation

devices for modifying or inducing cognitive state' issued on April 7, 2015 and methods of using

a wearable neurostimulator is described in US patent 9,014,81 with the same title and issued on

April 21, 2015.

[00064] The several figures show example electrodes designed for transdermal electrical

neuromodulation delivered to a user's temple and neck area or temple and mastoid area. The

systems and methods for inducing cognitive effects from electrical stimulation through these

sites (with electrodes having uniform and contiguous layers) are described in PCT Application

no. PCT/US 14/44870, titled "TRANSDERMAL ELECTRICAL STIMULATION DEVICES

AND METHODS FOR MODIFYING OR INDUCING COGNITIVE STATE", filed 6/30/14;

and PCT Application no. PCT/US 15/3 1424, titled "WEARABLE TRANSDERMAL

NEUROSTIMULATORS", filed 5/18/15, incorporated fully herein by reference. The flexible

electrode design, including electrode layers and electrical connection traces, is described in U.S.

Application no. 62/099,950, titled "CANTILEVER ELECTRODES FOR TRANSDERMAL

AND TRANSCRANIAL STIMULATION"," filed 1/5/2015; U.S. Application no. 62/099,977,

titled "FLEXIBLE ELECTRODE DEVICES FOR TRANSDERMAL AND TRANSCRANIAL

ELECTRICAL STIMULATION," filed 1/5/2015; and PCT Application no. PCT/US 15/3 1966,

titled "CANTILEVER ELECTRODES FOR TRANSDERMAL AND TRANSCRANIAL

STIMULATION", filed 5/21/15, herein incorporated by reference in their entirety.

[00065] An electrode design for a flexible transdermal electrical stimulation electrode is

illustrated schematically in FIGS. 11A and 1 B in cross section (not to scale). FIGS. 1A-B

illustrate a flexible (i.e. PET) substrate 100 over which an insulating dielectric 101 is coated,

except over the electrode area. The first electrode layer (first conductive layer) is silver 1102.

The second layer is a weakly conductive electrode layer (weakly insulating layer) such as



conductive carbon 1104. The third layer (e.g., the second conductive layer) is Ag/AgCl 1105,

which is designed so that there are voids 1106 (only some of the voids are labeled) to increase

the edge-length per unit area and improve the uniformity of current density delivered into

hydrogel 1103 and the subject's skin (not shown). Whereas FIG. 1 A has a uniform first layer

102, FIG. 1IB has voids 1107 in the Ag layer 1102, a design feature which can further improve

the 'edginess' of the electrode and the uniformity of charge transfer (in this case by causing

charge to be distributed more evenly in the first layer 02 before passing in subsequent layers

104, 1105, 1103, then skin).

[00066] FIG. 12A is a section through one variation of an active region of an electrode

apparatus, showing different layers that may be used to form the active region. In general, an

electrode having an input/output (so that the same electrical signal is applied across the entire

electrode) may be referred to as a single active region. The first and/or second conductive

regions (e.g., Ag and Ag/AgCl) layers within a single active region may be divided up into

branches, grids or any other continuous pattern, as described and illustrated above (e.g., having a

ratio of edges of the electrode pattern(s) of the first and/or second electrode layers relative to the

outer perimeter of the active region that is greater than x , where x is 1.5, 2, 3, 4, 5,6, 7, 8, 9, 10,

12, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 25, 30, etc.).

[00067] For example, in FIG. 12A, an 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, e.g.,

Kapton). This trace 201 1 may be insulated (e.g., by an insulating covering) 2015. An opening

through the 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 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 voids in the layer, for instance to permit a snap conductor to

be placed),.



[00068] FIG. 2B 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,

such as the first active region 133 in FIG. 1A. An example of this arrangement is shown in FIG.

12B and in detail in FIG. 12C.

[00069] In FIG 12B 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. 12C 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. 12C shows a slightly enlarged view of FIG. 12B, 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 201 5 so that the current primarily passes through the silver layer 2005.

[00070] In general, an electrically active region of an electrode apparatus may include a non-

consumptive conducting layer (e.g., 2005 in FIGS. 12A-12C), a consumptive conducting layer

(e.g., 2007 in FIGS. 12A-12C), and a conductive hydrogel layer (e.g., 2009 in FIGS. 12A-12C).

