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METHODS AND APPARATUS TO FORM BIOCOMPATIBLE ENERGKTION

PRIMARY ELEMENTS FOR BIOMEDICAL DEVICES

CROSSREFERENCE TO RELATED APPLICATIONS
This application claims the benefit of United SsalRrovisional Application No.
62/040178 filed August 21, 2014.

BACKGROUND OF THE INVENTION

1. Field of the Invention

Methods and apparatus to form biocompatible enatigiz elements are described
herein. In some embodiments, the methods and appamform the biocompatible
energization elements involve forming a separdement in the energization element. The
active elements including anodes, cathodes anttelijges may be electrochemically
connected and may interact with the formed sepaedoments. In some embodiments, a
field of use for the methods and apparatus maydehny biocompatible device or product

that requires energization elements.

2. Discussion of the Related Art

Recently, the number of medical devices and theictionality has begun to rapidly
develop. These medical devices can include, fomgka implantable pacemakers, electronic
pills for monitoring and/or testing a biologicahittion, surgical devices with active
components, contact lenses, infusion pumps, anstmulators. Added functionality and
an increase in performance to many of the aforeioreed medical devices has been
theorized and developed. However, to achieve tberibed added functionality, many of
these devices now require self-contained energizatieans that are compatible with the size
and shape requirements of these devices, as wibleanergy requirements of the new
energized components.

Some medical devices may include components sustragonductor devices that
perform a variety of functions and can be incorpetanto many biocompatible and/or
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implantable devices. However, such semiconductorpaments require energy and, thus,
energization elements should preferably also bedec in such biocompatible devices. The
topology and relatively small size of the bioconiplatdevices creates novel and challenging
environments for the definition of various functadities. In many embodiments, it is
important to provide safe, reliable, compact anst effective means to energize the
semiconductor components within the biocompatileié@kes. Therefore, a need exists for
novel embodiments of forming biocompatible energaraelements for implantation within

or upon biocompatible devices where the struct@itbebattery elements provides enhanced
containment for chemical components of the enetigiza&lements as well as improved

control over the quantity of chemical componentstaimed in the energization element.

SUMMARY OF THE INVENTION

Accordingly, methods and apparatus to form biocdibfgaenergization elements are
disclosed which afford manufacturing advantagedendreating structures which may
significantly contain the battery chemistry. As ly#ie structural design may also provide
for inherent control of the quantities of the enzagjon elements found within the battery
elements.

One general aspect includes a biocompatible exargn element including a gap
spacer layer; a first hole located in the gap splager; a cathode spacer layer, where the
cathode spacer layer is attached to the gap sf@@er a second hole located in the cathode
spacer layer, where the second hole is aligneldetditst hole, and where the second hole is
smaller than the first hole such that when the ficde and the second hole are aligned there
is a ridge of cathode spacer layer exposed initsighole. The biocompatible energization
element also includes a separator layer, wheredparator layer is placed within the first
hole in the gap spacer layer and is adhered tadge of cathode spacer layer. The
biocompatible energization element also includeawity between sides of the second hole
and a first surface of the separator layer, wheeectwvity is filled with cathode chemicals.
The biocompatible energization element also indualérst current collector coated with
anode chemicals. The biocompatible energizatiomete also includes a second current
collector, where the second current collector iglectrical connection with the cathode

chemicals. The biocompatible energization elemksat iacludes an electrolyte including
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electrolyte chemicals. The biocompatible energiraglement also includes the cathode
chemicals, anode chemicals and electrolyte chembzihg formulated for a single
discharging cycle of the energization element.

Implementations may include one or more of thimfang features: the
biocompatible energization element where the calub@micals include a salt of manganese
including manganese dioxide; the biocompatible gization element where the anode
chemicals include zinc including electrodepositedt;zthe biocompatible energization
element where the cathode chemicals include gmapbilyisobutylene, toluene, jet milled
electrolytic manganese dioxide, and KS6 primaryttsgtic graphite; the biocompatible
energization element where the cathode chemicelgda a mixture approximately of 1.5
parts 10 percent PIB B50 in toluene to 2.3 partstexhal toluene to 4.9 parts of a mixture
including approximately 80 percent jet milled etebttic manganese dioxide to 20 percent
KS6 primary synthetic graphite; the biocompatibiergization element where the
electrolyte includes zinc chloride and ammoniunodbe; and the biocompatible
energization element where the separator incluegéga@ 412.

The biocompatible energization element where tbedmpatible energization
element is electrically connected to an electreaatiement within a biomedical device such
as an ophthalmic device such as a contact lensbibeempatible energization element
where the biocompatible energization element istetally connected to an electroactive
element within a biomedical device. The biocompatdnergization element where the
separator includes hydroxyethylmethacrylate, etig/lglycol dimethylacrylate and
polyvinylpyrrolidone.

The biocompatible energization element where thieotke chemicals include a
mixture approximately of 1.5 parts 10 percent PE)En toluene to 2.3 parts additional
toluene to 4.9 parts of a mixture including appneiely 80 percent jet milled electrolytic
manganese dioxide to 20 percent KS6 primary syicteaphite, where the anode chemicals
include electrodeposited zinc, and where the ebdté includes zinc chloride and
ammonium chloride; the biocompatible energizatilement where the biocompatible
energization element is electrically connectedi@lactroactive element within a biomedical

device; the biocompatible energization element wltlee biomedical device is an
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ophthalmic device; the biocompatible energizatiement where the ophthalmic device is a
contact lens.

One general aspect includes a biocompatible exsrgn element including a
cathode spacer layer. The biocompatible energizaiement also includes a first hole
located in the cathode spacer layer. The biocotmleagnergization element also includes a
first current collector coated with anode chemicadsere the first current collector is
attached to a first surface of the cathode spager|and where a first cavity is created
between sides of the first hole and a first surfaicie first current collector coated with
anode chemicals. The biocompatible energizatiomete also includes a separator layer,
where the separator layer is formed within the fies/ity after a separator precursor mixture
is dispensed into the cavity. The biocompatiblergization element also includes a second
cavity between sides of the first hole and a Brgface of the separator layer, where the
second cawvity is filled with cathode chemicals. Biccompatible energization element also
includes a second current collector, where thersecarrent collector is in electrical
connection with the cathode chemicals. The biocdibigaenergization element also
includes an electrolyte including electrolyte cheais. The biocompatible energization
element also includes where the cathode chemeatgle chemicals and electrolyte
chemicals are formulated for a single dischargiymecof the energization element.

