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A METHOD FOR MANUFACTURING A BIOCOMPATIBLE CATHODESLURRY
FOR USE IN BIOCOMPATIBLE BATTERIES FOR A CONTACT LS

CROSSREFERENCE TO RELATED APPLICATIONS

This patent application is a continuation-in-pdrtaited States Patent
Application Serial No. 14/804,606 filed on July 2015 which claims the benefit of
United States Provisional Application No. 62/04@ fifed August 21, 2014, and is a
continuation-in-part of United States Patent Apgtiien Serial No. 13/196,210 filed on

August 2, 2011. The contents of each of whichrelied upon and incorporated herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Methods for manufacturing biocompatible cathdderg for use in biocompatible
batteries are described. In some examples, theoaeihvolve manufacturing an
electrical conductor through which an electric eatrenters or leaves a vacuum or fluent.
In some examples, a field of use for the methodsnanufacturing biocompatible
cathode slurry for use in biocompatible batteries/mmclude any biocompatible device

or product that requires energy.

2. Discussion of the Related Art

Recently, the number of medical devices and theictionality has begun to
rapidly develop. These medical devices may inclfmlegxample, implantable
pacemakers, electronic pills for monitoring andésting a biological function, surgical
devices with active components, contact lenseasiaoh pumps, and neurostimulators.
Added functionality and an increase in performawecmany of the aforementioned
medical devices has been theorized and developmaeter, to achieve the theorized
added functionality, many of these devices now ireggelf-contained energization
means that are compatible with the size and shepgrements of these devices, as well
as the energy requirements of the new energizegaoemts.

Some medical devices may include electrical comptenguch as semiconductor

devices that perform a variety of functions and fnayncorporated into many

1



10

15

20

25

30

biocompatible and/or implantable devices. Howesach semiconductor components
require energy and, thus, energization elementsidhweferably also be included in
such biocompatible devices. The topology and nedatismall size of the biocompatible
devices may create challenging environments fod#fmition of various functionalities.
In many examples, it may be important to provide,seliable, compact and cost
effective means to energize the semiconductor coenuts within the biocompatible
devices. Therefore, a need exists for biocompaébkrgization elements formed for
implantation within or upon biocompatible devicelsese the structure of the millimeter
or smaller sized energization elements providesiecdd function for the energization
element while maintaining biocompatibility.

One such energization element used to power aelevay be a battery. A
common element in batteries that may contain vartgpes of chemical based energy
storage materials is the battery cathode. The ilmmcif batteries may depend critically
on the design of structure, materials, and prosessated to the formation of the battery
cathode. Furthermore, in some examples, the con&ihof battery cathode materials
may be an important aspect of biocompatibility.

Cathode slurry may be a component of the biocorbledtiattery. The choice of
cathode slurry may have an effect on integraticamufacturing, logistics, reliability, and
yield of the biocompatible battery. Slurry techrgldas evolved to keep pace with the
demanding requirements of the slurry industry. Gag¢hslurry manufacturing may
require expertise in the areas of particle synghekspersion, mixing, and filtration;
electrochemistry, colloid science and surface ckemifluid dynamics; and numerical
analysis. Operations expertise may be useful Supgplier to flawlessly manufacture a
cathode slurry day in and day out, and deliverctittode slurry for high volume
manufacturing. In addition, when designing batelgments and the manufacturing
systems used to make them as biocompatible enetgges for ophthalmic devices,
expertise in ophthalmics and ophthalmic devices beynportant for the safety profile
of biocompatible devices formed using the cathddeys Therefore a need exists for
novel examples of manufacturing small biocompatialhodes for use in biocompatible

energization elements.
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SUMMARY OF THE INVENTION

One general aspect of the present invention ied@method for manufacturing
a cathode slurry for use in a biocompatible batt€hys method may include the steps of
mixing one or more of a liquid phase pre-mixturéwane or more of a solid phase pre-
mixture into a cathode slurry mixture. Then, obtailaminar structure where the laminar
structure has a volume removed to form a cavitxtNéter the cathode slurry mixture.
Finally, distribute the cathode slurry mixture i@ cavity of the laminar structure to
form a biocompatible cathode for use in a biocorbpabattery.

Implementations may include one or more of theofeihg features. The method
including checking a quality of the solid phase-prigture and the liquid phase pre-
mixture. The method may also include storing amttcalating the cathode slurry
mixture after filtering the cathode slurry mixtufiéhe method may also include drying
the cathode slurry mixture. The liquid phase pra&tare may include of one or more
reagents where at least one reagent is a liquigepteagent. The method may also
include filtering the liquid phase reagents. Ogilil phase reagent may include a
solvent. The solvent may include toluene.

The solid phase pre-mixture may include of one orensolid phase reagents. The
method may also include sieving the solid phasgemis to a uniform particle size. The
method may also include solid phase reagents imgual hydrophilic binder. The
method may also include one solid phase pre-mixtwleding a transition metal oxide.
The transition metal oxide may include manganesgidie. The method may also include
one solid phase reagent including a carbon alletrdpe carbon allotrope may include
graphite. The graphite may include carbon blacle fiethod may also include one solid
phase reagent including a hydrophobic binder. Taedphobic binder may include
polyisobutylene (PIB). The hydrophobic binder maglude a fluorocarbon solid. The
fluorocarbon solid may include polytetrafluoroetltye (PTFE). The method may also
include a biomedical device which is a contact lens

One general aspect of the present invention irdwemethod for manufacturing
a biocompatible cathode for use in a biocompatialery including the steps of:
obtaining toluene, manganese dioxide, carbon bk, polyisobutylene. The method

may also include filtering toluene. The method ralsp include sieving manganese
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dioxide, carbon black, and polyisobutylene. Thehudtmay also include mixing the
toluene and the polyisobutylene into a liquid phaemixture. The method may also
include mixing the manganese dioxide and carbockll#o a solid phase pre-mixture.
The method may also include checking a qualityathlthe solid and liquid phase pre-
mixtures. The method may also include mixing thiegzhase pre-mixture and liquid
phase pre-mixture into a cathode slurry mixturethiéering the cathode slurry mixture.
The method may also include storing the cathodeysfuixture then recirculating the
cathode slurry mixture. The method may also incloiokaining a laminar structure where
the laminar structure has a volume removed to fwavity. The method may also
include filtering the stored cathode slurry mixttinen distributing the filtered cathode
slurry mixture into the cavity of the laminar sttue, followed by drying the cathode
slurry mixture to form a biocompatible cathode dise in a biocompatible battery.

One general aspect of the present invention irdwedmethod for manufacturing
a cathode slurry for use in a biomedical devicéuigiag the steps of: mixing one or more
of a liquid phase pre-mixture with one or more gbéid phase pre-mixture into a
cathode slurry mixture, obtaining a laminar struetwhere the laminar structure has a
volume removed to form a cavity, and filtering tteghode slurry mixture. The method
may also include distributing the cathode slurrytone into the cavity of the laminar
structure forming the cathode slurry for use inaredical device, where the biomedical
device includes an insert device. The insert dewiag include an electroactive element
responsive to a controlling voltage signal. Thelrodtmay also include a biocompatible
battery. The biocompatible battery may includerst fand second electrode, an anode, a
separator, a laminar structure (where at leastay®e of the laminar structure has a
volume removed to form a cavity). The method mayp ahclude the cathode slurry
where at least an average molecular size of ongpopemt of the cathode slurry is
reduced in particle size by milling that compondiite method may also include the
cathode slurry capable of filling the cavity, basedits rheology, while maintaining
electro-conductivity through the laminar structurehe cavity. The method may also
include a circuit electrically connected to a bimgatible battery, where the circuit
provides the controlling voltage signal. The methaaly include a biomedical device that

iS a contact lens.
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In accordance with one aspect, the present invergidirected to a method of
manufacturing a biocompatible battery for use @oatact lens. The method comprising
the steps of mixing one or more of a liquid phaserixture with one or more of a solid
phase pre-mixture into a cathode slurry mixtudéering the cathode slurry mixture,
wherein the filtering removes particles from théhoae slurry which may cause
insufficient filling of a laminated core of thedasiompatible battery; distributing the
cathode slurry mixture into a biocompatible cathéar use in a biocompatible battery,
wherein the filtering occurs before the distribgtiof the cathode slurry; sealing the
laminated core for biocompatibility; and insertitng biocompatible battery in a contact
lens, wherein the filtering of the cathode slurnxture supports forming the

biocompatible battery into a small enough formitinto the contact lens.

BRIEF DESCRIPTION OF THE DRAWINGS

Figs.1A-1D illustrate exemplary aspects of biocotilpp@ energization elements

in concert with the exemplary application of confaases.

Fig. 2 illustrates the exemplary size and shapad¥idual cells of an exemplary

battery design.

Fig. 3A illustrates a first stand-alone, packagetdmpatible energization

element with exemplary anode and cathode connection

Fig. 3B illustrates a second stand-alone, packagsmbmpatible energization

element with exemplary anode and cathode connection

Figs. 4A-4N illustrate exemplary method steps far formation of biocompatible

energization elements for biomedical devices.

Fig. 5 illustrates an exemplary fully formed bioquatible energization element.
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Figs. 6A-6F illustrate exemplary method steps farctural formation of

biocompatible energization elements.

Figs. 7A-7F illustrate exemplary method steps torctural formation of

biocompatible energization elements utilizing aeralate electroplating method.

Figs. 8A-8H illustrate exemplary method steps far formation of biocompatible

energization elements with hydrogel separator fomiedical devices.

Figs. 9A-C illustrate exemplary methods steps lierdtructural formation of

biocompatible energization elements utilizing adsgive hydrogel processing examples.

Figs. 10A-10F illustrate optimized and non-optingdziepositing of a cathode

mixture into a cavity.

Fig. 11 illustrates agglomeration of a cathode orixtinside of a cavity.

Fig. 12 illustrates exemplary method steps for macturing biocompatible

cathode slurry for use in biocompatible batteries.

DETAILED DESCRIPTION OF THE INVENTION

Methods of manufacturing biocompatible cathodergltor use in biocompatible
batteries are disclosed in this application. Infiilwwing sections, detailed descriptions
of various examples are described. The descrippbegamples are exemplary
embodiments only, and various modifications anérattons may be apparent to those
skilled in the art. Therefore, the examples dolinait the scope of this application. The
cathode mixtures, and the structures that coni@mt may be designed for use in
biocompatible batteries. In some examples, thessompatible batteries may be

designed for use in, or proximate to, the body bfiag organism.
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Glossary
In the description and claims below, various temay be used for which the

following definitions will apply:

"Anode" as used herein refers to an electrode tiravhich electric current flows
into a polarized electrical device. The directidrelectric current is typically opposite to
the direction of electron flow. In other words, #dectrons flow from the anode into, for
example, an electrical circuit.

"Binder" as used herein refers to a polymer thagsable of exhibiting elastic
responses to mechanical deformations and thaeisicially compatible with other
energization element components. For example, ksnday include electroactive
materials, electrolytes, polymers, etc.

“Biocompatible” as used herein refers to a matenalevice that performs with
an appropriate host response in a specific appitaFor example, a biocompatible
device does not have toxic or injurious effectdaogical systems.

"Cathode" as used herein refers to an electrodei¢fir which electric current
flows out of a polarized electrical device. Theediton of electric current is typically
opposite to the direction of electron flow. Therefahe electrons flow into the cathode
of the polarized electrical device, and out of,dgample, the connected electrical circuit.

“Coating” as used herein refers to a deposit ofeniatin thin forms. In some
uses, the term will refer to a thin deposit thdistantially covers the surface of a
substrate it is formed upon. In other more spemdliuses, the term may be used to
describe small thin deposits in smaller regionthefsurface.

"Electrode" as used herein may refer to an actigsesnin the energy source. For
example, it may include one or both of the anodeaathode.

"Energized" as used herein refers to the stateiofgoable to supply electrical
current or to have electrical energy stored within.

"Energy" as used herein refers to the capacitypfyasical system to do work.
Many uses of the energization elements may retetieet capacity of being able to
perform electrical actions.

"Energy Source" or “Energization Element” or “Enieegion Device” as used

herein refers to any device or layer which is cégpabsupplying energy or placing a
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logical or electrical device in an energized statee energization elements may include
batteries. The batteries may be formed from alkatiype cell chemistry and may be
solid-state batteries or wet cell batteries.

"Fillers" as used herein refer to one or more eamatipn element separators that
do not react with either acid or alkaline electtety Generally, fillers may include
substantially water insoluble materials such abaablack; coal dust; graphite; metal
oxides and hydroxides such as those of silicormadum, calcium, magnesium, barium,
titanium, iron, zinc, and tin; metal carbonateshsas those of calcium and magnesium;
minerals such as mica, montmorollonite, kaoliratitapulgite, and talc; synthetic and
natural zeolites such as Portland cement; pretguitanetal silicates such as calcium
silicate; hollow or solid polymer or glass microspés, flakes and fibers; etc.

"Functionalized" as used herein refers to makitayar or device able to perform
a function including, for example, energizationtjtion, and/or control.

"Mold" as used herein refers to a rigid or semierigbject that may be used to
form three-dimensional objects from uncured forrtiates. Some exemplary molds
include two mold parts that, when opposed to orwghean, define the structure of a three-
dimensional object.

"Power" as used herein refers to work done or eneagsferred per unit of time.

"Rechargeable” or "Re-energizable" as used heedém to a capability of being
restored to a state with higher capacity to do whtny uses may relate to the capability
of being restored with the ability to flow electlcurrent at a certain rate for certain,
reestablished time periods.

"Reenergize" or "Recharge" as used herein referdtoring to a state with higher
capacity to do work. Many uses may relate to r@sfjcat device to the capability to flow
electrical current at a certain rate for a certagstablished time period.

"Released" as used herein and sometimes referiesl"teleased from a mold"
means that a three-dimensional object is eithempbetely separated from the mold, or is
only loosely attached to the mold, so that it maydmoved with mild agitation.

"Stacked" as used herein means to place at leastdmponent layers in
proximity to each other such that at least a portibone surface of one of the layers

contacts a first surface of a second layer. In sexanples, a coating, whether for
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adhesion or other functions, may reside betweetvwbdayers that are in contact with
each other through said coating.

"Traces" as used herein refer to energization ed¢g@mponents capable of
connecting together the circuit components. Fongte, circuit traces may include
copper or gold when the substrate is a printeditibmard and may typically be copper,
gold or printed film in a flexible circuit. A speaditype of “Trace” is the current collector.
Current collectors are traces with electrochengoahpatibility that make the current
collectors suitable for use in conducting electrtinand from an anode or cathode in the
presence of electrolyte.

The methods and apparatus presented herein reldering biocompatible
energization elements for inclusion within or cat fbr three-dimensional biocompatible
devices. A particular class of energization elememay be batteries that are fabricated in
layers. The layers may also be classified as lamilagers. A battery formed in this
manner may be classified as a laminar battery.