In some embodiments, the consumptive layer may be a buffer layer disposed between the non-

consumptive layer and the hydrogel layer. Further, the consumptive layer may extend beyond the

boundary of the non-consumptive layer at each edge of the non-consumptive 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 non-consumptive 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 non-



consumptive and consumptive layers include silver. An important feature of the non-

consumptive 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 (e.g., carbon), layer is disposed between the non-

consumptive layer and the consumptive layer to more evenly spread current across the non-

consumptive layer before entering the higher impedance layer and, subsequently, the

consumptive layer. In some embodiments, the non-consumptive layer experiences reduced

consumption, such that the non-consumptive layer includes silver. Alternatively, the non-

consumptive layer may experience essentially zero consumption, such that the non-consumptive

layer includes carbon. In some embodiments, the non-consumptive layer experiences reduced

consumption since it does not include an anion that can be electrically consumed during

electrical stimulation. The non-consumptive 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 non-consumptive layer than between the non-consumptive layer and the consumptive

layer). If the electrical current is not dispersed over the surface area of the non-consumptive 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 C

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 non-

consumptive layer, the current may travel directly to the hydrogel layer and cause site of high

current density, for example a current hotspot. In some embodiments, the conductive hydrogel

layer 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.

[00071] 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/AgCl) 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/AgCl). For

example, FIGS. 12D-12F illustrate another variation of a 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. 12D, 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 201 5). 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/AgCl 2007 that completely covers the Ag layer and is itself covered by the carbon layer

2044, and an outer, skin contacting layer of hydrogel 2009 in electrical contact with the Ag/AgCl

layer.

[00072] 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/AgCl

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 (e.g., may be between 2x and lOOOx the resistance of the

conductive layer(s), may be between 2 and lOOx, may be between 3x and lOOx, may be

between 5x and lOOx, may be between lOx and lOOOx, etc.). 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.

[00073] 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.

[00074] FIG. 12E shows a partial section through a portion of another active region that is in

electrical contact with a connector configured to couple with 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. 12E and in

detail in FIG. 12F. 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. 12E 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. 12F shows a slightly



enlarged view of FIG. 12E, 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.

[00075] 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. 12A-12F 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.

[00076] 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, non-consumptive, 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.

[00077] Alternatively, a flexible multi-electrode assembly may be pressed against or held to a

body portion of a user. In some embodiments, the flexible transdermal multi-electrode assembly

may be pressed against a body portion of the user using a headband, helmet, head scarf, or any

other type of wearable device.

[00078] As described above, a single flexible transdermal assembly may include two or more

electrodes (active regions) for electrical stimulation, such that only one assembly is required for

electrical stimulation. For example, a user may stimulate a forehead region with a first electrode



region (active region) on the flexible transdermal assembly and the back of the neck with a

second electrode region (active region) on the same assembly to achieve the desired

neuromodulation effect. Alternatively, the system may utilize two separate or separable

assemblies, such that each assembly includes one electrode for electrical stimulation. In some

embodiments, the two assemblies may be electrically coupled by a coupling element. For

example, a user may position one assembly on the forehead and the second assembly on the back

of the neck to achieve the desired neuromodulation outcome. Alternatively, any number of

electrodes in each assembly may be used to achieve the desired neuromodulation effect. In some

embodiments, any number of electrode areas on the same or different assemblies may be coupled

by one or more traces. For example, one trace may couple an electrode area on the forehead to an

electrode area on the back of the neck. Alternatively, one or more electrode areas on the same or

different assemblies may be independently and directly controlled by the controller, for example

through pogo pins.

[00079] FIG. 3 illustrates one method of making a flexible electrode apparatus as described

herein. In this example a nonconductive flexible substrate 2100 having a first surface and a

second surface opposite the first surface and two or more apertures between the first and second

surfaces may be coated 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 2 110. Two or more conductive traces may then be formed on the

second surface, such that each conductive trace is coupled to one of the electrical conductors on

the second surface, and configured to couple a current source to each of the electrical conductors

2120; an adhesive component, configured for dermal application, may then be placed (e.g.,

coated) to the first surface 2130; and at least two electrodes may be formed or connected to the

first surface and coupled to the one of the electrical conductors on the second surface wherein a

conducting layer has voids exclusions 140. Connecting or forming the at least two electrodes

may include depositing a non-consumptive conducting layer, depositing a consumptive

conducting layer, and depositing a hydrogel layer, such that the consumptive layer is a buffer

layer disposed between the non-consumptive layer and the hydrogel layer that extends beyond

the boundary of the non-consumptive layer at each edge of the non-consumptive layer and is

configured to reduce hydrolysis in the hydrogel layer.