Implementations may include one or more of thWang features. The
biocompatible energization element where the sépawacludes hydroxyethylmethacrylate,
ethylene glycol dimethylacrylate and polyvinylpyrdone. The biocompatible energization
element where the cathode chemicals include a mne>xdpproximately of 1.5 parts 10 percent
PIB B50 in toluene to 2.3 parts additional toluémé.9 parts of a mixture including
approximately 80 percent jet milled electrolyticmganese dioxide to 20 percent KS6
primary synthetic graphite, where the anode chemiinalude electrodeposited zinc, and

where the electrolyte includes zinc chloride andremium chloride.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig.1A-1D illustrate exemplary aspects of bioconigatenergization elements in

concert with the exemplary application of contactses.
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Fig. 2 illustrates the exemplary size and shapadi¥idual cells of an exemplary

battery design.

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

with exemplary anode and cathode connections.

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

element with exemplary anode and cathode connexction

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

energization elements for biomedical devices.

Fig. 5 illustrates an exemplary fully formed bioquatible energization element.

Figs. 6A-6F illustrate exemplary method steps forctural formation of

biocompatible energization elements.

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

biocompatible energization elements with altermdéetroplating method.

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

energization elements with hydrogel separator fomiedical devices.

Figs. 9A-C illustrate exemplary methods steps farctural formation of
biocompatible energization elements utilizing aeralative separator processing

embodiments.

DETAILED DESCRIPTION OF THE INVENTION
Methods and apparatus to form three-dimension@donpatible energization
elements are disclosed in this application. Theusgpr element within the energization

elements may be formed with novel methods and roaypcse novel materials. In the
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following sections, detailed descriptions of vas@mbodiments are described. The
description of both preferred and alternative enninedts are exemplary embodiments only,
and various modifications and alterations may et to those skilled in the art.
Therefore, the exemplary embodiments do not lihetscope of this application. The three-
dimensional biocompatible energization elementdasgned for use in or proximate to the
body of a living organism.

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, thealens flow from the anode into, for
example, an electrical circuit.

"Binders" as used herein refer to a polymer thagable 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 applicaffon example, a biocompatible device does
not have toxic or injurious effects on biologicgstems.

"Cathode" as used herein refers to an electrode¢fir which electric current flows
out of a polarized electrical device. The directdrelectric current is typically opposite to
the direction of electron flow. Therefore, the #&lens flow into the cathode of the polarized
electrical device and out of, for example, the @mted electrical circuit.

“Coating” as used herein refers to a deposit ofemaltin thin forms. In some uses,
the term will refer to a thin deposit that subgtht covers the surface of a substrate it is
formed upon. In other more specialized uses, time teay be used to describe small thin
deposits in smaller regions of the surface.

"Electrode” as used herein can refer to an actiaesnm the energy source. For

example, it may include one or both of the anodeaathode.
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"Energized" as used herein refers to the stateioigbable to supply electrical current
or to have electrical energy stored within.

"Energy" as used herein refers to the capacitymfyasical system to do work. Many
uses of the energization elements may relate toapacity of being able to perform
electrical actions.

"Energy Source" or “Energization Element” or “Enegdion Device” as used herein
refers to any device or layer which is capableupiptying energy or placing a logical or
electrical device in an energized state. The enatigih elements may include batteries. The
batteries can be formed from alkaline type cellnsiséry and may be solid-state batteries or
wet cell batteries.

"Fillers" as used herein refer to one or more ematipn element separators that do
not react with either acid or alkaline electrolyt€gnerally, fillers may include substantially
water insoluble materials such as carbon blacK; dst; graphite; metal oxides and
hydroxides such as those of silicon, aluminum,igad¢ magnesium, barium, titanium, iron,
zinc, and tin; metal carbonates such as thoselafioaand magnesium; minerals such as
mica, montmorollonite, kaolinite, attapulgite, aatt; synthetic and natural zeolites such as
Portland cement; precipitated metal silicates agchalcium silicate; hollow or solid
polymer or glass microspheres, flakes and fibdcs; e

“Film” as used herein refers to a thin layer of atemial that may act as a covering or
a coating; in laminate structures the film typigapproximates a planar layer with a top
surface and a bottom surface and a body; whereibahy is typically much thinner than the
extent of the layer.

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

"Mold" as used herein refers to a rigid or semierigbject that may be used to form
three-dimensional objects from uncured formulati®@me preferred molds include two
mold parts that, when opposed to one another, e dfi@ 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
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being restored with the ability to flow electricalrrent 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 certeestablished time period.

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

"Stacked" as used herein means to place at leastdmponent layers in proximity to
each other such that at least a portion of on@aserdf one of the layers contacts a first
surface of a second layer. In some embodimentsating, whether for adhesion or other
functions, may reside between the two layers treatracontact with each other through said
coating.

"Traces" as used herein refer to energization edtg@mponents capable of
connecting together the circuit components. Fongite, circuit traces can include copper or
gold when the substrate is a printed circuit b@ard can typically be copper, gold or printed
film in a flexible circuit. A special type of “Tra& is the current collector. Current collectors
are traces with electrochemical compatibility thetkes the current collector suitable for use
in conducting electrons to and from an anode drati in the presence of electrolyte.

The methods and apparatus presented herein relienting biocompatible
energization elements for inclusion within or aat fbr three-dimensional biocompatible
devices. A particular class of energization elememy 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 disclosure, and some may be descnldetiawing sections. However, for many
of these examples, there are selected parametiharacteristics of the batteries that may
be described in their own right. In the followingcions, some characteristics and

parameters will be focused upon.
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Exemplary Biomedical Device Construction with Biogoatible Energization Elements

An example of a biomedical device that may incoapethe Energization Elements,
batteries, of the present disclosure may be arrebative focal-adjusting contact lens.
Referring to Fig. 1A, an example of such a conlrs insert may be depicted as contact lens
insert 100. In the contact lens insert 100, theag bre an electroactive element 120 that may
accommodate focal characteristic changes in regpnsontrolling voltages. A circuit 105
to provide those controlling voltage signals ashaslto provide other function such as
controlling sensing of the environment for exterc@htrol signals may be powered by a
biocompatible battery element 110. As depictedign EA, the battery element 110 may be
found as multiple major pieces, in this case timieees, and may comprise the various
configurations of battery chemistry elements ash®e discussed. The battery elements 110
may have various interconnect features to jointtogyepieces as may be depicted underlying
the region of interconnect 114. The battery elesi@a0 may be connected to a circuit
element that may have its own substrate 111 upachwhterconnect features 125 may be
located. The circuit 105, which may be in the farhan integrated circuit, may be
electrically and physically connected to the sudistd 11 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 hydrd&® which may encapsulate the insert 100
and provide a comfortable interface of the contaxc$ 150 to a user’s eye.