There may be other examples of how to assemble@mitjure batteries
according to the present invention, and some majeBeribed in following sections.
However, for many of these examples, there aretselgarameters and characteristics
of the batteries that may be described in their dgint. In the following sections, some

characteristics and parameters will be focused upon

Exemplary Biomedical Device Construction with Biogoatible Energization Elements

An example of a biomedical device that may incoap®the Energization
Elements, batteries, of the present invention negbelectroactive focal-adjusting
contact lens. Referring to Fig. 1A, an exampleunfrsa contact lens insert may be
depicted as contact lens insert 100. In the coteastinsert 100, there may be an
electroactive element 120 that may accommodate ébeaacteristic changes in response
to controlling voltages. A circuit 105, to provitileose controlling voltage signals as well
as to provide other functions such as controlliaigsing of the environment for external
control signals, may be powered by a biocompabbktery element 110. As depicted in
Fig. 1A, the battery element 110 may be found akijphel major pieces, in this case three

pieces, and may include the various configuratadrizattery chemistry elements as has
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been discussed. The battery element 110 may haiaisanterconnect features to join
together pieces as may be depicted underlyingaiem of interconnect 114. The battery
element 110 may be connected to a circuit elenimeitthay have its own substrate 111
upon which interconnect features 125 may be locdted circuit 105, which may be in
the form of an integrated circuit, may be electhycand physically connected to the
substrate 111 and its interconnect features 125.

Referring to Fig. 1B, a cross sectional relief @oatact lens 150 may comprise
contact lens insert 100 and its discussed constgu&he contact lens insert 100 may be
encapsulated into a skirt of contact lens hydrdg&l which may encapsulate the contact
lens insert 100 and provide a comfortable interfafdde contact lens 150 to a user’s eye.

In reference to concepts of the present inventium pattery elements may be
formed in a two-dimensional form as depicted in. BEi@. In this depiction there may be
two main regions of battery cells in the regiondaftery component 165 and the second
battery component in the region of battery chemistement 160. The battery elements,
which are depicted in flat form in Fig. 1C, may pent to a circuit element 163, which in
the example of Fig. 1C may comprise two major cirateas 167. The circuit element
163 may connect to the battery element at an @éattontact 161 and a physical contact
162. The flat structure may be folded into a thdemensional conical structure as has
been described with respect to the present invenitiothat process a second electrical
contact 166 and a second physical contact 164 mayéd to connect and physically
stabilize the three-dimensional structure. RefgrtmFig. 1D, a representation of this
three-dimensional conical structure 180 may be doUie physical and electrical contact
points 181 may also be found and the illustrati@y fne viewed as a three-dimensional
view of the resulting structure. This structure nragtude the modular electrical and
battery component that will be incorporated witleras insert into a biocompatible

device.

Segmented Battery Schemes

Referring to Fig. 2, an example of different typésegmented battery schemes is
depicted for an exemplary battery element for aariens type example. The

segmented components may be relatively circulapesth@71, square-shaped 272 or
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rectangular-shaped. In rectangular-shaped exanthkesgectangles may be small
rectangular shapes 273, larger rectangular sha@gePReven larger rectangular shapes
275.

Custom Shapes of Flat Battery Elements

In some examples of biocompatible batteries, thebas may be formed as flat
elements. Referring to Fig. 3A, an example of @aamgular outline 310 of the battery
element may be depicted with an anode connecti@raBdl a cathode connection 312.
Referring to Fig. 3B, an example of a circular m&l330 of a battery element may be
depicted with an anode connection 331 and a catbaaleection 332.

In some examples of flat-formed batteries, theioesl of the battery form may be
dimensionally and geometrically configured to fitdustom products. In addition to
examples with rectangular or circular outlines toos“free-form” or “free shape”
outlines may be formed which may allow the batwgfiguration to be optimized to fit
within a given product.

In the exemplary biomedical device case of a végiaptic, a “free-form”
example of a flat outline may be arcuate in fortne Tree form may be of such geometry
that when formed to a three-dimensional shapeait take the form of a conical, annular
skirt that fits within the constraining confinesatontact lens. It may be clear that
similar beneficial geometries may be formed wheeglical devices have restrictive 2D

or 3D shape requirements.

Biocompatibility Aspects of Batteries

As an example, the batteries according to the ptéseention may have
important aspects relating to safety and biocorbpay. In some examples, batteries for
biomedical devices may need to meet requiremermgsadind beyond those for typical
usage scenarios. In some examples, design aspagtsarconsidered related to stressing
events. For example, the safety of an electronitamd lens may need to be considered in
the event a user breaks the lens during insertisaroval. In another example, design
aspects may consider the potential for a user &irbek in the eye by a foreign object.

Still further examples of stressful conditions thety be considered in developing design
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parameters and constraints may relate to the pakéort a user to wear the lens in
challenging environments like the environment undater or the environment at high
altitude in non-limiting examples.

The safety of such a device may be influenced bynhterials that the device is
formed with or from, by the quantities of those amatls employed in manufacturing the
device, and also by the packaging applied to sepéna devices from the surrounding
on- or in-body environment. In an example, pacemsakey be a typical type of
biomedical device which may include a battery amictv may be implanted in a user for
an extended period of time. Accordingly, in somaragles, such pacemakers may
typically be packaged with welded, hermetic titanienclosures, or in other examples,
multiple layers of encapsulation. Emerging powedseainedical devices may present new
challenges for packaging, especially battery paicikpd hese new devices may be much
smaller than existing biomedical devices, for exnan electronic contact lens or pill
camera may be significantly smaller than a pacem#ékesuch examples, the volume and

area available for packaging may be greatly reduced

Electrical Requirements of Microbatteries

Another area for design considerations may retatddctrical requirements of the
device, which may be provided by the battery. kbeoito function as a power source for
a medical device, an appropriate battery may ne@eaeet the full electrical requirements
of the system when operating in a non-connectetwno+externally powered mode. An
emerging field of non-connected or non-externatiypred biomedical devices may
include, for example, vision-correcting contactdes, health monitoring devices, pill
cameras, and novelty devices. Recent developmeimgegrated circuit (IC) technology
may permit meaningful electrical operation at viewy current levels, for example,
picoamps of standby current and microamps of ojgraurrent. Integrated circuits may
also permit very small devices.

Microbatteries for biomedical applications may bguired to meet many
simultaneous, challenging requirements. For exantipfemicrobattery may be required
to have the capability to deliver a suitable opegatoltage to an incorporated electrical

circuit. This operating voltage may be influencedsbkveral factors including the IC
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process “node,” the output voltage from the cirtoiianother device, and a particular
current consumption target which may also relat desired device lifetime.

With respect to the IC process, nodes may typidadlgifferentiated by the
minimum feature size of a transistor, such asstscalled” transistor channel. This
physical feature, along with other parameters efl@ fabrication, such as gate oxide
thickness, may be associated with a resultinggatiandard for “turn-on” or “threshold”
voltages of field-effect transistors (FET’s) falated in the given process node. For
example, in a node with a minimum feature size.bfrlicrons, it may be common to
find FET’s with turn-on voltages of 5.0V. Howevat,a minimum feature size of 90 nm,
the FET’s may turn-on at 1.2, 1.8, and 2.5V. Théd@hdry may supply standard cells of
digital blocks, for example, inverters and flipgothat have been characterized and are
rated for use over certain voltage ranges. Desggeteose an IC process node based on
several factors including density of digital dedcanalog/digital mixed signal devices,
leakage current, wiring layers, and availabilityspecialty devices such as high-voltage
FET’s. Given these parametric aspects of the étatitomponents, which may draw
power from a microbattery, it may be importanttfoe microbattery power source to be
matched to the requirements of the chosen procets and IC design, especially in
terms of available voltage and current.

In some examples, an electrical circuit powerea yicrobattery, may connect to
another device. In non-limiting examples, the matbery-powered electrical circuit
may connect to an actuator or a transducer. Depgruadi the application, these may
include a light-emitting diode (LED), a sensor, @noelectromechanical system
(MEMS) pump, or numerous other such devices. Ineseramples, such connected
devices may require higher operating voltage camtstthan common IC process nodes.
For example, a variable-focus lens may require 8b&ctivate. The operating voltage
provided by the battery may therefore be a critocaisideration when designing such a
system. In some examples of this type of consiaerathe efficiency of a lens driver to
produce 35V from a 1V battery may be significaimglys than it might be when operating
from a 2V battery. Further requirements, such assthe, may be dramatically different

considering the operating parameters of the midtetyaas well.
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Individual battery cells may typically be rated hvapen-circuit, loaded, and
cutoff voltages. The open-circuit voltage is thégobial produced by the battery cell with
infinite load resistance. The loaded voltage ispbntial produced by the cell with an
appropriate, and typically also specified, load @éaignce placed across the cell terminals.
The cutoff voltage is typically a voltage at whitilost of the battery has been discharged.
The cutoff voltage may represent a voltage, or elegif discharge, below which the
battery should not be discharged to avoid delatsreffects such as excessive gassing.
The cutoff voltage may typically be influenced I ttircuit to which the battery is
connected, not just the battery itself, for examfile minimum operating voltage of the
electronic circuit. In one example, an alkalind o&y have an open-circuit voltage of
1.6V, a loaded voltage in the range 1.0 to 1.5\, acutoff voltage of 1.0V. The voltage
of a given microbattery cell design may depend uptbier factors of the cell chemistry
employed. And, different cell chemistry may therefbave different cell voltages.

Cells may be connected in series to increase \@ltagvever, this combination
may come with tradeoffs to size, internal resistaand battery complexity. Cells may
also be combined in parallel configurations to dase resistance and increase capacity;
however, such a combination may tradeoff size &edf fife.

Battery capacity may be the ability of a battergl&diver current, or do work, for
a period of time. Battery capacity may typicallydpeecified in units such as microamp-
hours. A battery that may deliver 1 microamp ofreat for 1 hour has 1 microamp-hour
of capacity. Capacity may typically be increasedrayeasing the mass (and hence
volume) of reactants within a battery device; hogreit may be appreciated that
biomedical devices may be significantly constrainadvailable volume. Battery
capacity may also be influenced by electrode aectelyte material.

Depending on the requirements of the circuitry tocl the battery is connected,
a battery may be required to source current ovange of values. During storage prior to
active use, a leakage current on the order of pipsato nanoamps may flow through
circuits, interconnects, and insulators. Duringv&cbperation, circuitry may consume
guiescent current to sample sensors, run timedsparform such low power
consumption functions. Quiescent current consumptiay be on the order of nanoamps

to milliamps. Circuitry may also have even highealk current demands, for example,
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when writing flash memory or communicating overicaiiequency (RF). This peak
current may extend to tens of milliamps or moree Tésistance and impedance of a
microbattery device may also be important to desmmsiderations.

Shelf life typically refers to the period of timehigh a battery may survive in
storage and still maintain useful operating paransetShelf life may be particularly
important for biomedical devices for several reasd@iectronic devices may displace
non-powered devices, as for example may be thefoaige introduction of an
electronic contact lens. Products in these existiagket spaces may have established
shelf life requirements, for example, three yedu® to customer, supply chain, and other
requirements. It may typically be desired that sspécifications not be altered for new
products. Shelf life requirements may also be gehbé distribution, inventory, and use
methods of a device including a microbattery. Adaagly, microbatteries for biomedical
devices may have specific shelf life requirementsch may be, for example, measured
in the number of years.

In some examples, three-dimensional biocompatitdggzation elements may
be rechargeable. For example, an inductive coil atgy be fabricated on the three-
dimensional surface. The inductive coil could therenergized with a radio-frequency
("RF”) fob. The inductive coil may be connectedhe three-dimensional biocompatible
energization element to recharge the energizatement when RF is applied to the
inductive coil. In another example, photovoltaicaynalso be fabricated on the three-
dimensional surface and connected to the threefdifoeal biocompatible energization
element. When exposed to light or photons, theqiuditaics will produce electrons to
recharge the energization element.

In some examples, a battery may function to prothe@eelectrical energy for an
electrical system. In these examples, the battery Ine electrically connected to the
circuit of the electrical system. The connectioasrgen a circuit and a battery may be
classified as interconnects. These interconnecysh®eome increasingly challenging for
biomedical microbatteries due to several factorsdme examples, powered biomedical
devices may be very small thus allowing little aaea volume for the interconnects. The
restrictions of size and area may impact the etadtresistance and reliability of the

interconnections.
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In other respects, a battery may contain a ligledteolyte which could boil at
high temperature. This restriction may directly pete with the desire to use a solder
interconnect which may, for example, require re&lti high temperatures such as 250
degrees Celsius to melt. Although in some examghesbattery chemistry, including the
electrolyte, and the heat source used to form sdldged interconnects, may be isolated
spatially from each other. In the cases of emergiogedical devices, the small size
may preclude the separation of electrolyte andesgtiints by sufficient distance to
reduce heat conduction.

Interconnects

Interconnects may allow current to flow to and frtbma battery in connection
with an external circuit. Such interconnects magriace with the environments inside
and outside the battery, and may cross the bourudasgal between those environments.
These interconnects may be considered as trac&mgm@onnections to an external
circuit, passing through the battery seal, and t@mecting to the current collectors
inside the battery. As such, these interconnecisirage several requirements. Outside
the battery, the interconnects may resemble tyicated circuit traces. They may be
soldered to, or otherwise connect to, other trdcean example where the battery is a
separate physical element from a circuit board cmmg an integrated circuit, the
battery interconnect may allow for connection te éxternal circuit. This connection
may be formed with solder, conductive tape, condadhk or epoxy, or other means.
The interconnect traces may need to survive iretthronment outside the battery, for
example, not corroding in the presence of oxygen.

As the interconnect passes through the battery is@ahy be of critical
importance that the interconnect coexist with & and permit sealing. Adhesion may
be required between the seal and interconnectditianl to the adhesion which may be
required between the seal and battery packageir8egtity may need to be maintained
in the presence of electrolyte and other matemsisle the battery. Interconnects, which
may typically be metallic, may be known as poirfté&adure in battery packaging. The

electrical potential and/or flow of current mayriease the tendency for electrolyte to
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“creep” along the interconnect. Accordingly, arentbnnect may need to be engineered
to maintain seal integrity.

Inside the battery, the interconnects may interfaitle the current collectors or
may actually form the current collectors. In thegard, the interconnect may need to
meet the requirements of the current collectordessribed herein, or may need to form
an electrical connection to such current collectors

One class of candidate interconnects and curréleictars is metal foils. Such
foils are available in thickness of 25 micronsesd, which make them suitable for very
thin batteries. Such foil may also be sourced Vath surface roughness and
contamination, two factors which may be critical battery performance. The foils may

include zinc, nickel, brass, copper, titanium, otimetals, and various alloys.

Electrolyte
An electrolyte is a component of a battery whidtilfates a chemical reaction to

take place between the chemical materials of thetreldes. Typical electrolytes may be
electrochemically active to the electrodes, fomagke, allowing oxidation and reduction
reactions to occur. In some examples, this imporkettrochemical activity may make
for a challenge to creating devices that are biqeadrhle. For example, potassium
hydroxide (KOH) may be a commonly used electroigtalkaline cells. At high
concentration the material has a high pH and migyaot unfavorably with various
living tissues. On the other hand, in some examplestrolytes may be employed which
may be less electrochemically active; however dheaterials may typically result in
reduced electrical performance, such as reducédalge and increased cell resistance.
Accordingly, one key aspect of the design and ezgging of a biomedical microbattery
may be the electrolyte. It may be desirable foreleetrolyte to be sufficiently active to
meet electrical requirements while also being ne¢fyt safe for use in- or on-body.
Various test scenarios may be used to determinsate¢y of battery components,
in particular electrolytes, to living cells. Thassults, in conjunction with tests of the
battery packaging, may allow engineering desiga béttery system that may meet
requirements. For example, when developing a pahesatact lens, battery electrolytes

may be tested on a human corneal cell model. Tiest® may include experiments on
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electrolyte concentration, exposure time, and adgdit The results of such tests may
indicate cell metabolism and other physiologicgleats. Tests may also incluiatevivo
testing on animals and humans.