[00080] FIG. 10D shows an example of a multi-layer electrode formed as part of an applicator

for TES (e.g., a wearable neurostimulation TES), as described above and shown, only without

any voids or exclusions increasing the ratio of inner edge length to outer perimeter edge length.

The image view shows only a first electrode area designed for placement with a wearable

neurostimulator on the temple area. PET substrate 1003 is a connector region to a second

electrode area, while PET substrate areas 1004 have overlying biocompatible adhesive for

holding the electrode and neurostimulator unit firmly on the subject's skin. Nonconductive

nylon covers 101 1 (also refer to FIG. 1 C) ensure that current from the conductive snaps on the

back side of the electrode (not shown) cannot pass directly to the electrode area and cause a short

circuit. Border region 1010 shows bare PET substrate uncoated with dielectric. Note for

reference to the discoloration of the electrode area that the dielectric in 10D is black and thus

darker than the dielectric used for the prototype electrode assemblies in lOA-C and 10E. After a

transdermal electrical stimulation session on a subject's temple using a non-charge balanced (e.g.

asymmetric) pulsed waveform, some AgCl in the Ag/AgCl layer has reacted with water in the

hydrogel to create Ag, which has a darker color (1012) while other areas of the electrode

maintain a light color (1013), indicative of fewer redox reactions having occurred in this area.

From this pattern of discoloration, it can be inferred that charge from stimulation was

concentrated in the edges and corners of the electrode - and that hot spots in more central areas

of the electrode were present. The lack of uniform discoloration in this electrode motivates

improved electrode designs to improve current density uniformity. The examples below show

improved uniformity of discoloration on the Ag/AgCl layer for electrodes having voids (gaps,

patterned exclusions) in this layer.

Example 1: grid-style voids to improve the uniformity of current distribution in

transdermal electrodes

[00081] FIGS. 1A-ID, 3, and 4 show schematic diagrams of active areas of an electrode

apparatus comprised of multi-layer electrodes having one or more layer with grid-style

exclusions to improve the uniformity of current density across the electrode face.

[00082] FIGS. 1A-1D shows line drawings of variations of a flexible electrode apparatus

comprising a flexible (PET) substrate 103, a layer of Ag 105, a layer of conductive carbon ink

107 (higher impedance than Ag or AgCl), a layer of Ag-AgCl 109, and a dermally- facing



hydrogel (not shown in drawings). These designs were tested in subjects with a transdermal

electrical neuromodulation apparatus (as described in PCT Application no. PCT/US 14/44870,

titled "TRANSDERMAL ELECTRICAL STIMULATION DEVICES AND METHODS FOR

MODIFYING OR INDUCING COGNITIVE STATE", filed 6/30/14; and PCT Application no.

PCT/US 15/3 1424, titled "WEARABLE TRANSDERMAL NEUROSTIMULATORS", filed

5/18/15) and showed that electrode designs with grids were the most comfortable (and thus more

effective for inducing a cognitive effect). Electrodes containing grids in one or both layers are a

significant improvement for transdermal electrical stimulation.

[00083] FIG. 1A is a schematic showing a multi-layer electrode assembly comprising offset

grid-pattern exclusions in both the Ag (grid pattern 117) and Ag-AgCl layer (grid pattern 15) of

two electrode active areas 135, 133. FIG. IB is a schematic showing a multi-layer electrode

assembly comprising grid-pattern exclusions 17 in the Ag layer only of two electrode areas.

FIG. C is a schematic showing a multi-layer electrode assembly with no electrode exclusions on

any layer while also using only a single pass of Ag/AgCl (thus thinner), and controlling for the

thickness of deposited Ag on the electrode face. FIG. D is a schematic showing a multi-layer

electrode assembly control design with no exclusions and a more standard multiple pass Ag-

AgCl layer.

[00084] FIGS. 3 and 4 are higher magnification schematic line drawings of the two electrode

areas of the electrode apparatus such as that shown in FIG. A showing a contiguous Ag layer

(filled regions) arranged in a grid 3 15. It is important that the non-consumptive conductive Ag

layer be contiguous (i.e. connected) so that current can flow to all areas of the electrode.