In reference to concepts of the present disclosheehattery elements may be formed
in a two-dimensional form as depicted in anothemeple of Fig. 1C. In this depiction there
may be two main regions of battery cells in theaerg of battery component 165 and the
second battery component in the region of battegnistry element 160. The flat element
may connect to a circuit element 163, which ingkample of Fig. 1C may contain two
major circuit areas 167. The circuit element 16¥% m@nnect to the battery element at an
electrical contact 161 and a physical contact I62. flat structure may be bent into a three-
dimensional conical structure as has been deschibiée present disclosure. In that process,
a second electrical contact 166 and a second @tysiatact 164 may be used to connect and
physically stabilize the three-dimensional struetiReferring to Fig. 1D, a representation of

this three-dimensional conical structure 180 majolb@d. The physical and electrical
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contact points 181 may also be found and the iitish may be viewed as a three-
dimensional view of the resulting structure. Thrsisture may comprise the modular
electrical and battery component that will be ipoyated with a lens 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 aairiens type example. The segmented
components may be relatively circular-shaped 2@dae-shaped 272 or rectangular-shaped.
In rectangular-shaped examples, the rectanglebeamall rectangular shapes 273, larger

rectangular shapes 274, or large rectangular stgZaftes

Custom Shapes of Flat Battery Elements

In some examples of biocompatible batteries, theebas may be formed as flat
elements. Referring to Fig. 3A an example of aamgtilar outline 310 of the battery element
may be depicted with an anode connection 311 aradledde connection 312. Referring to
Fig. 3B an example of a circular outline 330 ofadtéry element may be depicted with an
anode connection 331 and a cathode connection 332.

In some examples of flat-formed batteries, theinesl 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 battery confiiorato 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 form. The freerfanay be of such geometry that when
formed to a 3-dimmensional shape, it may take dine fof a conical, annular skirt that fits
within the constraining confines of a contact ldhgay be clear that similar beneficial
geometries may be formed where medical devices testgctive 2D or 3D shape

requirements.

10
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Biocompatibility Aspects of Batteries

As an example, the batteries according to the pteisclosure may have important
aspects relating to safety and biocompatibilitysdme examples, batteries for biomedical
devices must meet requirements above and beyosd thotypical usage scenarios. In some
examples, design aspects may be considered rétasticbssing events. For example, the
safety of an electronic contact lens may need tcdnsidered in the event a user breaks the
lens during insertion or removal. In another examgesign aspects may consider the
potential for a user to be struck in the eye bgraign object. Still further examples of
stressful conditions that may be considered in ldgieg design parameters and constraints
may relate to the potential for a user to weatéhs in challenging environments like the
environment under water or the environment at hijtude as non-limiting examples.

The safety of such a device may be influenced bymhterials that the device is
formed with, by the quantities of those materiatgpkyed in manufacturing the device, and
also by the packaging applied to separate the dg¥iom the surrounding on- or in-body
environment. In an example, pacemakers may beiealyiype of biomedical device which
may include a battery and which may be implantea urser for an extended period of time.
Accordingly, in some examples, such pacemakerstygmgally be packaged with welded,
hermetic titanium enclosures, or in other examptadgtiple layers of encapsulation.
Emerging powered biomedical devices may presentaimallenges for packaging, especially
battery packaging. These new devices may be mualiesrthan existing biomedical
devices, for example, an electronic contact lenglbcamera may be significantly smaller
than a pacemaker. In such examples, the volumarmadavailable for packaging may be

greatly reduced.

Electrical Requirements of Microbatteries

Another area for design considerations may retatddctrical requirements of the
device, which must be provided by the battery.rbfeoto function as a power source for a
medical device, an appropriate battery may needetet the full electrical requirements of
the system when operating in a non-connected oemtarnally powered mode. An

emerging field of non-connected or non-externatiypred biomedical devices may include,
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for example, vision-correcting contact lenses, thelonitoring devices, pill cameras, and
novelty devices. Recent developments in integratedit (IC) technology may permit
meaningful electrical operation at very low currlaviels, for example, picoamps of standby
current and microamps of operating current. IC’'y@ao permit very small devices.

Microbatteries for biomedical applications may bquired to meet many
simultaneous, challenging requirements. For exantpdemicrobattery may be required to
have the capability to deliver a suitable operatioljage to an incorporated electrical circuit.
This operating voltage may be influenced by seviacibrs including the IC process “node,”
the output voltage from the circuit to another deyiand a particular current consumption
target which may also relate to a desired devieére.

With respect to the IC process, nodes may typidadlgifferentiated by the minimum
feature size of a transistor, such as its “so-daliensistor channel. This physical feature,
along with other parameters of the IC fabricatg&uch as gate oxide thickness, can be
associated with a resulting rating standard fan-tum, or threshold, voltages of field-effect
transistors (FET’s) fabricated in the given procasde. For example, in a node with a
minimum feature size of 0.5 microns it may be comnwfind FET’s with turn-on voltages
of 5.0V. However, at a minimum feature size of @ the FET’s may turn-on at 1.2, 1.8,
and 2.5V. The IC foundry may supply standard a#flidigital blocks, for example, inverters
and flip-flops that have been characterized andatezl for use over certain voltage ranges.
Designers chose an IC process node based on staetaab including density of digital
devices, analog/digital mixed signal devices, lgakeurrent, wiring layers, and availability
of specialty devices such as high-voltage FET se@ithese parametric aspects of the
electrical components which may draw power fromierobattery, it may be important for
the microbattery power source to be matched togheirements of the chosen process node
and IC design especially in terms of availableagdt and current.