Electrolytes for use in the present invention nregjude zinc chloride, zinc
acetate, ammonium acetate, and ammonium chloridess concentrations from
approximately 0.1 percent to 50 percent, and inralimiting example may be
approximately 25 percent. The specific concentratimay depend on electrochemical
activity, battery performance, shelf life, seakigtity, and biocompatibility.

In some examples, several classes of additivesbhmayilized in the composition
of a battery system. Additives may be mixed in® e¢tectrolyte base to alter its
characteristics. For example, gelling agents sscigar may reduce the ability of the
electrolyte to leak out of packing, thereby incregsafety. Corrosion inhibitors may be
added to the electrolyte, for example, to impravelfdife by reducing the undesired
dissolution of the zinc anode into the electrolyitbese inhibitors may positively or
adversely affect the safety profile of the batt&ketting agents or surfactants may be
added, for example, to allow the electrolyte to thetseparator or to be filled into the
battery package. Again, these wetting agents magpobiive or negative for safety. The
addition of surfactant to the electrolyte may irase the electrical impedance of the cell.
Accordingly, the lowest concentration of surfactemachieve the desired wetting or
other properties should be used. Exemplary suriéstaay include Triton X-100,
Triton" QS44, and Dowfax 3B2 in concentrations from 0.01 percent to 2 patce

Novel electrolytes are also emerging which may ériasally improve the safety
profile of biomedical microbatteries. For exampeglass of solid electrolytes may be
inherently resistant to leaking while still offegisuitable electrical performance.

Batteries using “salt water” electrolyte are comigarsed in reserve cells for
marine use. Torpedoes, buoys, and emergency kgéysuse such batteries. Reserve
cells are batteries in which the active materihis,electrodes and electrolyte, are
separated until the time of use. Because of tlparsg¢ion, the cells’ self-discharge is
greatly reduced and shelf life is greatly increaSadt water batteries may be designed
from a variety of electrode materials, includingzimagnesium, aluminum, copper, tin,

manganese dioxide, and silver oxide. The elecealyay be actual sea water, for
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example, water from the ocean flooding the battgryn contact, or may be a specially
engineered saline formulation. This type of battegy be particularly useful in contact
lenses. A saline electrolyte may have superiordygeatibility to classical electrolytes
such as potassium hydroxide and zinc chloride. &aménses are stored in a “packing
solution” which is typically a mixture of sodiumlohide, perhaps with other salts and
buffering agents. This solution has been demormrstras a battery electrolyte in
combination with a zinc anode and manganese dimatieode. Other electrolyte and
electrode combinations are possible. A contact lsitsg a “salt water” battery may
comprise an electrolyte based on sodium chloridekipg solution, or even a specially
engineered electrolyte similar to tear fluid. Sadbattery could, for example, be
activated with packing solution, maintain an opgrtimthe eye, and continue operating
with exposure to human tears.

In addition to, or instead of, possible benefitsdmcompatibility by using an
electrolyte more similar to tears, or actually gsiears, a reserve cell may be used to
meet the shelf life requirements of a contact |gmesluct. Typical contact lenses are
specified for storage of 3 years or more. Thiséballenging requirement for a battery
with a small and thin package. A reserve cell f&& in a contact lens may have a design
similar to those shown in Figs. 1 and 3, but tleetblyte might not be added at the time
of manufacture. The electrolyte may be stored iarapule within the contact lens and
connected to the battery, or saline surroundind#ttery may be used as the electrolyte.
Within the contact lens and battery package, aevahport may be designed to separate
the electrolyte from the electrodes until the wes#ivates the lens. Upon activation,
perhaps by simply pinching the edge of the coréad (similar to activating a glow
stick), the electrolyte may be allowed to flow ike battery and form an ionic pathway
between the electrodes. This may involve a one-tiaresfer of electrolyte or may
expose the battery for continued diffusion.

Some battery systems may use or consume electohlyireg the chemical
reaction. Accordingly, it may be necessary to eegira certain volume of electrolyte
into the packaged system. This electrolyte maytded in various locations including

the separator or a reservoir.
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In some examples, a design of a battery systemimeayde a component or
components that may function to limit dischargeacaty of the battery system. For
example, it may be desirable to design the mageaiatl amounts of materials of the
anode, cathode, or electrolyte such that one of timay be depleted first during the
course of reactions in the battery system. In suchxample, the depletion of one of the
anode, cathode, or electrolyte may reduce the patéor problematic discharge and side
reactions to not take place at lower dischargeagels. These problematic reactions may
produce, for example, excessive gas or byprodubishicould be detrimental to safety

and other factors.

Modular Battery Components

In some examples, a modular battery component redgrimed according to
some aspects and examples of the present invefitimese examples, the modular
battery assembly may be a separate component fitwen parts of the biomedical device.
In the example of an ophthalmic contact lens de\sueh a design may include a
modular battery that is separate from the restrogdia insert. There may be numerous
advantages of forming a modular battery comportemtexample, in the example of the
contact lens, a modular battery component may bmedd in a separate, non-integrated
process which may alleviate the need to handld,rtbree-dimensionally formed optical
plastic components. In addition, the sources ofufenturing may be more flexible and
may operate in a more parallel mode to the manufiact of the other components in the
biomedical device. Furthermore, the fabricatiothaf modular battery components may
be decoupled from the characteristics of three-dsmmnal (3D) shaped devices. For
example, in applications requiring three-dimensidimal forms, a modular battery
system may be fabricated in a flat or roughly twme&hsional (2D) perspective and then
shaped to the appropriate three-dimensional sifapedular battery component may be
tested independently of the rest of the biomedieaice and yield loss due to battery
components may be sorted before assembly. Thdiregsoiodular battery component
may be utilized in various media insert constriicéd do not have an appropriate rigid
region upon which the battery components may baddr;, and, in a still further example,

the use of modular battery components may fa@lithe¢ use of different options for
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fabrication technologies than might otherwise bkzetl, such as, web-based technology
(roll to roll), sheet-based technology (sheet-teeth printing, lithography, and
“squeegee” processing. In some examples of a moHateery, the discrete containment
aspect of such a device may result in additionaéne being added to the overall
biomedical device construct. Such effects may setratraint for the use of modular
battery solutions when the available space parasetquire minimized thickness or
volume of solutions.

Battery shape requirements may be driven at legstit by the application for
which the battery is to be used. Traditional bgtferm factors may be cylindrical forms
or rectangular prisms, made of metal, and may beegetoward products which require
large amounts of power for long durations. Theg#iegtions may be large enough that
they may comprise large form factor batteries.rlather example, planar (2D) solid-state
batteries are thin rectangular prisms, typicallyrfed upon inflexible silicon or glass.
These planar solid-state batteries may be formadnme examples using silicon wafer-
processing technologies. In another type of bafm factor, low power, flexible
batteries may be formed in a pouch construct, usiimgfoils or plastic to contain the
battery chemistry. These batteries may be madé2ia), and may be designed to
function when bowed to a modest out-of-plane (3DYyature.

In some of the examples of the battery applicatiorike present invention where
the battery may be employed in a variable optis,|&me form factor may require a three-
dimensional curvature of the battery component wlaeradius of that curvature may be
on the order of approximately 8.4 mm. The natursuzh a curvature may be considered
to be relatively steep and for reference may apgprate the type of curvature found on a
human fingertip. The nature of a relative steeyature creates challenging aspects for
manufacture. In some examples of the present irvgrd modular battery component
may be designed such that it may be fabricatedlat,awo-dimensional manner and

then formed into a three-dimensional form of refathigh curvature.

Battery Module Thickness

In designing battery components for biomedical eagibns, tradeoffs amongst

the various parameters may be made balancing dhsafety and functional

21



10

15

20

25

30

requirements. The thickness of the battery compomery be an important and limiting
parameter. For example, in an optical lens apptinghe ability of a device to be
comfortably worn by a user may have a critical cef@mce on the thickness across the
biomedical device. Therefore, there may be critezabling aspects in designing the
battery for thinner results. In some examples epatthickness may be determined by the
combined thicknesses of top and bottom sheetsesgheets, and adhesive layer
thicknesses. Practical manufacturing aspects mag dertain parameters of film
thickness to standard values in available sheeksto addition, the flms may have
minimum thickness values to which they may be $getbase upon technical
considerations relating to chemical compatibilitygisture / gas impermeability, surface
finish, and compatibility with coatings that may deposited upon the film layers.

In some examples, a desired or goal thicknesdiofshed battery component
may be a component thickness that is less thaqug2dn these examples, this desired
thickness may be driven by the three-dimensionairgetry of an exemplary ophthalmic
lens device where the battery component may nebd fih inside the available volume
defined by a hydrogel lens shape given end usefargrbiocompatibility, and
acceptance constraints. This volume and its effeche needs of battery component
thickness may be a function of total device thidegpecification as well as device
specification relating to its width, cone angled amer diameter. Another important
design consideration for the resulting battery congmt design may relate to the volume
available for active battery chemicals and matgiiala given battery component design
with respect to the resulting chemical energy thay result from that design. This
resulting chemical energy may then be balancethfoelectrical requirements of a

functional biomedical device for its targeted kfied operating conditions

Battery Module Flexibility

Another dimension of relevance to battery desightarthe design of related
devices that utilize battery based energy sousctteiflexibility of the battery
component. There may be numerous advantages cexhigyrflexible battery forms. For
example, a flexible battery module may facilitdte previously mentioned ability to

fabricate the battery form in a two-dimensional 2Bt form. The flexibility of the form
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may allow the two-dimensional battery to then benfed into an appropriate 3D shape to
fit into a biomedical device such as a contact.lens

In another example of the benefits that may beeroed by flexibility in the
battery module, if the battery and the subsequewitd is flexible then there may be
advantages relating to the use of the device. iexample, a contact lens form of a
biomedical device may have advantages for insérgaroval of the media insert based
contact lens that may be closer to the insertiomdraal of a standard, non-filled hydrogel
contact lens.

The number of flexures may be important to the megjiing of the battery. For
example, a battery which may only flex one timarfra planar form into a shape suitable
for a contact lens may have significantly differdasign from a battery capable of
multiple flexures. The flexure of the battery masoeextend beyond the ability to
mechanically survive the flexure event. For examateelectrode may be physically
capable of flexing without breaking, but the megbalhand electrochemical properties of
the electrode may be altered by flexure. Flex-irduchanges may appear instantly, for
example, as changes to impedance, or flexure ntiepdince changes which are only

apparent in long-term shelf life testing.

Battery Module Width
There may be numerous applications into which thedmpatible energization

elements or batteries of the present invention beaytilized. In general, the battery
width requirement may be largely a function of #pplication in which it is applied. In

an exemplary case, a contact lens battery systegyrthenge constrained needs for the
specification on the width of a modular battery pament. In some examples of an
ophthalmic device where the device has a varigplie éunction powered by a battery
component, the variable optic portion of the dewigy occupy a central spherical region
of about 7.0 mm in diameter. The exemplary batéeynents may be considered as a
three-dimensional object, which fits as an annwanjcal skirt around the central optic
and formed into a truncated conical ring. If thguieed maximum diameter of the rigid
insert is a diameter of 8.50 mm, and tangencydertain diameter sphere may be

targeted (as for example in a roughly 8.40 mm dtamethen geometry may dictate what
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the allowable battery width may be. There may bmmggric models that may be useful
for calculating desirable specifications for theuléing geometry which in some
examples may be termed a conical frustum flattemida sector of an annulus.
Flattened battery width may be driven by two feasuof the battery element, the
active battery components and seal width. In soxaengles relating to ophthalmic
devices a target thickness may be between 0.10@man®.500 mm per side, and the
active battery components may be targeted at rgu@yBDO mm wide. Other biomedical
devices may have differing design constraints batgrinciples for flexible flat battery

elements may apply in similar fashion.

Cavities as Design Elements in Battery Componesidde

In some examples, battery elements may be desigmadnners that segment the
regions of active battery chemistry. There may lbmerous advantages from the division
of the active battery components into discrete s In a non-limiting example, the
fabrication of discrete and smaller elements mailifate production of the elements.
The function of battery elements including numersimller elements may be improved.
Defects of various kinds may be segmented and noctibnal elements may be isolated
in some cases to result in decreased loss of fumctihis may be relevant in examples
where the loss of battery electrolyte may occue iBolation of individualized
components may allow for a defect that resulte@kage of electrolyte out of the critical
regions of the battery to limit the loss of functim that small segment of the total
battery element whereas the electrolyte loss thralg defect could empty a
significantly larger region for batteries configdras a single cell. Smaller cells may
result in lowered volume of active battery chensaah an overall perspective, but the
mesh of material surrounding each of the smallks osay result in a strengthening of

the overall structure.

Battery Element Internal Seals

In some examples of battery elements for use imbdical devices, the chemical
action of the battery involves aqueous chemisthene water or moisture is an important

constituent to control. Therefore it may be impott® incorporate sealing mechanisms
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that retard or prevent the movement of moistuttgegibut of or into the battery body.
Moisture barriers may be designed to keep thenateanoisture level at a designed level,
within some tolerance. In some examples, a moidtarger may be divided into two
sections or components; namely, the package ansktie

The package may refer to the main material of titdosure. In some examples,
the package may comprise a bulk material. The Wéeor Transmission Rate (WVTR)
may be an indicator of performance, with ISO, AS3$tdndards controlling the test
procedure, including the environmental conditiopsrant during the testing. Ideally, the
WVTR for a good battery package may be “zero.” Eglamy materials with a near-zero
WVTR may be glass and metal foils. Plastics, onotiner hand, may be inherently
porous to moisture, and may vary significantlyddferent types of plastic. Engineered
materials, laminates, or co-extrudes may usualliieids of the common package
materials.

The seal may be the interface between two of tiekgge surfaces. The
connecting of seal surfaces finishes the encloslorey with the package. In many
examples, the nature of seal desighs may make diféoult to characterize for the
seal's WVTR due to difficulty in performing measorents using an 1ISO or ASTM
standard, as the sample size or surface area mdemompatible with those procedures.
In some examples, a practical manner to testinigrstegrity may be a functional test of
the actual seal design, for some defined conditiSeal performance may be a function
of the seal material, the seal thickness, thelsagth, the seal width, and the seal
adhesion or intimacy to package substrates.

In some examples, seals may be formed by a wefttimgess that may involve
thermal, laser, solvent, friction, ultrasonic, oc arocessing. In other examples, seals
may be formed through the use of adhesive seadactsas glues, epoxies, acrylics,
natural rubber, and synthetic rubber. Other exasplay derive from the utilization of
gasket type material that may be formed from coaktural and synthetic rubber,
polytetrafluoroethylene (PTFE), polypropylene, aiatones to mention a few non-
limiting examples.