[00085] In schematics of FIGS. 1A-1D, 3, and 4, the generally rectangular outlines indicate

the position of voids 317 in an electrode (conductive) layer of the active region, although a round

area 319 around one electrode connectors (snap connector 320) the rectangles are modified to

incorporate this rounded shape. These figures also illustrate how smaller exclusions (cut-out

regions) may be present at some portions of the electrode area (on the edges in this case, though

in some embodiments the density of exclusions is higher toward the center of the electrode). In

FIG. 3, the ratio of edges of the electrically conductive layer (e.g., the Ag layer) to the outer

perimeter of the active region is greater than 4x (e.g., approximately 6x). In FIG. 4, as in FIG. 3,

the electrically conductive layer (first electrically conductive layer, Ag



layer 405) is a contiguous grid pattern having a plurality of void regions 407; the ratio of the

edges formed by this electrically conductive layer active region is greater than 6x (e.g.,

approximately 13x).

[00086] FIG. 10E shows a prototype electrode apparatus having modified grid-style voids to

improve the uniformity of current distribution and AgCl->Ag reactions. PET substrate connector

regions 1003 conductively connect the two multi-layer electrodes that are surrounded by a

dielectric-coating 1004 over which an adhesive is placed for adhering the electrode apparatus

(and mechanically and electrically coupled neurostimulator via snaps (behind nylon eyelets

1006)) to the subject. An intermediate conductive carbon layer (black, 1008) can be seen through

the voids in the overlying Ag/AgCl layer 0 13. After a pulsed, charge imbalanced electrical

stimulation waveform is delivered to a subject through this electrode apparatus, the smaller

electrode has undergone some discoloration (from AgCl reacting with water in the overlying

hydrogel to create darker colored Ag) - though this discoloration is more evenly distributed and

less punctate than that from control electrode (FIG. 10D), the discoloration in FIG. 10E is still

concentrated at the edges (particularly the right bottom corner where the trace from the through

holes enters the electrode) 1012.

Example 2 : snowflake-style voids to improve the uniformity of current distribution in

transdermal electrodes

[00087] FIG. 14 shows a schematic representation of two iterations 1401, 1402 of a

snowflake-style pattern of Ag/AgCl having all active positions (filled squares 1401, 1402) within

1-2 units (voids, 1400) to a neighboring active area. (Note that the snowflake-style pattern in the

apparatuses shown in FIGS. 5B-9D and 1OA- IOC are slightly modified versions of this pattern.)

A notable of feature of this design is the non-contiguity of the snowflake-style patterns, thus

enabling higher edge length than for a similar pattern that maintained contiguity. The apparent

non-contiguity is enabled by an underlying contiguous conductive layer that spans all of the non¬

contiguous regions (making them all electrically contiguous) and ensures they are isoelectric and

form a single electrode. One consideration in this design was to balance the edginess of the

design (edge length per unit area) while also having sufficient contiguous and bordered Ag/AgCl

areas (as in the center of each of these snowflake-style patterns) so that the electrochemistry

could be effectively shared across many grid positions. (In contrast, a design that used a



checkerboard pattern would maximize edge length per unit area but do so at the risk of

consuming each active single grid region at slightly different rates due to unintended non-

uniformities in the manufacturing process.

[00088] In the design shown in FIG. 1 the grid distance 0.02 inches was selected because this

distance represents the minimum feature that can be resolved with the screen-printing methods

used to generate the prototype electrode apparatuses shown in FIGS. 5B-9D and 1OA- IOC. One

skilled in the art of electrode design and manufacturing will recognize that similar patterns with

smaller feature sizes could achieve higher density of edges per unit area.

[00089] FIGS. 5B-9D show line-style schematics of electrode apparatuses designed using a

non-contiguous (but electrically connected) snowflake-style pattern as described above for the

(top, not including hydrogel) Ag/AgCl layer. This design achieves significantly improved

uniformity of current distribution (even relative to the grid-style voids of example 1), leading to

improved comfort and efficiency of stimulation and reduced material cost.

[00090] FIG. 5A shows a schematic line drawing of the upper surface of a flexible electrode

apparatus configured to connect to a user's temple and neck and including conductive paths on a

PET substrate 501 and the positioning of conductive snap connectors through holes 504 to a

neurostimulator module (not shown). Connector paths 506 to capacitor 505 (not shown) may be

used by the neuro stimulator to identify the type of electrode apparatus as described in PCT

patent application PCT/US20 15/03 1424 filed May 18, 2015 and titled "Wearable transdermal

neurostimulators". Connector paths 502 to conductive through-holes allow electrical

communication from the neurostimulator to the electrodes on the lower surface.