In some examples, an electrical circuit powerea pyicrobattery, may connect to
another device. In non-limiting examples, the matbery-powered electrical circuit may
connect to an actuator or a transducer. Dependirteapplication, these may include a
light-emitting diode (LED), a sensor, a microeleatechanical system (MEMS) pump, or
numerous other such devices. In some examples,camctected devices may require higher

operating voltage conditions than common IC prooeskes, for example, a variable-focus
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lens may require 35V to activate. The operatingags provided by the battery may
therefore be a critical consideration when desigsinch a system. In some examples of this
type of consideration, the efficiency of a lenwdrito produce 35V from a 1V battery may
be significantly less than it might be when opemgtirom a 2V battery. Further requirements
such as die size may be dramatically different ictmgg the operating parameters of the
microbattery as well.

Individual battery cells may typically be rated hipen-circuit, loaded, and cutoff
voltages. The open-circuit voltage is the potergralduced by the battery cell with infinite
load resistance. The loaded voltage is the polgmiauced by the cell with an appropriate,
and typically also specified, load impedance plaamadss the cell terminals. The cutoff
voltage is typically a voltage at which most of thedtery has been discharged. The cutoff
voltage may represent a voltage, or degree of digeh below which the battery should not
be discharged to avoid deleterious effects, suaxesssive gassing. The cutoff voltage may
typically be influenced by the circuit to which thattery is connected, not just the battery
itself, for example, the minimum operating voltagehe electronic circuit. In one example,
an alkaline cell may have an open-circuit voltag&.6V, a loaded voltage in the range 1.0 to
1.5V, and a cutoff voltage of 1.0V. The voltageadfiven microbattery cell design may
depend upon other factors of the cell chemistryleygal. And, different cell chemistry may
therefore have different cell voltages.

Cells may be connected in series to increase \@ltagwvever, this combination may
come with tradeoffs to size, internal resistanoel, lattery complexity. Cells may also be
combined in parallel configurations to decreasestasce and increase capacity, however
such a combination may tradeoff size and shelf life

Battery capacity may be the ability of a battergl&diver current, or do work, for a
period of time. Battery capacity may typically esified in units such as microamp-hours.
A battery which can deliver 1 microamp of curremt 1 hour has 1 microamp-hour of
capacity. Capacity may typically be increased lyeasing the mass (and hence volume) of
reactants within a battery device; however, it rhayappreciated that biomedical devices
may be significantly constrained on available vatuiBattery capacity may also be
influenced by electrode and electrolyte material.

13
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Depending on the requirements of the circuitry tocl the battery is connected, a
battery may be required to source current ovengeaf 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 consumption may b#herorder of nanoamps to milliamps.
Circuitry may also have even higher peak currentatals, for example, when writing flash
memory or communicating over radio frequency (RWRjs peak current may extend to tens
of milliamps or more. The resistance and impedafi@microbattery device may also be
important to design considerations.

Shelf life typically refers to the period of timénigh a battery may survive in storage
and still maintain useful operating parameterslfSifiee may be particularly important for
biomedical devices for several reasons. Electrdaigces may displace non-powered
devices, as for example, may be the case for theduction of an electronic contact lens.
Products in these existing market spaces may lstablished shelf life requirements, for
example, three years, due to customer, supply chathother requirements. It may typically
be desired that such specifications not be altenedew products. Shelf life requirements
may also be set by the distribution, inventory, aed methods of a device comprising a
microbattery. Accordingly, microbatteries for biotneal devices may have specific shelf life
requirements, which may be measured in the nunfbherass for example.

In some exemplary embodiments, three-dimensiomaidonpatible energization
elements may be rechargeable. For example, antimdwoil may also be fabricated on the
three-dimensional surface. The inductive coil cdtkeh be energized 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 threerdifoeal 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 proth@eelectrical energy for an

electrical system. In these examples, the battery Ine electrically connected to the circuit
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of the electrical system. The connections betweancait and a battery may be classified as
interconnects. These interconnects may becomeasiogly challenging for biomedical
microbatteries due to several factors. In some g@kesnpowered biomedical devices may be
very small thus allowing little area and volume floe interconnects. The restrictions of size
and area may impact the electrical resistance @rability of the interconnections.

In other respects, a battery may contain a ligledtelyte which could boil at high
temperature. This restriction may directly compeith the desire to use a solder
interconnect which may, for example, require rekdsi high temperatures such as 250
degrees C to melt. Although in some examples thertyachemistry, including the
electrolyte, and the heat source used to form sdldged interconnects may be isolated
spatially from each other, in the cases of emerbingedical devices, the small size may
preclude the separation of electrolyte and soldgietg by sufficient distance to reduce heat

conduction.

Interconnects

Interconnects may allow current to flow to and frtma battery in connection with an
external circuit. Such interconnects may interfagé the environments inside and outside
the battery, and may cross the boundary or sealdest those environments. These
interconnects may be considered as traces, makimgections to an external circuit, passing
through the battery seal, and then connectingdatinrent collectors inside the battery. As
such, these interconnects may have several regemtsmOutside the battery, the
interconnects may resemble typical printed cirtiaites. They may be soldered to or
otherwise connect to other traces. In an exampkrevtine battery is a separate physical
element from a circuit board containing an integgatircuit, the battery interconnect may
allow for connection to the external circuit. Thi@nnection may be formed with solder,
conductive tape, conductive ink or epoxy, or otieans. The interconnect traces may need
to survive in the environment outside the battéyyexample, not corroding in the presence
of oxygen.

As the interconnect passes through the batteryis@ady be of critical importance
that the interconnect coexist with the seal andthgesealing. Adhesion may be required

between the seal and interconnect in additionaatthesion which may be required between
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the seal and battery package. Seal integrity may t@be maintained in the presence of
electrolyte and other materials inside the battietgrconnects, which may typically be
metallic, may be known as points of failure in battpackaging. The electrical potential
and/or flow of current may increase the tendencyefectrolyte to “creep” along the
interconnect. Accordingly, an interconnect may nieeble engineered to maintain seal
integrity.

Inside the battery, the interconnects may interfaitle the current collectors or may
actually form the current collectors. In this redjahe interconnect may need to meet the
requirements of the current collectors as desctitezdin, or may need to form an electrical
connection to such current collectors.

One class of candidate interconnects and curréeictars is metal foils. Such foils
are available in thickness of 25 microns or ledsictv make them suitable for very thin
batteries. Such foil may also be sourced with lawexe roughness and contamination, two
factors which may be critical for battery perforrmanThe foils may include zinc, nickel,

brass, copper, titanium, other metals, and varadloys.