In some examples, the batteries according to tbgepit invention may be

designed to have a specified operating life. Theraing life may be estimated by

25



10

15

20

25

30

determining a practical amount of moisture pernméaglthat may be obtained using a
particular battery system and then estimating wsweh a moisture leakage may result in
an end of life condition for the battery. For exdepf a battery is stored in a wet
environment, then the partial pressure differeretevéen inside and outside the battery
will be minimal, resulting in a reduced moisturedaate, and therefore the battery life
may be extended. The same exemplary battery sio@egarticularly dry and hot
environment may have a significantly reduced exglgetlifetime due to the strong
driving function for moisture loss.

Battery Element Separators

Batteries of the type described in the presentriive may utilize a separator
material that physically and electrically separdtesanode and anode current collector
portions from the cathode and cathode current ctoligoortions. The separator may be a
membrane that is permeable to water and dissoleett@yte components; however, it
may typically be electrically non-conductive. Whdanyriad of commercially-available
separator materials may be known to those of iskithe art, the novel form factor of the
present invention may present unique constrainthemask of separator selection,
processing, and handling.

Since the designs of the present invention may hérxee-thin profiles, the choice
may be limited to the thinnest separator matetigdcally available. For example,
separators of approximately 25 microns in thickmaayg be desirable. Some examples
which may be advantageous may be about 12 microtisakness. There may be
numerous acceptable commercial separators incluctefibrillated, microporous
polyethylene monolayer and/or polypropylene-polykthe-polypropylene (PP/PE/PP)
trilayer separator membranes such as those prodyc€elgard (Charlotte, NC). A
desirable example of separator material may beate 1824 PP/PE/PP trilayer
membrane having a thickness of 12 microns. Altéraaxamples of separator materials
useful for examples of the present invention majuitle separator membranes including
regenerated cellulose (e.g. cellophane).

While PP/PE/PP trilayer separator membranes mag addvantageous thickness

and mechanical properties, owing to their polyoliefcharacter, they may also suffer
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from a number of disadvantages that may need ttvéeeome in order to make them
useful in examples of the present invention. RoBlweet stock of PP/PE/PP trilayer
separator materials may have numerous wrinkleshar dorm errors that may be
deleterious to the micron-level tolerances apple#b the batteries described herein.
Furthermore, polyolefin separators may need toubéocultra-precise tolerances for
inclusion in the present designs, which may theeesiimplicate laser cutting as an
exemplary method of forming discrete current catlesin desirable shapes with tight
tolerances. Owing to the polyolefinic charactetlwfse separators, certain cutting lasers
useful for micro fabrication may employ laser warajths, e.g. 355 nm, that will not cut
polyolefins. The polyolefins do not appreciably afiisthe laser energy and are thereby
non-ablatable. Finally, polyolefin separators maylve inherently wettable to aqueous
electrolytes used in the batteries described herein

Nevertheless, there may be methods for overconieggtinherent limitations for
polyolefinic type membranes. In order to presemti@oporous separator membrane to a
high-precision cutting laser for cutting pieceoiatc segments or other advantageous
separator designs, the membrane may need to tantlavrinkle-free. If these two
conditions are not met, the separator membranenoilye fully cut because the cutting
beam may be inhibited as a result of defocusingy @therwise scattering the incident
laser energy. Additionally, if the separator memiergs not flat and wrinkle-free, the
form accuracy and geometric tolerances of the s¢gramembrane may not be
sufficiently achieved. Allowable tolerances for aggtors of current examples may be, for
example, +0 microns and -20 microns with respecharacteristic lengths and/or radii.
There may be advantages for tighter tolerance®ahierons and -10 micron and further
for tolerances of +0 microns and -5 microns. Sdapasiock material may be made flat
and wrinkle-free by temporarily laminating the mi&tkto a float glass carrier with an
appropriate low-volatility liquid. Low-volatilityiquids may have advantages over
temporary adhesives due to the fragility of theasafmr membrane and due to the amount
of processing time that may be required to relsaparator membrane from an adhesive
layer. Furthermore, in some examples achievingtaafid wrinkle-free separator
membrane on float glass using a liquid has beearabd to be much more facile than

using an adhesive. Prior to lamination, the separaembrane may be made free of
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particulates. This may be achieved by ultrasoreaming of separator membrane to
dislodge any surface-adherent particulates. In sexaenples, handling of a separator
membrane may be done in a suitable, low-particlerenment such as a laminar flow
hood or a cleanroom of at least class 10,000. Eurtbre, the float glass substrate may
be made to be particulate free by rinsing with pprapriate solvent, ultrasonic cleaning,
and/or wiping with clean room wipes.

While a wide variety of low-volatility liquids malye used for the mechanical
purpose of laminating microporous polyolefin separanembranes to a float glass
carrier, specific requirements may be imposed erlitjuid to facilitate subsequent laser
cutting of discrete separator shapes. One requitemay be that the liquid has a surface
tension low enough to soak into the pores of tipausgor material which may easily be
verified by visual inspection. In some exampleg, $bparator material turns from a white
color to a translucent appearance when liquid tiiltsmicropores of the material. It may
be desirable to choose a liquid that may be beamgh“safe” for workers that will be
exposed to the preparation and cutting operatibtisecseparator. It may be desirable to
choose a liquid whose vapor pressure may be lowgnso that appreciable evaporation
does not occur during the time scale of proces@nghe order of 1 day). Finally, in
some examples the liquid may have sufficient salggbower to dissolve advantageous
UV absorbers that may facilitate the laser cutbpgration. In an example, it has been
observed that a 12 percent (w/w) solution of avabeer UV absorber in benzyl benzoate
solvent may meet the aforementioned requirementsray lend itself to facilitating the
laser cutting of polyolefin separators with higlegsion and tolerance in short order
without an excessive number of passes of the guidiser beam. In some examples,
separators may be cut with an 8W 355 nm nanosetioaé-pumped solid state laser
using this approach where the laser may have gsttar low power attenuation (e.g. 3
percent power), a moderate speed of 1 to 10 mmdsoaly 1 to 3 passes of the laser
beam. While this UV-absorbing oily composition @&n proven to be an effective
laminating and cutting process aid, other oily fafations may be envisaged by those of
skill in the art and used without limitation.

In some examples, a separator may be cut whild fige float glass. One

advantage of laser cutting separators while fixed tloat glass carrier may be that a very
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high number density of separators may be cut frammseparator stock sheet much like
semiconductor die may be densely arrayed on @silicafer. Such an approach may
provide economy of scale and parallel processivgatages inherent in semiconductor
processes. Furthermore, the generation of scraggaep membrane may be minimized.
Once separators have been cut, the oily proceshiadnay be removed by a series of
extraction steps with miscible solvents, the lastaztion may be performed with a high-
volatility solvent such as isopropyl alcohol in ssexamples. Discrete separators, once
extracted, may be stored indefinitely in any sudédbw-particle environment.

As previously mentioned polyolefin separator membgsamay be inherently
hydrophobic and may need to be made wettable teagusurfactants used in the
batteries of the present invention. One approachake the separator membranes
wettable may be oxygen plasma treatment. For exa@rapparators may be treated for 1
to 5 minutes in a 100 percent oxygen plasma atla wariety of power settings and
oxygen flow rates. While this approach may improsegtability for a time, it may be
well-known that plasma surface modifications prevadtransient effect that may not last
long enough for robust wetting of electrolyte swos. Another approach to improve
wettability of separator membranes may be to tteasurface by incorporating a suitable
surfactant on the membrane. In some cases, thecsamt may be used in conjunction
with a hydrophilic polymeric coating that remainghin the pores of the separator
membrane.

Another approach to provide more permanence tbydeophilicity imparted by
an oxidative plasma treatment may be by subsedreatment with a suitable
hydrophilic organosilane. In this manner, the oxyg&asma may be used to activate and
impart functional groups across the entire surtae@ of the microporous separator. The
organosilane may then covalently bond to and/orcmalently adhere to the plasma
treated surface. In examples using an organositaaenherent porosity of the
microporous separator may not be appreciably clthnmgenolayer surface coverage may
also be possible and desired. Prior art methodspacating surfactants in conjunction
with polymeric coatings may require stringent colgtrover the actual amount of coating
applied to the membrane, and may then be subjgubtaess variability. In extreme

cases, pores of the separator may become blodierébty adversely affecting utility of
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the separator during the operation of the electoubal cell. An exemplary organosilane
useful in the present invention may be (3-aminophtethoxysilane. Other hydrophilic
organosilanes may be known to those of skill inatteand may be used without
limitation.

Still another method for making separator membravestable by agueous
electrolyte may be the incorporation of a suitaulgactant in the electrolyte
formulation. One consideration in the choice ofattiant for making separator
membranes wettable may be the effect that thecarfamay have on the activity of one
or more electrodes within the electrochemical ¢ellexample, by increasing the
electrical impedance of the cell. In some caseafastants may have advantageous anti-
corrosion properties, specifically in the casein€ anodes in aqueous electrolytes. Zinc
may be an example known to undergo a slow reagtiimwater to liberate hydrogen
gas, which may be undesirable. Numerous surfactaaysbe known by those of skill in
the art to limit rates of said reaction to advaetags levels. In other cases, the surfactant
may so strongly interact with the zinc electroddaste that battery performance may be
impeded. Consequently, much care may need to be mdte selection of appropriate
surfactant types and loading levels to ensuresiyarator wettability may be obtained
without deleteriously affecting electrochemicalfpemance of the cell. In some cases, a
plurality of surfactants may be used, one beinggmeto impart wettability to the
separator membrane and the other being preseatitiefte anti-corrosion properties to
the zinc anode. In one example, no hydrophilictineat is done to the separator
membrane and a surfactant or plurality of surfastaadded to the electrolyte
formulation in an amount sufficient to effect wéitdy of the separator membrane.

Discrete separators may be integrated into thenammicrobattery by direct
placement into a means for storage including agaesi cavity, pocket, or structure
within the assembly. Desirably, this storage meaag be formed by a laminar structure
having a cutout, which may be a geometric offsehefseparator shape, resulting in a
cavity, pocket, or structure within the assemblyrtkermore, the storage means may
have a ledge or step on which the separator rasitsgdassembly. The ledge or step may
optionally include a pressure-sensitive adhesiviehvietains the discrete separator.
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Advantageously, the pressure-sensitive adhesivebmalye same one used in the

construction and stack up of other elements ofxamglary laminar microbattery.

Pressure Sensitive Adhesive

In some examples, the plurality of components casig the laminar
microbatteries of the present invention may be kedgther with a pressure-sensitive
adhesive (PSA) that also serves as a sealant. Whilgriad of commercially available
pressure-sensitive adhesive formulations may eststh formulations almost always
include components that may make them unsuitablede within a biocompatible
laminar microbattery. Examples of undesirable congods in pressure-sensitive
adhesives may include low molecular mass leacladrteonents, antioxidants e.g. BHT
and/or MEHQ, plasticizing oils, impurities, oxidaly unstable moieties containing, for
example, unsaturated chemical bonds, residual stsh\and/or monomers,
polymerization initiator fragments, polar tackieand the like.

Suitable PSAs may on the other hand exhibit thHeviehg properties. They may
be able to be applied to laminar components toeaehthin layers on the order of 2 to 20
microns. As well, they may comprise a minimum of, éxample, zero undesirable or
non-biocompatible components. Additionally, theyyrhave sufficient adhesive and
cohesive properties so as to bind the componertteedaminar battery together. And,
they may be able to flow into the micron-scale dead¢ inherent in devices of the present
construction while providing for a robust sealirfgeectrolyte within the battery. In some
examples of suitable PSAs, the PSAs may have gpé&meability to water vapor in
order to maintain a desirable agueous electrolyteposition within the battery even
when the battery may be subjected to extremesnmdity for extended periods of time.
The PSAs may have good chemical resistance to coemp® of electrolytes such as
acids, surfactants, and salts. They may be ingha®@ffects of water immersion. Suitable
PSAs may have a low permeability to oxygen to minénthe rate of direct oxidation,
which may be a form of self-discharge, of zinc a®d\nd, they may facilitate a finite
permeability to hydrogen gas, which may be slowlgleed from zinc anodes in aqueous
electrolytes. This property of finite permeabilibyhydrogen gas may avoid a build-up of

internal pressure.
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In consideration of these requirements, polyisdieaty (PIB) may be a
commercially-available material that may be fornbedbinto PSA compositions meeting
many if not all desirable requirements. Furtherm®i8 may be an excellent barrier
sealant with very low water absorbance and low erygermeability. An example of PIB
useful in the examples of the present invention bepppandl B15 by BASF
Corporation. Oppan8IB15 may be dissolved in hydrocarbon solvents sisctoluene,
heptane, dodecane, mineral spirits, and the like €&emplary PSA composition may
include 30 percent OpparfoB15 (w/w) in a solvent mixture including 70 pertémn/w)
toluene and 30 percent dodecane. The adhesivehantbgical properties of PIB based
PSA's may be determined in some examples by tineliblg of different molecular mass
grades of PIB. A common approach may be to usejarityaof low molar mass PIB, e.g.
Oppanof B10 to affect wetting, tack, and adhesion, ands® a minority of high molar
mass PIB to effect toughness and resistance to @@nsequently, blends of any number
of PIB molar mass grades may be envisioned andb@agyacticed within the scope of
the present invention. Furthermore, tackifiers rnayadded to the PSA formulation so
long as the aforementioned requirements may beBwyeheir very nature, tackifiers
impart polar properties to PSA formulations, so/they need to be used with caution so
as to not adversely affect the barrier propertfeb® PSA. Furthermore, tackifiers may in
some cases be oxidatively unstable and may indadmntioxidant, which could leach
out of the PSA. For these reasons, exemplary iackifor use in PSA's for
biocompatible laminar microbatteries may includéyfuor mostly hydrogenated
hydrocarbon resin tackifiers such as the Regakeesof tackifiers from Eastman
Chemical Corporation.

Additional Package and Substrate consideratioBsanompatible Battery Modules

There may be numerous packaging and substratedesasons that may dictate
desirable characteristics for package designs inseidcompatible laminar
microbatteries. For example, the packaging mayalelsi be predominantly foil and/or
film based where these packaging layers may beias$ possible, for example, 10 to 50
microns. Additionally, the packaging may providsudficient diffusion barrier to

moisture gain or loss during the shelf life. In maesirable examples, the packaging
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may provide a sufficient diffusion barrier to oxygegress to limit degradation of zinc
anodes by direct oxidation.

In some examples, the packaging may provide afpermeation pathway to
hydrogen gas that may evolve due to direct rednafovater by zinc. And, the
packaging may desirably sufficiently contain andynsalate the contents of the battery
such that potential exposure to a user may be reamn

In the present invention, packaging constructs melyde the following types of
functional components: top and bottom packagingrayPSA layers, spacer layers,
interconnect zones, filling ports, and secondagkpging.