[00091] FIG. 5B shows a schematic line drawing of the lower surface of a flexible electrode

apparatus configured to connect to a user's temple and neck and including the outline of the

Ag/AgCl layer of two multilayer electrodes comprising a 'snowflake-style' pattern 508, 509.

Positions 506 indicate where snap connectors pass through PET substrate 501 but do not make

direct electrical contact with the underlying electrode area 509.

[00092] FIG. 6A shows a schematic line drawing of the lower surface of a flexible electrode

apparatus configured to connect to a user's temple and mastoid and including the outline of the

Ag-AgCl layer of two multilayer electrodes comprising a 'snowflake-style' pattern 605, 606. The

snowflake-style pattern on the triangular (temple-facing) electrode has a round exclusion where a

snap connector passes through the PET substrate 601.



[00093] FIG. 6B shows a schematic line drawing of the upper surface of a flexible electrode

apparatus configured to connect to a user's temple and neck and including conductive paths and

the positioning of conductive snap connectors 604 to a neurostimulator module. Connector paths

608 to capacitor 609 (not shown) may be used by the neurostimulator to identify the type of

electrode apparatus as described in PCT patent application PCT/US20 15/03 1424 filed May 18,

2015 and titled "Wearable transdermal neurostimulators". Connector paths 602 to conductive

through-holes allow electrical communication from the neurostimulator to the electrodes on the

lower surface.

[00094] FIGS. 7A-9D show higher magnification zooms of the electrode areas of the two

exemplar electrode apparatuses shown in FIGS. 5B and 6A. Three of the layers of the active

region of the electrodes are shown, including offsets and relative position within the electrode

layer stack, similar to that shown in FIG. 1IB.

[00095] FIGS. 7A-7D show connector region of PET substrate 701 ; snap connector through

hole positioning 703; PET substrate area to position (for example) biocompatible adhesive 702,

dielectric boundary 706, 707 around the active region; a first contiguous Ag layer with grid-style

voids (first layer of the electrode, relative to the PET substrate) 704; a second, conductive carbon

layer 709 (the second layer of the electrode, relative to the PET substrate); and a third layer

comprising a (non-contiguous) snowflake-style Ag/AgCl pattern with high edge-length having

circuitous voids (third layer of the electrode, relative to the PET substrate) 708.

[00096] FIG. 7A shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's temple and including the outline of

first electrode layer of a multilayer electrode comprising a contiguous Ag layer 704 that connects

by conductive path 705 to conductive vias electrically connecting to the upper surface of the

electrode apparatus.

[00097] FIG. 7B shows a schematic line drawing of a portion of the lower surface of a flexible

electrode apparatus configured to connect to a user's temple and including all three layers of a

multilayer electrode: a contiguous first conductive layer (e.g., Ag layer), an intermediate mildly

insulating (e.g., carbon) layer, and a second conductive layer (e.g., Ag/AgCl layer) stacked

sequentially atop each other. Because of the overlap, it is difficult to distinguish the separate

three layers in this view.



[00098] FIG. 7C shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's temple and showing just the outline

of the Ag-AgCl layer of a multilayer electrode comprising a 'snowflake-style' pattern 708

surrounding a snap connector exclusion region 710.

[00099] FIG. 7D shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's temple and including the outline of

the conductive carbon layer of a multilayer electrode 709.

[000100] FIG. 8A shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus on a PET substrate 801 configured to connect to a user's mastoid

and including the outline of one layer of a multilayer electrode comprising a contiguous Ag layer

803 that connects by conductive path 804 to conductive vias 805 to the upper surface of the

electrode apparatus. The PET substrate is covered by an insulating dielectric outside trace 802.

[000101] FIG. 8B shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's mastoid and including the outline

of the Ag/AgCl layer of a multilayer electrode comprising a 'snowflake-style' pattern 806.

[000102] FIG. 8C shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's mastoid and including the outline

of the conductive carbon layer of a multilayer electrode 807. The three layers shown in FIGS.

8A-8C may be layered atop each other as described above, so that the mildly insulating layer

(e.g., carbon layer 807 in FIG. 8C) is sandwiched between the first electrically conductive layer

(803 in FIG. 8A) and the second electrically conductive layer (806 in FIG. 8B). The layers may

be arranged so that each subsequent layer overlaps or covers the edges of the adjacent layer. The

entire stack may be covered by or include a conductive gel (e.g., hydrogel), and may be layered

on an appropriate substrate (e.g., PET).