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 impbekattrochemical activity may make for a
challenge to creating devices that are biocompathbdr example, potassium hydroxide
(KOH) may be a commonly used electrolyte in alkalells. At high concentration the
material has a high pH and may interact unfavoralilly various living tissues. On the other
hand, in some examples electrolytes may be emplayéch may be less electrochemically
active; however, these materials may typically itasuweduced electrical performance, such
as reduced cell voltage and increased cell resistakccordingly, one key aspect of the
design and engineering of a biomedical microbatteay be the electrolyte. It may be
desirable for the electrolyte to be sufficientlyiae to meet electrical requirements while

also being relatively safe for use in- or on-body.
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Various test scenarios may be used to determingafety of battery components, in
particular electrolytes, to living cells. Theseules, in conjunction with tests of the battery
packaging, may allow engineering design of a baptgstem that may meet requirements.
For example, when developing a powered contact leattery electrolytes may be tested on
a human corneal cell model. These tests may in@xgeriments on electrolyte
concentration, exposure time, and additives. Thalt® of such tests may indicate cell
metabolism and other physiological aspects. Testgatso includen-vivo testing on
animals and humans.

Electrolytes for use in the present invention nragjude zinc chloride, zinc acetate,
ammonium acetate, and ammonium chloride in masserrations from approximately 0.1
percent to 25 percent. The specific concentratiayg depend on electrochemical activity,
battery performance, shelf life, seal integrityd dmocompatibility.

In some examples, several classes of additivesbmayilized in the composition of a
battery system. Additives may be mixed into thetetdyte base to alter its characteristics.
For example, gelling agents such as agar may ratlecability of the electrolyte to leak out
of packing, thereby increasing safety. Corrosidnhitors may be added to the electrolyte,
for example, to improve shelf life by reducing thedesired dissolution of the zinc anode
into the electrolyte. Corrosion inhibitors may imdé Tritorf QS-44 and indium acetate as
non-limiting examples. These inhibitors may pogtywor negatively affect the safety profile
of the battery. Wetting agents or surfactants neagdded, for example, to allow the
electrolyte to wet the separator or to be fillegbithe battery package. Again, these wetting
agents may be positive or negative for safety. adition of surfactant to the electrolyte
may increase the electrical impedance of the aetlprding the lowest concentration of
surfactant to achieve the desired wetting or ofineperties should be used. Exemplary
surfactants may include Trit8rX-100, Tritorf QS44, and Dowfdk3B2 in concentrations
from 0.01 percent to 2 percent.

One example of an electrolyte formulation may i#%2inc chloride, 500 ppm of
Triton® QS-44, 200 ppm of indium +3 ion supplied as indaretate, and the balance water.

Novel electrolytes are also emerging which may érasally improve the safety
profile of biomedical microbatteries. For examp@eslass of solid electrolytes may be

inherently resistant to leaking while still offegisuitable electrical performance.
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Batteries using “salt water” electrolyte are comigarsed in reserve cells for marine
use. Torpedoes, buoys, and emergency lights magucsebatteries. Reserve cells are
batteries in which the active materials, the etat#s and electrolyte, are separated until the
time of use. Because of this separation, the selfsdischarge is greatly reduced and shelf
life is greatly increased. Salt water batteries inayglesigned from a variety of electrode
materials, including zinc, magnesium, aluminum,gE@ptin, manganese dioxide, and silver
oxide. The electrolyte may be actual sea wateretample, water from the ocean flooding
the battery upon contact, or may be a speciallynereged saline formulation. This type of
battery may be particularly useful in contact lengesaline electrolyte may have superior
biocompatibility as compared to classical electiedysuch as potassium hydroxide and zinc
chloride. Contact lenses are stored in a “packalgt®n” which is typically a mixture of
sodium chloride, perhaps with other salts and bimfeagents. This solution has been
demonstrated as a battery electrolyte in combinatith a zinc anode and manganese
dioxide cathode. Other electrolyte and electrodahinations are possible. A contact lens
using a “salt water” battery may contain an eldgteobased on sodium chloride, packing
solution, or even a specially engineered electeodynilar to tear fluid. Such a battery could,
for example, be activated with packing solutionjnten an opening to the 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 lens pobdiypical contact lenses are specified for
storage of 3 years or more. This is a challengaggirement for a battery with a small and
thin package. A reserve cell for use in a contags Imay have a design similar to those
shown in Figures 3, but the electrolyte would lIb@tadded at the time of manufacture. The
electrolyte may be stored in an ampule within thetact lens and connected to the battery,
or saline surrounding the battery may be usedeasléctrolyte. Within the contact lens and
battery package, a valve or port may be designedparate the electrolyte from the
electrodes until the user activates the lens. Wmbivation, perhaps by simply pinching the
edge of the contact lens similar to activatingangstick, the electrolyte is allowed to flow
into the battery and form an ionic pathway betwenenelectrodes. This may involve a one-

time transfer of electrolyte or may expose thedwgittor continued diffusion.
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Some battery systems may use or consume electohlyiieg the chemical reaction.
Accordingly, it may be necessary to engineer aagesolume of electrolyte into the
packaged system. This electrolyte may be “parkedarious locations including the
separator or a reservoir.

In some examples, a design of a battery systemimehyde a component or
components that may function to limit dischargeacay of the battery system. For example,
it may be desirable to design the materials anduatsaf materials of the anode, cathode, or
electrolyte such that one of them may be depletetiduring the course of reactions in the
battery system. In such an example, the deplefiem® of the anode, cathode or electrolyte
may reduce the potential for problematic dischange side reactions to not take place at
lower discharge voltages. These problematic reastinay produce, for example, excessive

gas or byproducts which could be detrimental tetyadnd other factors.

Modular Battery Components

In some examples, a modular battery component radgrimed according to some
aspects and examples of the present disclosutieese examples, the modular battery
assembly may be a separate component from othisrgfahe biomedical device. In the
example of an ophthalmic contact lens device, sudbsign may comprise a modular battery
that is separate from the rest of a media insérd may be numerous advantages of
forming a modular battery component. For exampléhe example of the contact lens, a
modular battery component may be formed in a sépanan-integrated process which may
alleviate the need to handle rigid, three-dimeraligrformed optical plastic components. In
addition, the sources of manufacturing may be rflexgble and may operate in a more
parallel mode to the manufacturing of the other gonents in the biomedical device.
Furthermore, the fabrication of the modular batmygnponents may be decoupled from the
characteristics of three-dimensional shaped devieasexample, in applications requiring
three-dimensional final forms, a modular batterstegn may be fabricated in a flat or
roughly two-dimensional perspective and then shapeie appropriate three-dimensional
shape. A modular battery component may be testtgpandently of the rest of the
biomedical device and yield loss due to battery poments may be sorted before assembly.