In some examples, top and bottom packaging layassaomprise metallic foils
or polymer films. Top and bottom packaging layeeyraomprise multi-layer film
constructs containing a plurality of polymer anddarrier layers. Such film constructs
may be referred to as coextruded barrier laminbtes fAn example of a commercial
coextruded barrier laminate film of particular iilin the present invention may be 3M
Scotchpak 1109 backing which consists of a polyetig/terephthalate (PET) carrier
web, a vapor-deposited aluminum barrier layer,apdlyethylene layer including a total
average film thickness of 33 microns. Numerous iogimailar multilayer barrier films
may be available and may be used in alternate eeampthe present invention.

In design constructions including a PSA, packadgyer surface roughness may
be of particular importance because the PSA mayraded to seal opposing packaging
layer faces. Surface roughness may result from faaturing processes used in foil and
film production, for example, processes employiolgg, extruding, embossing and/or
calendaring, among others. If the surface is togho PSA may be not able to be applied
in a uniform thickness when the desired PSA thisknmaay be on the order of the surface
roughness Ra (the arithmetic average of the rougghpiofile). Furthermore, PSA's may
not adequately seal against an opposing face bpipesing face has roughness that may
be on the order of the PSA layer thickness. Inptlesent invention, packaging materials
having a surface roughness, Ra, less than 10 nsienary be acceptable examples. In
some examples, surface roughness values may berénsior less. And, in still further
examples, the surface roughness may be 1 micrl@s®rSurface roughness values may

be measured by a variety of methods including butimited to measurement
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technigues such as white light interferometry,usyprofilometry, and the like. There may
be many examples in the art of surface metrologysbrface roughness may be
described by a number of alternative parameterstaidhe average surface roughness,
Ra, values discussed herein may be meant to beseagative of the types of features

inherent in the aforementioned manufacturing preees

Exemplary lllustrated Processing of BiocompatibieEjization — Placed Separator

An example of the steps that may be involved ircessing biocompatible
energization elements may be found referring t@.Fd — 4N. The processing at some
of the exemplary steps may be found in the indiaidigures. In Fig. 4A, a combination
of a PET Cathode Spacer 401 and a PET Gap Spaten@pbe illustrated. The PET
Cathode Spacer 401 may be formed by applying fdffRET 403 which, for example,
may be roughly 3 mils thick. On either side of BieT layer may be found PSA layers or
these may be capped with a PVDF release layer 4¢hwnay be roughly 1 mil in
thickness. The PET Gap spacer 404 may be formad”®DF layer 409 which may be
roughly 3 mils in thickness. There may be a cappid layer 405 which may be
roughly 0.5 mils in thickness. Between the PVDFela409 and the capping PET layer
405, in some examples, may be a layer of PSA.

Proceeding to Fig. 4B, a hole 406 in the PET Gagaplayer 404 may be cut by
laser cutting treatment. Next at Fig. 4C, the deT R5ap spacer layer 404 may be
laminated 408 to the PET Cathode Spacer layer@@teeding to Fig. 4D, a cathode
spacer hole 410 may be cut by laser cutting treattnidne alignment of this cutting step
may be registered to the previously cut featurehenPET Gap spacer layer 404 . At Fig.
4E, a layer of Celgard 412, for an ultimate separiatyer, may be bonded to a carrier
411. Proceeding to Fig. 4F, the Celgard materigt beacut to figures that are between
the size of the previous two laser cut holes, gapmt@aimately the size of the hole 406 in
the PET Gap spacer 404, forming a precut sepat@tarProceeding to Fig. 4G, a pick
and place tool 421 may be used to pick and plaseretie pieces of Celgard into their
desired locations on the growing device. At Fig, #t¢ placed Celgard pieces 422 are
fastened into place and then the PVDF release #3&may be removed. Proceeding to

Fig. 41, the growing device structure may be bonided film of the anode 425. The
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anode 425 may comprise an anode collector film wploich a zinc anode film has been
electrodeposited.

Proceeding to Fig. 4J, a cathode slurry 430 mgyléeed into the formed gap. A
squeegee 431 may be used in some examples to spheceathode mix across a work
piece and in the process fill the gaps of the batlevices being formed. After filling, the
remaining PVDF release layer 432 may be removediwmay result in the structure
illustrated in Fig. 4K. At Fig. 4L the entire sttuce may be subjected to a drying process
which may shrink the cathode slurry 440 to alsatde height of the PET layer top.
Proceeding to Fig. 4M, a cathode film layer 450iclmay already have the cathode
collector film upon it, may be bonded to the grogvstructure. At Fig. 4N a laser cutting
process may be performed to remove side regionadéyield a battery element 470.
There may be numerous alterations, deletions, @satogmaterials and thickness targets
that may be useful within the intent of the preseméntion.

The result of the exemplary processing may be degio some detail at Fig. 5.

In an example, the following reference features imayefined. The cathode chemistry
510 may be located in contact with the cathodecatisode collector 520. A pressure-
sensitive adhesive layer 530 may hold and seatdtteode collector 520 to a PET Spacer
layer 540. On the other side of the PET Spacer 1348 may be another PSA layer 550,
which seals and adheres the PET Spacer layer 54@ ET Gap layer 560. Another
PSA layer 565 may seal and adhere the PET Gap $®¢=to the Anode and Anode
Current Collector layers. A zinc plated layer 57@ynbe plated onto the Anode Current
Collector 580. The separator layer 590 may be éatatithin the structure to perform the
associated functions as have been defined in #sept invention. In some examples, an
electrolyte may be added during the processingetievice, in other examples, the

separator may already include electrolyte.

Exemplary Processing lllustration of BiocompatiBleergization — Deposited Separator

An example of the steps that may be involved ircessing biocompatible
energization elements may be found in Figs. 6A-TBE processing at some of the
exemplary steps may be found in the individual iggu There may be numerous

alterations, deletions, changes to materials aic#lrtess targets that may be useful within
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the intent of the present invention.

In Fig. 6A, an exemplary laminar construct 60dlissirated. The laminar
structure may comprise two laminar construct redagers, 602 and 602a; two laminar
construct adhesive layers 604 and 604a, locatedeketthe laminar construct release
layers 602 and 602a; and a laminar construct doge |6cated between the two laminar
construct adhesive layers 604 and 604a. The lamorastruct release layers, 602 and
602a, and adhesive layers, 604 and 604a, may bleiged or purchased, such as a
commercially available pressure-sensitive adhesaresfer tape with primary liner layer.
The laminar construct adhesive layers may be a PMiér which may be approximately
1-3 millimeters in thickness and cap the laminarstaict core 606. The laminar
construct core 606 may comprise a thermoplastignpet resin such as polyethylene
terephthalate, which, for example, may be roughtyilBmeters thick. Proceeding to Fig.
6B, a means for storing the cathode mixture, ssch @avity for the cathode pocket 608,
may be cut in the laminar construct by laser cgttieatment.

Next, at Fig. 6C, the bottom laminar constructastelayer 602a may be removed
from the laminar construct, exposing the laminarstauct adhesive layer 604a. The
laminar construct adhesive layer 604a may therskd to adhere an anode connection
foil 610 to cover the bottom opening of the cathpdeket 608. Proceeding to Fig. 6D,
the anode connection foil 610 may be protectecherekposed bottom layer by adhering
a masking layer 612. The masking layer 612 may cxenamercially available PSA
transfer tape with a primary liner. Next, at Fig, he anode connection foil 610 may be
electroplated with a coherent metal 614, zincgiample, which coats the exposed
section of the anode connection foil 610 insidéhefcathode pocket. Proceeding to 6F,
the anode electrical collection masking layer &l&moved from the bottom of the
anode connection foil 610 after electroplating.

Figs. 7A— 7F illustrate an alternate exemplary enofiprocessing the steps
illustrated in Figs. 6A — 6F . Figs. 7A — 7B mauysgitrate similar processes as depicted in
Figs. 6A — 6B. The laminar structure may compnge laminar construct release layers,
702 and 702a, one layer on either end; two langnastruct adhesive layers, 704 and
7044, located between the laminar construct relegees 702 and 702a; and a laminar

construct core 706, located between the two langaastruct adhesive layers 704 and
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704a. The laminar construct release layers andsaghkayers may be produced or
purchased, such as a commercially available pressnsitive adhesive transfer tape
with primary liner layer. The laminar construct adive layers may be a polyvinylidene
fluoride (PVDF) layer which may be approximatel Inillimeters in thickness and cap
the laminar construct core 706. The laminar coesitare 706 may comprise a
thermoplastic polymer resin such as polyethyleneptethalate, which, for example, may
be roughly 3 millimeters thick. Proceeding to H&, a storage means, such as a cavity,
for the cathode pocket 708, may be cut in the lamionstruct by laser cutting treatment.
In Fig. 7C, an anode connection foil 710 may benlgid and a protective masking layer
712 applied to one side. Next, at Fig. 7D, the anmzhnection foil 710 may be
electroplated with a layer 714 of a coherent mébalexample, zinc. Proceeding to Fig.
7E, the laminar constructs of Figs. 7B and 7D maygdmbined to form a new laminar
construct as depicted in Fig. 7E by adhering thesttact of Fig. 7B to the electroplated
layer 714 of Fig. 7D. The release layer 702a of flBgmay be removed in order to
expose adhesive layer 704a of Fig. 7B for adherent®electroplated layer 714 of Fig.
7D. Proceeding next to Fig 7F, the anode protectiasking layer 712 may be removed
from the bottom of the anode connection foil 710.

Figs. 8A-8H illustrate exemplary implementationseokrgization elements to a
biocompatible laminar structure, which at timeseiferred to as a laminar assembly or a
laminate assembly herein, similar to, for examitiese illustrated in Figs. 6A — 6F and
7A — 7F. Proceeding to Fig. 8A, a hydrogel sepanatecursor mixture 820 may be
deposited on the surface of the laminate assermb$pme examples, as depicted, the
hydrogel precursor mixture 820 may be applied vglease layer 802. Next, at Fig. 8B,
the hydrogel separator precursor mixture 820 magdoeegeed 850 into the cathode
pocket while being cleaned off of the release |8@%. The term “squeegeed” may
generally refer to the use of a planarizing or gicrg tool to rub across the surface and
move fluid material over the surface and into dasitis they exist. The process of
squeegeeing may be performed by equipment sinailiret vernacular “squeegee” type
device or alternatively and planarizing device saslknife edges, razor edges and the
like which may be made of numerous materials as Ineaghemically consistent with the

material to be moved.
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The processing depicted at Fig. 8B may be perforsesdral times to ensure
coating of the cathode pocket, and increment tio&rtless of resulting features. Next, at
Fig. 8C, the hydrogel separator precursor mixtuag tre allowed to dry in order to
evaporate materials, which may typically be solsemtdiluents of various types, from
the hydrogel separator precursor mixture, and themispensed and applied materials
may be cured. It may be possible to repeat botheoprocesses depicted at Fig. 8B and
Fig. 8C in combination in some examples. In sonmengles, the hydrogel separator
precursor mixture may be cured by exposure to\wbdé in other examples the curing
may be performed by exposure to photon energytilliitsther examples the curing may
involve both exposure to photon energy and to Hédagre may be numerous manners to
cure the hydrogel separator precursor mixture.

The result of curing may be to form the hydrogglasator precursor material to
the wall of the cavity as well as the surface ragioproximity to an anode or cathode
feature which in the present example may be anafesture. Adherence of the material
to the sidewalls of the cavity may be useful ingbparation function of a separator. The
result of curing may be to form an anhydrous polyeeel precursor mixture concentrate
822 which may be simply considered the separattreo€ell. Proceeding to Fig. 8D,
cathode slurry 830 may be deposited onto the saidhthe laminar construct release
layer 802. Next, at Fig. 8E the cathode slurry B2 be squeegeed into the cathode
pocket and onto the anhydrous polymerized precunsaiure concentrate 822. The
cathode slurry may be moved to its desired locatidhe cavity while simultaneously
being cleaned off to a large degree from the langoastruct release layer 802. The
process of Fig. 8E may be performed several timensure coating of the cathode slurry
830 on top of the anhydrous polymerized precursature concentrate 822. Next, at Fig.
8F, the cathode slurry may be allowed to dry dosvfotm an isolated cathode fill 832 on
top of the anhydrous polymerized precursor mixtmecentrate 822, filling in the
remainder of the cathode pocket.

Proceeding to Fig. 8G, an electrolyte formulatid® 8ay be added on to the
isolated cathode fill 832 and allowed to hydrate idolated cathode fill 832 and the
anhydrous polymerized precursor mixture concen8ag& Next, at Fig. 8H, a cathode

connection foil 816 may be adhered to the remaitangnar construct adhesive layer
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804 by removing the remaining laminar constructaek layer 802 and pressing the
connection foil 816 in place. The resulting placahmaay result in covering the hydrated
cathode fill 842 as well as establishing electrazaitact to the cathode fill 842 as a
cathode current collector and connection means.

Figs. 9A through 9C illustrate an alternative epéarof the resulting laminate
assembly from Fig. 7D. In Fig. 9A, the anode cotinedoil 710 may be obtained and a
protective masking layer 712 applied to one side dnode connection foil 710 may be
plated with a layer 714 of coherent metal with,dgample, zinc. In similar fashion as
described in the previous figures. Proceeding ¢o $8, a hydrogel separator 910 may be
applied without the use of the squeegee methaostidited in Fig. 8E. The hydrogel
separator precursor mixture may be applied in warimanners, for example, a preformed
film of the mixture may be adhered by physical adhee; alternatively, a diluted
mixture of the hydrogel separator precursor mixtaegy be dispensed and then adjusted
to a desired thickness by the processing of spatireg. Alternatively the material may be
applied by spray coating, or any other processingvalent. Next, at Fig. 9C, processing
is depicted to create a segment of the hydrogelragg that may function as a
containment around a separator region. The protgssay create a region that limits the
flow, or diffusion, of materials such as electrelyiutside the internal structure of the
formed battery elements. Such a blocking featufeddarious types may therefore be
formed. The blocking feature, in some examples, omgespond to a highly crosslinked
region of the separator layer as may be formedinesexamples by increased exposure
to photon energy in the desired region of the hlogkeature 920. In other examples,
materials may be added to the hydrogel separattariabbefore it is cured to create
regionally differentiated portions that upon curlmecome the blocking feature 920. In
still further examples, regions of the hydrogelaepor material may be removed either
before or after curing by various techniques intigdfor example, chemical etch of the
layer with masking to define the regional exterite Tegion of removed material may
create a blocking feature in its own right or altgively materially may be added back
into the void to create a blocking feature. Thecpssing of the impermeable segment
may occur through several methods including imageoocessing, increased cross-

linking, heavy photodosing, back-filling, or omigsiof hydrogel adherence to create a
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void. In some examples, a laminate construct agrabyy of the type depicted as the

result of the processing in Fig. 9C may be formétiaut the blocking feature 920.

Polymerized Battery Element Separators

In some battery designs, the use of a discreteragp (as described in a previous
section) may be precluded due to a variety of nreasach as the cost, the availability of
materials, the quality of materials, or the comfilef processing for some material
options as non-limiting examples. In such casesshor form-in-place separator which
is illustrated in the processes of Figs. 8A — 8M,dxample, may provide desirable
benefits. While starch or pasted separators hase bsed commercially with success in
AA and other format Leclanché or zinc-carbon batgrsuch separators may be
unsuitable in some ways for use in certain exampiiésminar microbatteries. Particular
attention may need to be paid to the uniformity endsistency of geometry for any
separator used in the batteries of the presennbiiore Precise control over separator
volume may be needed to facilitate precise subsedgueorporation of known cathode
volumes and subsequent realization of consistechdrge capacities and cell
performance.