[000103] FIG. 9A shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus on a PET substrate 901 configured to connect to a user's neck and

including the outline of one layer of a multilayer electrode comprising a contiguous Ag layer 902

that connects by conductive path 903 to conductive vias 904 that pass to the upper surface of the

electrode apparatus.



[000104] FIG. 9B shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's neck and including the outline of

the conductive carbon layer of a multilayer electrode 905, 906.

[000105] FIG. 9C shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's neck and including the outline of

the Ag-AgCl layer of a multilayer electrode comprising a 'snowflake-style' pattern 907.

[000106] FIG. 9D shows a schematic line drawing of the portion of the lower surface of a

flexible electrode apparatus configured to connect to a user's neck and including the outline of

all three layers of a multilayer electrode 908 (in the active region of the electrode).

[000107] FIGS. lOA-lOC show prototypes of the designs shown in FIGS. 5A-9D. For

example, FIG. 10A is a picture of the lower (patient-facing) side of an unused transdermal

electrode configured to stimulate the temple and mastoid regions through an attachable

neurostimulator (not shown). Both temple electrode 1005 and mastoid electrode 1001 have

overlying hydrogel and a snowflake-style pattern of the Ag-AgCl layer so that the black

conductive carbon layer underneath can be seen through the Ag/AgCl layer. Regions of the PET

substrate next to the electrodes have a biocompatible adhesive 1004, 1002 for helping affix the

electrode apparatus to the subject's skin.

[000108] FIGS. 10B and IOC are higher magnification pictures of the temple electrode area of

a transdermal electrode before (FIG. 10B) and after (FIG. IOC) use by a subject. The figures

show connector region 1003, nylon eyelets of snap connectors 1006, PET substrate region with

overlying biocompatible adhesive 1004, PET region uncoated with dielectric 1010, conductive

via region 1009, snowflake-style Ag-AgCl layer 1007, and underlying conductive carbon layer

(black, 1008) viewable through the voids of the Ag-AgCl layer. After use the Ag-AgCl layer is

significantly darker, reflecting the uniform transformation of light AgCl to dark Ag. The

uniformity of the discoloration indicates the uniformity of both charge distribution and

electrochemistry. Subjects who receive transdermal electrical stimulation with electrodes having

voids (i.e. the snowflake-style Ag-AgCl layer) report more comfortable and effective

stimulation.

Example 3 : implanted electrodes with voids



[000109] In other exemplary embodiments of the invention, an electrode having exclusions or

voids in one or more layer may be configured for implantation in order to deliver current more

uniformly, comfortably, and/or efficiently targeting neural tissue or another portion of the body

with current delivered by a stimulator unit conductively coupled to the electrode apparatus. In

general, implantable electrodes with voids in one or more layer may use a multilayer electrode

design. One advantage of having a multi-layer design is that the outermost layer (closest to

biological target tissue of electrical stimulation) may contain non-contiguous patterns that are

still shorted (isopolar) via underlying conductive layers that extend beyond the non-contiguous

edges of patterns having voids. This design permits a larger edge-length per unit area (for a given

feature size) relative to single layer electrodes that generally require a contiguous design to

maintain isoelectric potentials.

[0001 10] Note that the scale for FIGS. 1A-1D, 5A-5B, 6A-6B, 7A-7D, and 10A-10E may be

estimated by the center-to-center distance of the two connector snaps (and aligned through-holes,

nylon covers, etc.) which is approximately 19 mm in these examples; other dimensions may be

used. The electrode regions shown in FIGS. 8A-8C and 9A-9D, though lacking a snap connector

region may be the same size as those regions shown with the full electrode assemblies in FIGS.

5B and 6A.

[000111] 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.



[000112] 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 "/".

[000113] 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.

[000114] 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.

[000115] 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.

[000116] In general, any of the apparatuses and methods described herein should be understood

to be inclusive, but all or a sub-set of the components and/or steps may alternatively be

exclusive, and may be expressed as "consisting of or alternatively "consisting essentially of the

various components, steps, sub-components or sub-steps.