The resulting modular battery component may bézatilin various media insert constructs
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that do not have an appropriate rigid region upbickvthe battery components may be
formed; and, in a still further example, the usenafdular battery components may facilitate
the use of different options for fabrication teclugpes than would otherwise be utilized,
such as web-based technology (roll to roll), shxsested technology (sheet-to-sheet), printing,
lithography, and “squeegee” processing. In somenplkes of a modular battery, the discrete
containment aspect of such a device may resutiditianal material being added to the
overall biomedical device construct. Such effecésy/ iset a constraint for the use of modular
battery solutions when the available space parasegquire minimized thickness or volume
of solutions.

Battery shape requirements may be driven at legsit by the application for which
the battery is to be used. Traditional battery féactors may be cylindrical forms or
rectangular prisms, made of metal, and may be ddaveard products which require large
amounts of power for long durations. These appboatmay be large enough that they may
contain large form factor batteries. In anothemegie, planar solid-state batteries may be
thin rectangular prisms, typically formed upon @xible silicon or glass. These planar solid-
state batteries may be formed in some exampleg s8inoon wafer-processing technologies.
In another type of battery form factor, low powigxible batteries may be formed in a
pouch construct, using thin foils or plastic to &@on the battery chemistry. These batteries
may be made flat, and may be designed to functioenvbowed to a modest out-of-plane
curvature.

In some of the examples of the battery applicatioreeccordance with the present
invention where the battery may be employed inréats&e optic lens, the form factor may
require a three-dimensional curvature of the battemponent where a radius of that
curvature may be on the order of approximatelyn®m. The nature of such a curvature may
be considered to be relatively steep and for raferenay approximate the type of curvature
found on a human fingertip. The nature of a retatiteep curvature creates challenging
aspects for manufacture. In some examples of #xsept disclosure, a modular battery
component may be designed such that it may becttied in a flat, two-dimensional manner

and then formed into a three-dimensional form tHtinee high curvature.
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Battery Module Thickness

In designing battery components for biomedical epgtibns, tradeoffs amongst the
various parameters may be made balancing techsedalty and functional requirements.
The thickness of the battery component may be @oitant and limiting parameter. For
example, in an optical lens application the abititya device to be comfortably worn by a
user may have a critical dependence on the thiskae®ss the biomedical device.
Therefore, there may be critical enabling aspectesigning the battery for thinner results.
In some examples, battery thickness may be detechby the combined thicknesses of top
and bottom sheets, spacer sheets, and adhesiveHay@messes. Practical manufacturing
aspects may drive certain parameters of film theslsnto standard values in available sheet
stock. In addition, the films may have minimum Kmess values to which they may be
specified base upon technical considerations ngldat chemical compatibility, moisture /
gas impermeability, surface finish, and compatipilvith coatings that may be deposited
upon the film layers.

In some examples, a desired or goal thicknesdiofshed battery component may be
a component thickness that is less than 220unhelsetexamples, this desired thickness may
be driven by the three-dimensional geometry ofxanm®lary ophthalmic lens device where
the battery component may need to be fit insideatlalable volume defined by a hydrogel
lens shape with given end user comfort, biocompiyiband acceptance constraints. This
volume and its effect on the needs of battery camepbthickness may be a function of total
device thickness specification as well as devieeifigation relating to its width, cone angle,
and inner diameter. Another important design caersidbon for the resulting battery
component design may relate to the volume availfablactive battery chemicals and
materials in a given battery component design va#ipect to the resulting chemical energy
that may result from that design. This resultingraical energy may then be balanced for the
electrical requirements of a functional biomedibavice for its targeted life and operating

conditions

Battery Module Flexibility

Another dimension of relevance to battery desightarthe design of related devices

that utilize battery based energy sources is thalility of the battery component. There
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may be numerous advantages conferred by flexilitedygorms. For example, a flexible
battery module may facilitate the previously meméid ability to fabricate the battery form in
a two-dimensional flat form. The flexibility of tHerm may allow the two-dimensional
battery to then be formed into an appropriate Hoiegensional shape to fit into a biomedical
device such as a contact lens.

In another example of the benefits that may beearoad by flexibility in the battery
module, if the battery and the subsequent devitiex#le then there may be advantages
relating to the use of the device. In an examptmrdact lens form of a biomedical device
may have advantages for insertion/removal of thdia@sert based contact lens that may be
closer to the insertion/removal of a standard, fiéed hydrogel contact lens.

The number of flexures may be important to the megjing of the battery. For
example, a battery which may only flex one timearfra planar form into a shape suitable for
a contact lens may have significantly differentige$rom a battery capable of multiple
flexures. The flexure of the battery may also eatbayond the ability to mechanically
survive the flexure event. For example, an eleenoady be physically capable of flexing
without breaking, but the mechanical and electrotbal properties of the electrode may be
altered by flexure. Flex-induced changes may apipsgantly, for example, as changes to
impedance, or flexure may introduce changes whieloaly 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 disclosurebraytilized. In general, the battery width
requirement may be largely a function of the aggian in which it is applied. In an
exemplary case, a contact lens battery system anagy ¢tonstrained 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 dewiegy occupy a central spherical region of
about 7.0 mm in diameter. The exemplary battersnelds may be considered as a 3-
dimensional object, which fits as an annular, cals&irt around the central optic and

formed into a truncated conical ring. If the re@dimaximum diameter of the rigid insert is a
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diameter of 8.50 mm, and tangency to a certain eéiansphere may be targeted (as for
example in a roughly 8.40 mm diameter), then gepmmatly dictate what the allowable
battery width may be. There may be geometric mattalismay be useful for calculating
desirable specifications for the resulting geometiych in some examples may be termed a
conical frustum flattened into a sector of an aosul

Flattened battery width may be driven by two feasuof the battery element, the
active battery components and seal width. In saxaenples relating to ophthalmic devices a
target thickness may be between 0.100 mm and OrsO@er side, and the active battery
components may be targeted at roughly 0.800 mm.\@t®er biomedical devices may have
differing design constraints but the principlesflexible 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 segsnéma non-limiting example, the
fabrication of discrete and smaller elements mailifate production of the elements. The
function of battery elements including numerous lEnalements may be improved. Defects
of various kinds may be segmented and non-fundtileanents may be isolated in some
cases to result in decreased loss of function. Mg be relevant in examples where the loss
of battery electrolyte may occur. The isolationrafividualized components may allow for a
defect that results in leakage of electrolyte duhe critical regions of the battery to limit the
loss of function to that small segment of the tb&ttery element whereas the electrolyte loss
through the defect could empty a significantly &rgegion for batteries configured as a
single cell. Smaller cells may result in lowerediwoe of active battery chemicals on an
overall perspective, but the mesh of material surding each of the smaller cells may result

in a strengthening of the overall structure.