A method to achieve a uniform, mechanically rodosnh-in-place separator may
be to use UV-curable hydrogel formulations. Numeraater-permeable hydrogel
formulations may be known in various industries,dgample, the contact lens industry.
An example of a common hydrogel in the contact ladsstry may be
poly(hydroxyethylmethacrylate) crosslinked gelsonply pHEMA. For numerous
applications of the present invention, pPHEMA magg®ss many attractive properties for
use in Leclanché and zinc-carbon batteries. pHE}b#cally may maintain a water
content of approximately 30-40 percent in the hiettatate while maintaining an elastic
modulus of about 100 psi or greater. Furthermdrwe modulus and water content
properties of crosslinked hydrogels may be adjubtedne of skill in the art by
incorporating additional hydrophilic monomeric (engethacrylic acid) or polymeric (e.qg.
polyvinylpyrrolidone) components. In this mannée twater content, or more
specifically, the ionic permeability of the hydrogeay be adjusted by formulation.
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Of particular advantage in some examples, a dasaiol polymerizable hydrogel
formulation may contain one or more diluents talitate processing. The diluent may be
chosen to be volatile such that the castable nextuay be squeegeed into a cavity, and
then allowed a sufficient drying time to remove Wuodatile solvent component. After
drying, a bulk photopolymerization may be initiatedexposure to actinic radiation of
appropriate wavelength, such as blue UV light & A, for the chosen photoinitiator,
such as CGI 819. The volatile diluent may helprtovjule a desirable application
viscosity so as to facilitate casting a uniformdagf polymerizable material in the
cavity. The volatile diluent may also provide beciat surface tension lowering effects,
particularly in the case where strongly polar moewsrare incorporated in the
formulation. Another aspect that may be importard¢hieve the casting of a uniform
layer of polymerizable material in the cavity magythe application viscosity. Common
small molar mass reactive monomers typically dohaste very high viscosities, which
may be typically only a few centipoise. In an efffiar provide beneficial viscosity control
of the castable and polymerizable separator mgtartagh molar mass polymeric
component known to be compatible with the polynadsie material may be selected for
incorporation into the formulation. Examples ofthigiolar mass polymers which may be
suitable for incorporation into exemplary formutetts may include polyvinylpyrrolidone
and polyethylene oxide.

In some examples the castable, polymerizable agpanay be advantageously
applied into a designed cavity, as previously dbsdr In alternative examples, there
may be no cavity at the time of polymerization téasl, the castable, polymerizable
separator formulation may be coated onto an eldetoontaining substrate, for example,
patterned zinc plated brass, and then subsequetpbsed to actinic radiation using a
photomask to selectively polymerize the separattenal in targeted areas. Unreacted
separator material may then be removed by expaswppropriate rinsing solvents. In
these examples, the separator material may berdesiyas a photo-patternable
separator.

Multiple Component Separator Formulations

The separator, useful according to examples optasent invention, may have a
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number of properties that may be important toutgcfion. In some examples, the
separator may desirably be formed in such a maamt create a physical barrier such
that layers on either side of the separator dgphwgsically contact one another. The layer
may therefore have an important characteristiondoum thickness, since while a thin
layer may be desirable for numerous reasons, aoragap free layer may be essential.
Additionally, the thin layer may desirably haveighpermeability to allow for the free
flow of ions. Also, the separator requires optinvater uptake to optimize mechanical
properties of the separator. Thus, the formulatnay contain a crosslinking component,
a hydrophilic polymer component, and a solvent conemnt.

A crosslinker may be a monomer with two or morg/perizable double bonds.
Suitable crosslinkers may be compounds with twmore polymerizable functional
groups. Examples of suitable hydrophilic crossliskaay also include compounds
having two or more polymerizable functional grougswell as hydrophilic functional
groups such as polyether, amide or hydroxyl gro8pecific examples may include
TEGDMA (tetraethyleneglycol dimethacrylate), TrEGBNtriethyleneglycol
dimethacrylate), ethyleneglycol dimethacylate (EGB)Methylenediamine
dimethyacrylamide, glycerol dimethacrylate and corations thereof.

The amounts of crosslinker that may be used iresexamples may range, e.g.,
from about 0.000415 to about 0.0156 mole per 1@éngrof reactive components in the
reaction mixture. The amount of hydrophilic croskér used may generally be about O to
about 2 weight percent and, for example, from alBbdhito about 2 weight percent.
Hydrophilic polymer components capable of incregsire viscosity of the reactive
mixture and/or increasing the degree of hydrogerding with the slow-reacting
hydrophilic monomer, such as high molecular welgidrophilic polymers, may be
desirable.

The high molecular weight hydrophilic polymers yide improved wettability,
and in some examples may improve wettability tosygarator of the present invention.
In some non-limiting examples, it may be believieat the high molecular weight
hydrophilic polymers are hydrogen bond receivergcivin aqueous environments,
hydrogen bond to water, thus becoming effectivetyarhydrophilic. The absence of

water may facilitate the incorporation of the hyahic polymer in the reaction mixture.
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Aside from the specifically named high moleculaigi¢ hydrophilic polymers, it may
be expected that any high molecular weight polywi#be useful in this invention
provided that when said polymer is added to an @k&my silicone hydrogel formulation,
the hydrophilic polymer (a) does not substantiplyase separate from the reaction
mixture and (b) imparts wettability to the resulticured polymer.

In some examples, the high molecular weight hyditagppolymer may be soluble
in the diluent at processing temperatures. Manufax processes which use water or
water soluble diluents, such as isopropyl alcol®A), may be desirable examples due to
their simplicity and reduced cost. In these exasydiggh molecular weight hydrophilic
polymers which are water soluble at processing &atpres may also be desirable
examples.

Examples of high molecular weight hydrophilic polgrs may include but are not
limited to polyamides, polylactones, polyimides|yeactams and functionalized
polyamides, polylactones, polyimides, polylactassh as PVP and copolymers thereof,
or alternatively, DMA functionalized by copolymerng DMA with a lesser molar
amount of a hydroxyl-functional monomer such as HEnd then reacting the
hydroxyl groups of the resulting copolymer with evéls containing radical
polymerizable groups. High molecular weight hydntiplpolymers may include but are
not limited to poly-N-vinyl pyrrolidone, poly-N-viyl-2-piperidone, poly-N-vinyl-2-
caprolactam, poly-N-vinyl-3-methyl-2-caprolactano)yN-vinyl-3-methyl-2-piperidone,
poly-N-vinyl-4-methyl-2-piperidone, poly-N-vinyl-#nethyl-2-caprolactam, poly-N-
vinyl-3-ethyl-2-pyrrolidone, and poly-N-vinyl-4,5uthethyl-2-pyrrolidone,
polyvinylimidazole, poly-N--N-dimethylacrylamidepfyvinyl alcohol, polyacrylic acid,
polyethylene oxide, poly 2 ethyl oxazoline, heparatysaccharides, polysaccharides,
mixtures and copolymers (including block or randtmnanched, multi-chain, comb-
shaped or star-shaped) thereof where poly-N-vinytpiglone (PVP) may be a desirable
example where PVP has been added to a hydrogelasitiom to form an
interpenetrating network which shows a low degrfesudace friction and a low
dehydration rate.

Additional components or additives, which may gatg be known in the art,

may also be included. Additives may include butrastlimited to ultra-violet absorbing
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compounds, photo-initiators such as CGI 819, readints, antimicrobial compounds,
pigments, photochromic, release agents, combiratimereof and the like.

The method associated with these types of sepanatay also include receiving
CGl 819; and then mixing with PVP, HEMA, EGDMA affeA; and then curing the
resulting mixture with a heat source or an exposughotons. In some examples the
exposure to photons may occur where the photomesggns consistent with a
wavelength occurring in the ultraviolet portiontbé electromagnetic spectrum. Other
methods of initiating polymerization generally merhed in polymerization reactions are

within the scope of the present invention.

Current Collectors and Electrodes

In some examples of zinc carbon and Leclanche,¢béscathode current
collector may be a sintered carbon rod. This tyjp@aterial may face technical hurdles
for thin electrochemical cells of the present imi@m In some examples, printed carbon
inks may be used in thin electrochemical cellsefdace a sintered carbon rod for the
cathode current collector, and in these examphbestesulting device may be formed
without significant impairment to the resulting @®chemical cell. Typically, said
carbon inks may be applied directly to packagingemals which may comprise polymer
films, or in some cases metal foils. In the examplbere the packaging film may be a
metal foil, the carbon ink may need to protectuhderlying metal foil from chemical
degradation and/or corrosion by the electrolytetif@rmore, in these examples, the
carbon ink current collector may need to provicegical conductivity from the inside
of the electrochemical cell to the outside of tleeeochemical cell, implying sealing
around or through the carbon ink. Due to the poraiare of carbon inks, this may be
not easily accomplished without significant chafjes. Carbon inks also may be applied
in layers that have finite and relatively smalcl#tness, for example, 10 to 20 microns. In
a thin electrochemical cell design in which thatatternal package thickness may only
be about 100 to 150 microns, the thickness of laaraink layer may take up a significant
fraction of the total internal volume of the elecinemical cell, thereby negatively
impacting electrical performance of the cell. Fartlthe thin nature of the overall battery

and the current collector in particular may implgraall cross-sectional area for the
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current collector. As resistance of a trace inasagith trace length and decreases with
cross-sectional area, there may be a direct tratetfeen current collector thickness
and resistance. The bulk resistivity of carbonnmky be insufficient to meet the
resistance requirement of thin batteries. Inkedilith silver or other conductive metals
may also be considered to decrease resistancer dnidlness, but they may introduce
new challenges such as incompatibility with novetegolytes. In consideration of these
factors, in some examples it may be desirabledbze=efficient and high performance
thin electrochemical cells of the present inventigrutilizing a thin metal foil as the
current collector, or to apply a thin metal filmaa underlying polymer packaging layer
to act as the current collector. Such metal foiés/mave significantly lower resistivity,
thereby allowing them to meet electrical resistarecgiirements with much less
thickness than printed carbon inks.

In some examples, one or more of the top and/dotvopackaging layers may
serve as a substrate for a sputtered current tmilewetal or metal stack. For example,
3M® Scotchpak 1109 backing may be metallized usingishyvapor deposition (PVD)
of one or more metallic layers useful as a curcefiector for a cathode. Examplary
metal stacks useful as cathode current collectang e Ti-W (titanium-tungsten)
adhesion layers and Ti (titanium) conductor layEsseemplary metal stacks useful as
anode current collectors may be Ti-W adhesion By&un (gold) conductor layers, and In
(indium) deposition layers. The thickness of theDF"lyers may be less than 500 nm in
total. If multiple layers of metals are used, thecrochemical and barrier properties may
need to be compatible with the battery. For exapgapper may be electroplated on top
of a seed layer to grow a thick layer of condudhaiditional layers may be plated upon
the copper. However, copper may be electrochemgicadbmpatible with certain
electrolytes especially in the presence of zincokdingly, if copper is used as a layer in
the battery, it may need to be sufficiently isodbtem the battery electrolyte.
Alternatively, copper may be excluded or anothetaimsibstituted.

In some other examples, top and/or bottom packagitggmay also function as
current collectors. For example, a 25 micron bfagsnay be useful as an anode current
collector for a zinc anode. The brass foil may peamally electroplated with indium

prior to electroplating with zinc. In one examptathode current collector packaging
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foils may comprise titanium foil, Hastelloy C-27&ilf chromium foil, and/or tantalum
foil. In certain designs, one or more packagingsfolay be fine blanked, embossed,
etched, textured, laser machined, or otherwisegssed to provide desirable form,

surface roughness, and/or geometry to the findpeekaging.

Anode and Anode Corrosion Inhibitors

The anode for the laminar battery of the presergntion may, for example,
comprise zinc. In traditional zinc carbon battereeginc anode may take the physical
form of a can in which the contents of the eledternical cell may be contained. For the
battery of the present invention, a zinc can magrbexample but there may be other
physical forms of zinc that may provide desirabledalize ultra-small battery designs.

Electroplated zinc may have examples of use innalrawn of industries, for
example, for the protective or aesthetic coatinmefal parts. In some examples,
electroplated zinc may be used to form thin andaomal anodes useful for batteries of
the present invention. Furthermore, the electreplainc may be patterned in seemingly
endless configurations, depending on the desigminA facile means for patterning
electroplated zinc may be processing with the dgephotomask or a physical mask. A
plating mask may be fabricated by a variety of apphes. One approach may be by
using a photomask. In these examples, a photorasigte applied to a conductive
substrate, the substrate on which zinc may subsdguee plated. The desired plating
pattern may be then projected to the photoresisaégns of a photomask, thereby
causing curing of selected areas of photoresis.uFfitured photoresist may then be
removed with appropriate solvent and cleaning tegles. The result may be a patterned
area of conductive material that may receive actegplated zinc treatment. While this
method may provide benefit to the shape or desidgiheozinc to be plated, the approach
may require use of available photopatternable nadservhich may have constrained
properties to the overall cell package constructi@onsequently, new and novel methods
for patterning zinc may be required to realize sa@&gns of thin microbatteries of the
present invention.