[000117] 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 values given herein should also be understood to include about or

approximately that value, unless the context indicates otherwise. For example, if the value "10"

is disclosed, then "about 10" is also disclosed. Any numerical range recited herein is intended to

include all sub-ranges subsumed therein. It is also understood that when a value is disclosed that

"less than or equal to" the value, "greater than or equal to the value" and possible ranges between

values are also disclosed, as appropriately understood by the skilled artisan. For example, if the

value "X" is disclosed the "less than or equal to X" as well as "greater than or equal to X " (e.g.,

where X is a numerical value) is also disclosed. It is also understood that the throughout the

application, data is provided in a number of different formats, and that this data, represents

endpoints and starting points, and ranges for any combination of the data points. For example, if

a particular data point "10" and a particular data point "15" are disclosed, it is understood that

greater than, greater than or equal to, less than, less than or equal to, and equal to 10 and 5 are

considered disclosed as well as between 10 and 15. It is also understood that each unit between

two particular units are also disclosed. For example, if 10 and 15 are disclosed, then 11, 12, 13,

and are also disclosed.



[000118] 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.

[000119] 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:

. An electrode for transdermal electrical stimulation, the electrode comprising:
a substrate; and
a multi-layered active region comprising:

a first layer on the substrate that is electrically conductive and is arranged in a
pattern forming a plurality of one or more of: branches and voids,

a second layer on the first layer,
a third layer that is electrically conductive on the second layer,
wherein the second layer is sandwiched between the first and third layers and has

a resistivity that is greater than 5x the resistivity of the first or third layers;
wherein the ratio of edges formed by the pattern of the first layer to the perimeter of

the multi-layered active region is greater than 4 .

2. The electrode of claim , wherein the substrate is planar.

3. The electrode of claim 1, wherein the substrate is Polyethylene Terephthalate (PET).

4. The electrode of claim 1, further comprising a conductive via between the first layer and
an electrical connector configured to connect the electrode to an electrical stimulator.

5. The electrode of claim 4, wherein the electrical connector comprises a snap connector.

6. The electrode of claim 1, further comprising a second multi-layered active region on the
substrate.

7. The electrode of claim 1, wherein the first layer is arranged in a contiguous pattern.

8. The electrode of claim 1, wherein the first layer is arranged in a grid pattern.

9. The electrode of claim 1, wherein the first layer is arranged in a snowflake pattern.

10. The electrode of claim 1, wherein the first layer comprises a layer of silver (Ag).

11. The electrode of claim 1, wherein the second layer comprises a conductive carbon layer.

12. The electrode of claim 1, wherein the second layer has a resistance that is greater than
lOx the resistance of the first layer or the third layer.

13. The electrode of claim 1, wherein the third layer comprises Ag/AgCl.

4 . The electrode of claim 1, wherein the third layer overlaps the second layer and wherein
the second layer overlaps the third layer.

15. The electrode of claim 1, wherein the ratio of edges formed by the pattern of the first
layer to the perimeter of the multi-layered active region is greater than 10.



16. The electrode of claim 1, wherein the ratio of edges formed by the pattern of the first
layer to the perimeter of the multi-layered active region is greater than 15.

17. The electrode of claim 1, further comprising a hydrogel covering the third layer.

18. The electrode of claim 1, wherein the third layer is arranged in a pattern fomiing a
plurality of one or more of: branches and voids.

19. An electrode for transdermal electrical stimulation, the electrode comprising:
a planar substrate; and
a multi-layered active region comprising:

a first layer on the substrate that is electrically conductive and is arranged in a
contiguous pattern forming a plurality of one or more of: branches and voids,

a second layer on the first layer,
a third layer that is electrically conductive on the second layer, and
a hydrogel covering the third layer,
wherein the second layer is sandwiched between the first first and third layers and

has a resistivity that is greater than lOx the resistivity of the first or third
layers;

wherein the ratio of edges formed by first layer to the perimeter of the multi-layered
active region is greater than 4 .

20. An electrode for transdermal electrical stimulation, the electrode comprising:
a planar substrate; and
a multi-layered active region comprising:

a first layer on the substrate comprising an electrically conductive Ag layer that is
arranged in a contiguous pattern forming a plurality of one or more of:
branches and voids,

a second layer comprising a conductive carbon layer on the first layer,
a third layer comprising a Ag/AgCl conductive layer on the second layer, and
a hydrogel covering the third layer,
wherein the second layer is sandwiched between the first and third layers and has

a resistivity that is greater than lOx the resistivity of the first or third layers;
wherein the ratio of edges formed by the first layer to the perimeter of the multi-

layered active region is greater than 4 .
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