Battery Element Internal Seals

In some examples of battery elements for use imbthcal devices, the chemical

action of the battery involves agueous chemisthene water or moisture is an important
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constituent to control. Therefore it may be impott@ incorporate sealing mechanisms that
retard or prevent the movement of moisture eitheod or into the battery body. Moisture
barriers may be designed to keep the internal nn@dével at a designed level, within some
tolerance. In some examples, a moisture barrierbmeagivided into two sections or
components; namely, the package and the seal.

The package may refer to the main material of tibosure. In some examples, the
package may be comprised of a bulk material. Thee¥W&apor Transmission Rate (WVTR)
may be an indicator of performance, with ISO, AS3tdndards controlling the test
procedure, including the environmental conditioperant during the testing. Ideally, the
WVTR for a good battery package may be “zero.” Egkary materials with a near-zero
WVTR may be glass and metal foils. Plastics, onatirer hand, may be inherently porous to
moisture, and may vary significantly for differdgpes of plastic. Engineered materials,
laminates, or co-extrudes may usually be hybridh@icommon package materials.

The seal may be the interface between two of tiekggpge surfaces. The connecting of
seal surfaces finishes the enclosure along witlp#o&age. In many examples, the nature of
seal designs may make them difficult to charactefioz the seal’s WVTR due to difficulty in
performing measurements using an ISO or ASTM stahde the sample size or surface
area may not be compatible with those procedunesoiine examples, a practical manner to
testing seal integrity may be a functional testhef actual seal design, for some defined
conditions. Seal performance may be a functiomefseal material, the seal thickness, the
seal length, the seal width, and the seal adhesiortimacy to package substrates.

In some examples, seals may be formed by a wefgtimgess that may involve
thermal, laser, solvent, friction, ultrasonic, or arocessing. In other examples, seals may be
formed through the use of adhesive sealants suglues, epoxies, acrylics, natural rubber,
and synthetic rubber. Other examples may deriva tiee utilization of gasket type material
that may be formed from cork, natural and synthetinber, polytetrafluoroethylene (PTFE),
polypropylene, and silicones to mention a few riamting examples.

In some examples, the batteries according to tbgepit disclosure may be designed
to have a specified operating life. The operatifegrhay be estimated by determining a
practical amount of moisture permeability that rbayobtained using a particular battery

system and then estimating when such a moistukadeamay result in an end of life
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condition for the battery. For example, if a battsrstored in a wet environment, then the
partial pressure difference between inside andderithe battery will be minimal, resulting
in a reduced moisture loss rate, and thereforbaltery life may be extended. The same
exemplary battery stored in a particularly dry &od environment may have a significantly

reduced expectable lifetime due to the strong dgvunction for moisture loss.

Battery Element Separators

Batteries of the type described in the presentaisce 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 dissolestt@yte components; however, it may
typically be electrically non-conductive. While ynad of commercially-available separator
materials may be known to those of skill in the #ré novel form factor of the present
disclosure may present unique constraints on sledbseparator selection, processing, and
handling.

Since the designs of the present disclosure mag ulra-thin profiles, the choice
may be limited to the thinnest separator matetigigally available. For example, separators
of approximately 25 microns in thickness may bardet. Some examples which may be
advantageous may be about 12 microns in thickiié®&se may be numerous acceptable
commercial separators include microfibrillated, romorous polyethylene monolayer and/or
polypropylene-polyethylene-polypropylene (PP/PE/®R)yer separator membranes such as
those produced by Celgard (Charlotte, NC). A detgraxample of separator material may
be Celgard M824 PP/PE/PP trilayer membrane havihgkness of 12 microns. Alternative
examples of separator materials useful for exangfiéfse present invention may include
separator membranes comprising regenerated cal(gog. cellophane).

While PP/PE/PP trilayer separator membranes mag a&dvantageous thickness and
mechanical properties, owing to their polyolefinf@aracter, they may also suffer from a
number of disadvantages that must be overcomeder o make them useful in examples of
the present invention. Roll or sheet stock of PAPPHrilayer separator materials may have
numerous wrinkles or other form errors that mayléleterious to the micron-level

tolerances applicable to the batteries describeeirhe=urthermore, polyolefin separators
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may need to be cut to ultra-precise tolerancestusion in the present designs, which may
therefore implicate laser cutting as a preferrethoet of forming discrete current collectors
in desirable shapes with tight tolerances. Owinthé&polyolefinic character of these
separators, certain cutting lasers useful for miabvication may employ laser wavelengths,
e.g. 355 nm, that will not cut polyolefins. The ymkfins do not appreciably absorb the laser
energy and are thereby non-ablatable. Finally,glefin separators may not be inherently
wettable to aqueous electrolytes used in the besteiescribed herein.