An alternative means of patterning zinc anodes bealgy means of a physical

mask application. A physical mask may be made tbyngudesirable apertures in a film
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having desirable barrier and/or packaging propereditionally, the film may have
pressure sensitive adhesive applied to one ordidés. Finally, the film may have
protective release liners applied to one or botieatves. The release liner may serve the
dual purpose of protecting the adhesive duringtapercutting and protecting the
adhesive during specific processing steps of aslsegrthe electrochemical cell,
specifically the cathode filling step, describedatiowing description. In some
examples, a zinc mask may comprise a PET film pf@pmately 100 microns thickness
to which a pressure sensitive adhesive may beexppiboth sides in a layer thickness of
approximately 10-20 microns. Both PSA layers magdeered by a PET release film
which may have a low surface energy surface treattraed may have an approximate
thickness of 50 microns. In these examples, thdi#ayler zinc mask may comprise PSA
and PET film. PET films and PET/PSA zinc mask cards as described herein may be
desirably processed with precision nanosecond faggpomachining equipment, such as,
Oxford Lasers E-Series laser micromachining wotkstato create ultra-precise
apertures in the mask to facilitate later platingessence, once the zinc mask has been
fabricated, one side of the release liner may b®wed, and the mask with apertures
may be laminated to the anode current collectofarahode-side packaging film/foil. In
this manner, the PSA creates a seal at the indigleseof the apertures, facilitating clean
and precise masking of the zinc during electroptati

The zinc mask may be placed and then electroplafinge or more metallic
materials may be performed. In some examples,ming be electroplated directly onto
an electrochemically compatible anode current ctilefoil such as brass. In alternate
design examples where the anode side packagingrs@sa@ polymer film or multi-layer
polymer film upon which seed metallization has bapplied, zinc, and/or the plating
solutions used for depositing zinc, may not be dbelty compatible with the underlying
seed metallization. Manifestations of lack of cotiiphty may include film cracking,
corrosion, and/or exacerbated éVolution upon contact with cell electrolyte. brch a
case, additional metals may be applied to the se#dl to affect better overall chemical
compatibility in the system. One metal that maylfparticular utility in electrochemical
cell constructions may be indium. Indium may beeiydused as an alloying agent in

battery grade zinc with its primary function betogorovide an anti-corrosion property to
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the zinc in the presence of electrolyte. In sormrengles, indium may be successfully
deposited on various seed metallizations such-&% and Au. Resulting films of 1-3
microns of indium on said seed metallization layaes/ be low-stress and adherent. In
this manner, the anode-side packaging film ancla¢tzh current collector having an
indium top layer may be conformable and durablesdme examples, it may be possible
to deposit zinc on an indium-treated surface, #sailting deposit may be very non-
uniform and nodular. This effect may occur at lowerrent density settings, for example,
20 ASF. As viewed under a microscope, nodulesraf may be observed to form on the
underlying smooth indium deposit. In certain electremical cell designs, the vertical
space allowance for the zinc anode layer may ke apout 5-10 microns maximum, but
in some examples, lower current densities may bd te zinc plating, and the resulting
nodular growths may grow taller than the maximuradevertical allowance. |t may be
that the nodular zinc growth stems from a combaratf the high overpotential of
indium and the presence of an oxide layer of indium

In some examples, higher current density DC patiray overcome the
relatively large nodular growth patterns of zincindium surfaces. For example, 100
ASF plating conditions may result in nodular zibat the size of the zinc nodules may
be drastically reduced compared to 20 ASF platongldions. Furthermore, the number
of nodules may be vastly greater under 100 ASkngatonditions. The resulting zinc
film may ultimately coalesce to a more or less amf layer with only some residual
feature of nodular growth while meeting the veltsgg@ace allowance of about 5-10
microns.

An added benefit of indium in the electrochemical may be reduction of H
formation, which may be a slow process that octuegjueous electrochemical cells
containing zinc. The indium may be beneficially bggbto one or more of the anode
current collector, the anode itself as a co-plailémy/ing component, or as a surface
coating on the electroplated zinc. For the latéeyeg indium surface coatings may be
desirably appliedn-situ by way of an electrolyte additive such as indiwichioride or
indium acetate. When such additives may be add#tetelectrolyte in small
concentrations, indium may spontaneously platexpoged zinc surfaces as well as

portions of exposed anode current collector.
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Zinc and similar anodes commonly used in commeiahary batteries is
typically found in sheet, rod, and paste forms. &hede of a miniature, biocompatible
battery may be of similar form, e.g. thin foil, may be plated as previously mentioned.
The properties of this anode may differ signifi¢pfitom those in existing batteries, for
example, because of differences in contaminanssidace finish attributed to machining
and plating processes. Accordingly, the electr@eselectrolyte may require special
engineering to meet capacity, impedance, and Bfeetequirements. For example,
special plating process parameters, plating batiposition, surface treatment, and

electrolyte composition may be needed to optimieetende performance.

Cathode Mixture

There may be numerous cathode chemistry mixtuegsiiay be consistent with

the concepts of the present invention. In some glesna cathode mixture, which may
be a term for a chemical formulation used to forbatery’s cathode, may be applied as
a paste, gel, suspension, or slurry, and may cempriransition metal oxide such as
manganese dioxide, some form of conductive addwikeh, for example, may be a form
of conductive powder such as carbon black or gtapand a water-soluble polymer such
as polyvinylpyrrolidone (PVP) or some other binddditive. In some examples, other
components may be included such as one or mormdéts, electrolyte salts, corrosion
inhibitors, water or other solvents, surfactartgalogy modifiers, and other conductive
additives, such as, conductive polymers. Once ftated and appropriately mixed, the
cathode mixture may have a desirable rheologyataws it to either be dispensed onto
desired portions of the separator and/or cathodermtcollector, or squeegeed through a
screen or stencil in a similar manner. In some gtas) the cathode mixture may be
dried before being used in later cell assemblysstepile in other examples, the cathode
may contain some or all of the electrolyte compasieend may only be partially dried to
a selected moisture content.

The transition metal oxide may, for example, be gaaese dioxide. The
manganese dioxide which may be used in the catimixtere may be, for example,
electrolytic manganese dioxide (EMD) due to thedbieral additional specific energy

that this type of manganese dioxide provides nagdat other forms, such as natural
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manganese dioxide (NMD) or chemical manganese diofCMD). Furthermore, the
EMD useful in batteries of the present inventionymaed to have a particle size and
particle size distribution that may be conducivéh® formation of depositable or
printable cathode mixture pastes/slurries. Spelficthe EMD may be processed to
remove significant large particulate components i@y be considered large relative to
other features such as battery internal dimenseemrator thicknesses, dispense tip
diameters, stencil opening sizes, or screen mesk.dParticle size optimization may also
be used to improve performance of the batteryekample, internal impedance and
discharge capacity.

Milling is the reduction of solid materials from @average particle size to a
smaller average patrticle size, by crushing, grigdautting, vibrating, or other processes.
Milling may also be used to free useful materiatgxf matrix materials in which they
may be embedded, and to concentrate minerals. lAsnaildevice that
breaks solid materials into smaller pieces by dngdcrushing, or cutting. There may be
several means for milling and many types of malepeocessed in them. Such means of
milling may include: ball mill, bead mill, mortand pestle, roller press, and jet mill
among other milling alternatives. One example dfingg may be jet milling. After the
milling, the state of the solid is changed, formyée, the particle size, the particle size
disposition and the particle shape. Aggregate mglprocesses may also be used to
remove or separate contamination or moisture frggregate to produce "dry fills" prior
to transport or structural filling. Some equipmerdy combine various techniques to sort
a solid material into a mixture of particles whesee is bounded by both a minimum and
maximum particle size. Such processing may benexdp as “classifiers” or
“classification.”

Milling may be one aspect of cathode mixture praiduncfor uniform particle size
distribution of the cathode mixture ingredientsifdmm particle size in a cathode
mixture may assist in viscosity, rheology, electroductivity, and other properties of a
cathode. Milling may assist these properties bytrotling agglomeration, or a mass
collection, of the cathode mixture ingredients. hggeration — the clustering of
disparate elements, which in the case of the cathagture, may be carbon allotropes

and transition metal oxides — may negatively afteetfilling process by leaving voids in
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the desired cathode cavity as illustrated in Fig. 1

Also, filtration may be another important step ttoe removal of agglomerated or
unwanted particles. Unwanted particles may inclonkr-sized particles, contaminates,
or other particles not explicitly accounted fottle preparation process. Filtration may be
accomplished by means such as filter-paper fiitratvacuum filtration, chromatography,
microfiltration, and other means of filtration.

In some examples, EMD may have an average pasi@deof 7 microns with a
large particle content that may contain particidatp to about 70 microns. In alternative
examples, the EMD may be sieved, further milledytberwise separated or processed to
limit large particulate content to below a certireshold, for example, 25 microns or
smaller.

The cathode may also comprise silver dioxide okelioxyhydroxide. Such
materials may offer increased capacity and lessedse in loaded voltage during
discharge relative to manganese dioxide, both alasiproperties in a battery. Batteries
based on these cathodes may have current exanmpiEspin industry and literature. A
novel microbattery utilizing a silver dioxide catteomay include a biocompatible
electrolyte, for example, one comprising zinc ctderand/or ammonium chloride instead
of potassium hydroxide.

Some examples of the cathode mixture may inclyoi@yaneric binder. The
binder may serve a number of functions in the ad¢hmixture. The primary function of
the binder may be to create a sufficient interipkerelectrical network between EMD
particles and carbon particles. A secondary funadiothe binder may be to facilitate
mechanical adhesion and electrical contact to atieocle current collector. A third
function of the binder may be to influence the thgaal properties of the cathode
mixture for advantageous dispensing and/or stemgdcreening. Still, a fourth function
of the binder may be to enhance the electrolytakgand distribution within the
cathode.

The choice of the binder polymer as well as thewahto be used may be
beneficial to the function of the cathode in thectlochemical cell of the present
invention. If the binder polymer is too solubletie electrolyte to be used, then the

primary function of the binder — electrical coniityt—- may be drastically impacted to the
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point of cell non-functionality. On the contrarf/thie binder polymer is insoluble in the
electrolyte to be used, portions of EMD may bedally insulated from the electrolyte,
resulting in diminished cell performance such akioed capacity, lower open circuit
voltage, and/or increased internal resistance.

The binder may be hydrophobic; it may also be hgdilec. Examples of binder
polymers useful for the present invention compHS®, polyisobutylene (PIB), rubbery
triblock copolymers comprising styrene end bloakshsas those manufactured by
Kraton Polymers, styrene-butadiene latex block topers, polyacrylic acid,
hydroxyethylcellulose, carboxymethylcellulose, flacarbon solids such as
polytetrafluoroethylene, among others.

A solvent may be one component of the cathode mexfisolvent may be useful
in wetting the cathode mixture, which may assighm particle distribution of the
mixture. One example of a solvent may be toluet®o Aa surfactant may be useful in
wetting, and thus distribution, of the cathode mmigt One example of a surfactant may
be a detergent, such as Trito@S-44. Triton' QS-44 may assist in the dissociation of
aggregated ingredients in the cathode mixturewalig for a more uniform distribution
of the cathode mixture ingredients.

A conductive carbon may typically be used in thedoiction of a cathode. Carbon
is capable of forming many allotropes, or differstitictural modifications. Different
carbon allotropes have different physical propsréiowing for variation in
electroconductivity. For example, the “springinesgtarbon black may help with
adherence of a cathode mixture to a current colteetowever, in energization elements
requiring relatively low amounts of energy, thesgiations in electroconductivity may be
less important than other favorable properties sisctensity, particle size, heat
conductivity, and relative uniformity, among otlpgoperties. Examples of carbon
allotropes include: diamond, graphite, graphena&rahous carbon (informally called
carbon black), buckminsterfullerenes, glassy caxla¢so called vitreous carbon), carbon
aerogels, and other possible forms of carbon cepzftiionducting electricity. One

example of a carbon allotrope may be graphite.

52



10

15

20

One example of a completed cathode mixture fornaianay be given in the

table below:
Relative

Formulation Example weight
80:20 JIMEMD/KS6 4.900
PIB B10 (from 20%

solution) 0.100
toluene 2.980
Total 7.980

where PIB is polyisobutylene, JIMEMD is jet millecanganese dioxide, KS6 is a
graphite produced by Timcal, and PIB B10 is polgisylene with a molecular weight
grade of B10.

Once the cathode mixture has been formulated avakpsed, the mixture may be
dispensed, applied, and/or stored onto a surfade asithe hydrogel separator, or the
cathode current collector, or into a volume sucthascavity in the laminar structure.
Filing onto a surface may result in a volume bdiligd over time. In order to apply,
dispense, and/or store the mixture, a certain dggoiay be desired to optimize the
dispensing, applying, and/or storing process. kangle, a less viscous rheology may
allow for better filling of the cavity while at threame time possibly sacrificing particle
distribution. A more viscous rheology may allow tiptimized particle distribution,
while possibly decreasing the ability to fill thawity and possibly losing
electroconductivity.

For example, Figs. 10A-10F illustrate examplespifroized and non-optimized
dispensing or application into a cavity. Fig. 10%ws an example of a cavity optimally
filled with the cathode mixture after applicati@lispensing, and/or storing. Fig. 10B
shows an example of a cavity with insufficientifiy in the bottom left quadrant 1002,
which may be a direct result of undesirable cathndeure rheology. Fig. 10C shows an
example of a cavity with insufficient filling in éhtop right quadrant 1004, which may be
a direct result of undesirable cathode mixture itggo Figs. 10D and 10E show

examples of a cavity with insufficient filling imé middle 1006 or bottom 1008 of the
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cavity, which may be a bubble caused by a direxttlt®f undesirable cathode mixture
rheology. Fig. 10F shows an example of a cavityhwisufficient filling towards the top
1010 of the cavity, which may be a direct resultinflesirable cathode mixture rheology.
The exemplary defects illustrated in Figs 10B-10&ymesult in several battery issues,
for example, reduced capacity, increased inteemstance, and degraded reliability.

Further, in Fig. 11, agglomeration 1102 may occua aesult of undesirable
cathode mixture rheology. Agglomeration may resuttecreased performance of the
cathode mixture, for example, decreased dischagacity and increased internal
resistance.

In one example, the cathode mixture may resempbsaaut-butter like
consistency optimized for squeegee filling the laaniconstruct cavity while maintaining
electroconductivity. In another example, the migtaray be viscous enough to be printed
into the cavity. While in yet another example, tia¢hode mixture may be dried, placed,

and stored in the cauvity.

Cathode Manufacturing

Cathode slurry chemistry may play a role in deteing cathode slurry
performance. Additives for cathode slurries mayststrof oxidizers, buffers, stabilizers,
surfactants, passivating agents, complexing ageotsysion inhibitors, or other agents
for imparting selectivity to various surfaces. bidéion, cathode slurries may contain
additives for colloidal stability and/or bufferswathstand pH shock. Developing good
cathode slurry may require balancing the combinatiaf these and other additives so
that they give the required performance as wethasequisite physical and chemical
characteristics.

Particle size may affect cathode slurry performaReeticle size distribution may
be measured by, for example, laser diffraction adyit light scattering, hydrodynamic
fractionation, sedimentation, and acoustic methimdsome examples, the estimation of
particle size may generate relative values rathem eibsolute values which may depend
on the measurement technique used. Process cohtha slurry material characteristics
may nonetheless be effective based on the cortrelative values within process

control specifications.
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Cathode slurries may consist of a liquid phaseh stsca solvent, and a solid
phase, such as oxidizers, surfactants, complexgegta, buffers, and/or other additives.
The two components may be stored separately fepresaof physical or chemical
stability. The number of components in the cathaldey may affect the manufacturing
process. Robustness of the manufacturing procegslepend on the minimized variance
of the mix ratio of the components particularlytlas number of components increase. On
the other hand, there may be important driversniduding additional components. In a
non-limiting example, it may be useful to includbiacide as a component of the
formulation of a cathode slurry for both biocompditly and longevity of slurry pot life
(the life of the cathode slurry after the composeare mixed). In such examples, the
addition of the extra biocide component may nateeto meaningful performance of
resulting batteries, but may be important nondehe for the reasons stated. Control over
the mix ratio of all components in a slurry mixtunay aid in overall control in complex
formulations. In other examples, multiple compor@thode slurries may have a limited
pot life. For some complex formulations, there rbaychanges that occur to the slurry
over time after it is mixed by effects such as @vapon or absorption or desorption of
gasses from the mixture. In such examples, cootret dilution and pH may need to be
taken into consideration when adding more compa@nent

Colloidal stability of the cathode slurry may als® an important manufacturing
consideration. For example, cathode slurry wheeectilloidal nature is unstable may
have more patrticles settling out of the mixtureerBfiore, unstable cathode slurries may
need more frequent changes of filters and may spedial mixing equipment. If a
formulation is optimized as much as practical aasl & degree of colloidal instability it
may require significant monitoring of various presg@arameters to ensure the
formulation remains in a desired specification s part of reaching a degree of
colloidal stability, the formulation may includerfactants to alter surface characteristics
of some solids in the slurry. In other exampleshi@mt controls may be used to improve
colloidal stability. For example, the temperatuféh@ slurry mixture and the control of
that temperature within a range may improve stgbiln some examples therefore,

formulations for cathode slurries may require ideatperature ranges during
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manufacturing which may include the storage, mixand distribution aspects as well as
the battery processing aspects themselves.

The nature and composition of cathode slurry mase tzan effect on
manufacturability. In large scale manufacturing tlathode slurry may be produced and
delivered by means of a cathode slurry distributigstem (cSDS), as illustrated in an
exemplary fashion in Fig. 12. In Fig. 12, all oétreagents 1200 for the cathode slurry
may be held separately in individual holding cellsis may include individual solid
phase reagents 1202, 1204, 1208 and individuabligoase reagents 1206. In one
example, a first solid phase component may be iletdhelectrolytic manganese dioxide
(JMEMD); a second solid phase reagent may be cdstaak; a third solid phase
component may be polyisobutylene (PIB); and a figstid phase component may be
toluene. These reagents may be purchased by a aorahwvendor or produced in-house.

Regardless of the origin of the reagents, a lest@gent processing 1210 must
occur. Reagent processing may include sieving 12224, 1218, filtering 1216, or both.
In one example, JIMEMD may be sieved 1212 to amagtparticle size; carbon black
may be sieved 1214 to an optimal particle size; il be sieved 1218 to an optimal
particle size; and toluene may be filtered 121&taove any contaminates or unwanted
particles. Means of sieving may include using sigupbols such as a: basket strainer, Y
strainer, bell mouth strainer, foot valve straimeetal sifter, colander, graduated sieves,
mesh strainer, and other devices used for pagizedistribution. Filtering may be
achieved by using filtering means such as a: fggrer, microfiltration, ultrafiltration,
nanofiltration, chromatography, and other forméiloftion.

Once the reagents have been processed, they magdefor transfer to reagent
pre-mixing 1220. Depending on the desired typeatii@de slurry, the reagents may be
pre-mixed in a variety of combinations. One exanmpéy be pre-mixing two solid
phases together in one cell, and pre-mixing onid pblase with one liquid phase in
another cell. For example, JIMEMD and carbon blaely fme pre-mixed together in one
solid phase pre-mixture 1222 and toluene and PI lmegore-mixed together in a
different liquid phase pre-mixture 1224.

After pre-mixing, the cSDS may incorporate addettfionality that allows for

monitoring and maintaining cathode slurry qualid@, which may be important for
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maximizing yield. Each pre-mixing cell may requdlistinct quality control measures,
1232 and 1234, optimized for the pre-mixing phaserieceiving. Commonly measured
parameters may include pH, specific gravity, andigla size distribution and oxidizer
concentration. Further, pumps, valves, fittings] ather components may have an effect
on cathode slurry properties. In one example, thidsphase pre-mixture 1222 may
require particle size distribution quality contid@32 by appropriate inspection.

To monitor the behavior of cathode slurry, bothgbgl and chemical properties
may be measured. Measurements of physical propenidg include pH, weight per
gallon, specific gravity, conductivity, and percsntids. Viscosity may be measured by
using a BROOKFIELD viscometer, which may be usegfuéen that cathode slurries may
behave in a Newtonian manner (viscosity is indepandf shear rate). However, some
formulations of slurries useful for cathode formatimay result in slurries which may be
characterized as non-Newtonian cathode slurriesxdmples of non-Newtonian slurry
dynamics, the viscosity may be measured as a fumofishear rate using a shear rate or
stress controlled rheometer. One example of a sigcoseful for applications of cathode
slurry, according to the examples of the presestldsure for filling of cavities, may be
approximately 250,00Pa-sViscosity may be an important metric that may nieebe
measured in the cSDS loop as well as during digioh as part of a quality control
system to minimize variability in the propertiesstiirry that gets delivered during the
manufacturing of biocompatible batteries.

After quality control, the solid phases and ligplthses may be mixed together
1240 to form a slurry mixture 1242. The slurry mia may be contained in a cell where
constant mixing is taking place in order to keepdhurry phases from separating. This
may be accomplished with an industrial-size mixregsel.

Once slurry mixing has been accomplished, anotheation and quality control
step 1244 may be performed. The cathode slurrypthsdes this quality control step may
proceed to slurry storage 1250. Slurry storage beaysed for high volume
manufacturing to keep up with volume requiremenitse cathode slurry mixture
contained in the storage container may need te4oerculated 1253 back into slurry
mixing 1242 in order to re-mix the solid and liqydases back into a slurry mixture.

This step may be used because the slurry maintaineainsport lines throughout the
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cSDS may require re-mixing as well. Cathode sluamiyture re-circulation may be
implemented by means of double diaphragm or befiomps, as well as
pressure/pressure or vacuum/pressure methods. aear,or centrifugal pumps may
generate high shear that may cause aggregatitie isystem. As an example, a minimum
flow rate of 1 m/s may be used for cathode sluergirculation. Cathode slurry mixture

in slurry storage 1252 may then proceed to a fiireand quality control step 1254
before proceeding to slurry distribution/filling @2

Slurry distribution/filling may require obtaininglaminar structure with a cavity
1262. Once the laminar structure with a cavity 1B6@btained, the cathode slurry
mixture may be deposited onto a desired surfacexample, the laminar structure.
Distribution/filling may be accomplished by, forample, the squeegee method as
illustrated in Fig. 8. After slurry distributioniing, drying steps 1270 may be performed
including drying or evaporating 1272 excess liquihse such as toluene.

Numerous steps have been described in refereribe fresent invention in an
exemplary manner. It may be understood that vameodifications, additions, deletions,
and changes of such nature are possible withisdbpe herein. As an example, the
various materials may have pre- or post-treatmeetformed on them additionally to
what has been described.

Handling of cathode slurry in a cSDS may be a d&ditask and care may be
taken to ensure that the cathode slurry is not dachal his may mean not subjecting the
cathode slurry to shear that is too high (may caggsgegation) or too low (may cause
settling), keeping the headspace in the tanks ramst performing regular maintenance
on the system. Optimization of the cSDS system b@ageeded to reduce aggregation

and minimize process variation.

Battery Architecture and Fabrication

Battery architecture and fabrication technology rbayclosely intertwined. As
has been discussed in earlier sections of the regsesntion, a battery has the following
elements: cathode, anode, separator, electroitieode current collector, anode current
collector, and packaging. Clever design may trgdmbine these elements in easy to

fabricate subassemblies. In other examples, optainiesign may have dual-use
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components, such as, using a metal package toelasld current collector. From a
relative volume and thickness standpoint, thesm@tts may be nearly all the same
volume, except for the cathode. In some exampheselectrochemical system may
require about two (2) to ten (10) times the volurheathode as anode due to significant
differences in mechanical density, energy dendiggcharge efficiency, material purity,
and the presence of binders, fillers, and condadiyents. In these examples, the relative
scale of the various components may be approximattéee following thicknesses of the
elements: Anode current collector = 1 um; Cathadeeat collector = 1 um; Electrolyte
= interstitial liquid (effectively O pum); Separateras thin or thick as desired where the
planned maximal thickness may be approximatelym5Anode = 5 um; and the
Cathode = 50 um. For these examples of elementsaitieaging needed to provide
sufficient protection to maintain battery chemidtryuse environments may have a
planned maximal thickness of approximately 50 um.

In some examples, which may be fundamentally @fiefrom large, prismatic
constructs such as cylindrical or rectangular foamd which may be different than
wafer-based solid state construct, such examplgsassume a “pouch”-like construct,
using webs or sheets fabricated into various condigons, with battery elements
arranged inside. The containment may have two fdmsne film folded over onto the
other side either configuration of which may fomrotroughly planar surfaces, which
may be then sealed on the perimeter to form a ocwntd his thin-but-wide form factor
may make battery elements themselves thin and Wwigdghermore, these examples may
be suitable for application through coating, gravprinting, screen printing, sputtering,
or other similar fabrication technology.

There may be numerous arrangements of the inteonaponents, such as the
anode, separator and cathode, in these “pouchh&gery examples with thin-but-wide
form factor. Within the enclosed region formed bg two films, these basic elements
may be either “co-planar” that is side-by-side lo@ $ame plane or “co-facial” which may
be face-to-face on opposite planes. In the co-plamangement, the anode, separator,
and cathode may be deposited on the same surfacthe~co-facial arrangement, the
anode may be deposited on surface-1, the cathogdendeposited on surface-2, and the

separator may be placed between the two, eithersited on one of the sides, or inserted
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as its own separate element.

Another type of example may be classified as lateiagasembly, which may
involve using films, either in a web or sheet fotmpuild up a battery layer by layer.
Sheets may be bonded to each other using adhesuasas pressure-sensitive
adhesives, thermally activated adhesives, or clemeaction-based adhesives. In some
examples the sheets may be bonded by welding mebsisuch as thermal welding,
ultrasonic welding and the like. Sheets may lemhtbelves to standard industry
practices as roll-to-roll (R2R), or sheet-to-sheetembly. As indicted earlier, an interior
volume for cathode may need to be substantialelathan the other active elements in
the battery. Much of a battery construct may haveréate the space of this cathode
material, and support it from migration during flex of the battery. Another portion of
the battery construct that may consume signifipantions of the thickness budget may
be the separator material. In some examples, & &reeof separator may create an
advantageous solution for laminate processingtiereexamples, the separator may be
formed by dispensing hydrogel material into a lageact as the separator.

In these laminate battery assembly examples, timairig product may have an
anode sheet, which may be a combination of a pacleagr and an anode current
collector, as well as substrate for the anode layex forming product may also have an
optional separator spacer sheet, a cathode sgaset;, and a cathode sheet. The cathode
sheet may be a combination of a package layer @athade current collector layer.

Intimate contact between electrodes and curretectols is of critical
importance for reducing impedance and increasiaghdirge capacity. If portions of the
electrode are not in contact with the current abdtle resistance may increase since
conductivity is then through the electrode (typic#ss conductive than the current
collector) or a portion of the electrode may becaatally disconnected. In coin cell and
cylindrical batteries, intimacy is realized with ahanical force to crimp the can, pack
paste into a can, or through similar means. Wawghess or similar springs are used in
commercial cells to maintain force within the batfdiowever, these may add to the
overall thickness of a miniature battery. In typigatch batteries, a separator may be
saturated in electrolyte, placed across the eleescand pressed down by the external

packaging. In a laminar, cofacial battery theresaneeral methods to increase electrode
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intimacy. The anode may be plated directly ontodimeent collector rather than using a
paste. This process inherently results in a higéllef intimacy and conductivity. The
cathode, however, is typically a paste. Althougider material present in the cathode
paste may provide adhesion and cohesion, mechamesdure may be needed to ensure
the cathode paste remains in contact with the datlearrent collector. This may be
especially important as the package is flexed hadattery ages and discharges, for
example, as moisture leaves the package througlatid small seals. Compression of
the cathode may be achieved in the laminar, cdfaettery by introducing a compliant
separator and/or electrolyte between the anodeahdde. A gel electrolyte or hydrogel
separator, for example, may compress on assemblg@rsimply run out of the battery
as a liquid electrolyte might. Once the batterggaled, the electrolyte and/or separator
may then push back against the cathode. An emlzgpstp may be performed after
assembly of the laminar stack, introducing compoasito the stack.

The cathode mixture for use in biocompatible batemay be used in
biocompatible devices such as, for example, implaletelectronic devices, such as
pacemakers and micro-energy harvesters, electpiisdor monitoring and/or testing a
biological function, surgical devices with activengponents, ophthalmic devices,
microsized pumps, defibrillators, stents, and ike |

Specific examples have been described to illusgateple embodiments for the
cathode mixture for use in biocompatible batterldsese examples are for said
illustration and are not intended to limit the sead the claims in any manner.
Accordingly, the description is intended to embratexamples that may be apparent to

those skilled in the art.
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WHAT ISCLAIMED IS:

1. A method for manufacturing a biocompatible batteryuse in a contact lens comprising
the steps of:

mixing one or more of a liquid phase pre-mixtuighvene or more of a solid
phase pre-mixture into a cathode slurry mixture;

filtering the cathode slurry mixture, wherein filteering removes particles from
the cathode slurry which may cause insufficieritifij of a laminated core of the biocompatible
battery;

distributing the cathode slurry mixture into admmpatible cathode for use in a
biocompatible battery, wherein the filtering occhesore the distributing of the cathode slurry;

sealing the laminated core for biocompatibilitypa

inserting the biocompatible battery in a contaats| wherein the filtering of the
cathode slurry mixture supports forming the biocatiige battery into a small enough form to
fit into the contact lens.

2. The method of claim 1 wherein the filtering occurs recirculating loop of a cathode

slurry distribution system.

3. The method of claim 2 further comprising storargl recirculating the cathode slurry
mixture after filtering the cathode slurry mixture.

4. The method of claim 2 further comprising drythg cathode slurry mixture.

5. The method of claim 2 wherein the liquid phase mixture comprises one or more

reagents wherein at least one reagent is a lichadgreagent.

6. The method of claim 5 further comprising filtegithe liquid phase reagents.

7. The method of claim 5 wherein one liquid phassgent comprises a solvent.

62



8. The method of claim 2 wherein the solid phagermixture comprises one or more
solid phase reagents.

9. The method of claim 8 further comprising sievihg solid phase reagents to a uniform
particle size.
10. The method of claim 8 wherein the solid phasgeat comprises a jet milled

electrolytic manganese dioxide.

11. The method of claim 8 wherein one solid phagerpixture comprises a transition
metal oxide.

12. The method of claim 11 wherein the transitioriahexide comprises manganese
dioxide.

13. The method of claim 8 wherein one solid phasgeat comprises a carbon allotrope.
14. The method of claim 13 wherein the carbon adlpdércomprises graphite.

15. The method of claim 14 wherein the graphite cosag carbon black.

16. The method of claim 5 wherein the liquid phasemixture comprises a hydrophobic
binder.

17. The method of claim 16 wherein the hydropholincibr comprises polyisobutylene
(PIB).

18. The method of claim 16 wherein the hydropholincér comprises a fluorocarbon
solid.
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19. The method of claim 18 wherein the fluorocarkohd comprises

polytetrafluoroethylene (PTFE).
20. The method of claim 1 further comprising:

obtaining a laminar structure wherein the lamstaucture has a volume removed
to form a cavity, wherein the laminar structure poises a first anode collector layer laminated
to a first laminar construct core, wherein thetfiasninar construct core had the volume removed
from its body before it was laminated to the fasbde collector layer, and wherein the laminar
structure comprises an electroplated anode filmaadéposited separator film thereupon within
the cavity, wherein the deposited separator filmeposited as a solution comprising a solvent
which evaporates to form a separator film; and

checking a quality of the solid phase pre-mixtame the liquid phase pre-

mixture, wherein the quality that is checked islaeticle size distribution.
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