Nevertheless, there may be methods for overcorieggtinherent 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 ntlavrinkle-free. If these two
conditions are not met, the separator membranenoilye fully cut because the cutting
beam may be inhibited as a result of defocusing atherwise scattering the incident laser
energy. Additionally, if the separator membraneasflat and wrinkle-free, the form
accuracy and geometric tolerances of the separaorbrane may not be sufficiently
achieved. Allowable tolerances for separators ofecit examples may be preferably +0
microns and -20 microns with respect to charadterisngths and/or radii. There may be
advantages for tighter tolerances of +0 microns-a0dmnicron and further for tolerances of
+0 microns and -5 microns. Separator stock materét be made flat and wrinkle-free by
temporarily laminating the material to a float glasirrier with an appropriate low-volatility
liquid. Low-volatility liquids may be preferred oveemporary adhesives due to the fragility
of the separator membrane and due to the amouymboéssing time that may be required to
release separator membrane from an adhesive Ryghermore, in some examples
achieving a flat and wrinkle-free separator meméram float glass using a liquid has been
observed to be much more facile than using an aghd2rior to lamination, the separator
membrane may be made free of particulates. Thisbmachieved by ultrasonic cleaning of
separator membrane to dislodge any surface-adheaetitulates. In some examples,
handling of a separator membrane may be doneuitabke, low-particle environment such
as a laminar flow hood or a cleanroom of at lekstsc10,000. Furthermore, the float glass
substrate may be made to be particulate free Byngrwith an appropriate solvent,

ultrasonic cleaning, and/or wiping with clean roaspes.
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While a wide variety of low-volatility liquids malye used for the mechanical purpose
of laminating microporous polyolefin separator meanies to a float glass carrier, specific
requirements may be imposed on the liquid to fiatdi subsequent laser cutting of discrete
separator shapes. One requirement may be thagthe has a surface tension low enough to
soak into the pores of the separator material wirialy easily be verified by visual
inspection. In some examples, the separator mhterres from a white color to a translucent
appearance when liquid fills the micropores ofrtiegerial. It may be desirable to choose a
liquid that may be benign and “safe” for workeratttvill be exposed to the preparation and
cutting operations of the separator. It may berdbk to choose a liquid whose vapor
pressure may be low enough so that appreciableoeatdgn does not occur during the time
scale of processing (on the order of 1 day). Amallsome examples the liquid may have
sufficient solvating power to dissolve advantagedWsabsorbers that may facilitate the
laser cutting operation. In an example, it has hd®served that a 12 percent (w/w) solution
of avobenzone UV absorber in benzyl benzoate sbimay meet the aforementioned
requirements and may lend itself to facilitating taser cutting of polyolefin separators with
high precision and tolerance in short order withemuexcessive number of passes of the
cutting laser beam. In some examples, separatoydmaut with an 8W 355 nm nanosecond
diode-pumped solid state laser using this appredwre the laser may have settings for low
power attenuation (e.g. 3 percent power), a mode@ated of 1 to 10 mm/s, and only 1 to 3
passes of the laser beam. While this UV-absorbitygcomposition has been proven to be an
effective laminating and cutting process aid, othigr formulations may be envisaged by
those of skill in the art and used without limigerti

In some examples, a separator may be cut while fiae float glass. One advantage
of laser cutting separators while fixed to a flgktss carrier may be that a very high number
density of separators may be cut from one sepastdok sheet; much like semiconductor die
may be densely arrayed on a silicon wafer. Sucip@noach may provide economy of scale
and parallel processing advantages inherent incegructor processes. Furthermore, the
generation of scrap separator membrane may be madmOnce separators have been cut,
the oily process aid fluid may be removed by aeseoif extraction steps with miscible

solvents, the last extraction may be performed wittigh-volatility solvent such as isopropyl
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alcohol in some examples. Discrete separators, exicacted, may be stored indefinitely in
any suitable low-particle environment.

As previously set forth, polyolefin separator meart@s may be inherently
hydrophobic and may need to be made wettable tecagusurfactants used in the batteries
of the present invention. One approach to makséparator membranes wettable may be
oxygen plasma treatment. For example, separatoydbmareated for 1 to 5 minutes in a 100
percent oxygen plasma at a wide variety of powtings and oxygen flow rates. While this
approach may improve wettability for a time, it m@gy/well-known that plasma surface
modifications provide a transient effect that may last long enough for robust wetting of
electrolyte solutions. Another approach to improxegtability of separator membranes may
be to treat the surface by incorporating a suitabléactant on the membrane. In some cases,
the surfactant may be used in conjunction with @bghilic polymeric coating that remains
within the pores of the separator membrane.

Another approach to provide more permanence tbydeophilicity imparted by an
oxidative plasma treatment may be by subsequeathtent with a suitable hydrophilic
organosilane. In this manner, the oxygen plasmalmaysed to activate and impart
functional groups across the entire surface ar¢leofmicroporous separator. The
organosilane may then covalently bond to and/orcmsalently adhere to the plasma treated
surface. In examples using an organosilane, therémh porosity of the microporous
separator may not be appreciably changed; monotayé&ce coverage may also be possible
and desired. Prior art methods incorporating stafgs in conjunction with polymeric
coatings may require stringent controls over theal@mount of coating applied to the
membrane, and may then be subject to process iayidh extreme cases, pores of the
separator may become blocked, thereby adversedygtad§ utility of the separator during the
operation of the electrochemical cell. An exemplamyanosilane useful in the present
disclosure may be (3-aminopropyl)triethoxysilanéh&d hydrophilic organosilanes may be
known to those of skill in the art and may be usgtout limitation.

Still another method for making separator membravettable by aqueous electrolyte
may be the incorporation of a suitable surfactaribhe electrolyte formulation. One
consideration in the choice of surfactant for mglkseparator membranes wettable may be

the effect that the surfactant may have on theviactof one or more electrodes within the
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electrochemical cell, for example, by increasing ¢tectrical impedance of the cell. In some
cases, surfactants may have advantageous antstmrnoroperties, specifically in the case
of zinc anodes in aqueous electrolytes. Zinc magrbexample known to undergo a slow
reaction with water to liberate hydrogen gas, whiedy be undesirable. Numerous
surfactants may be known by those of skill in thaa@limit rates of said reaction to
advantageous levels. In other cases, the surfatiayto strongly interact with the zinc
electrode surface that battery performance mayipeded. Consequently, much care may
need to be made in the selection of appropriataciant types and loading levels to ensure
that separator wettability may be obtained withdeleteriously affecting electrochemical
performance of the cell. In some cases, a plurafigurfactants may be used, one being
present to impart wettability to the separator meané and the other being present to
facilitate anti-corrosion properties to the zinode. In one example, no hydrophilic
treatment is done to the separator membrane andactnt or plurality of surfactants is
added to the electrolyte formulation in an amourificent to effect wettability of the
separator membrane.

Discrete separators may be integrated into thenlanmicrobattery by direct
placement into a designed cavity, pocket, or stinectvithin the assembly. Desirably, this
pocket may be formed by a spacer having a cutatiintiay be a geometric offset of the
separator shape. Furthermore, the pocket may hiedgea or step on which the separator
rests during assembly. Said ledge or step maymgdtiinclude a pressure sensitive adhesive
which retains the discrete separator. Advantaggotls pressure sensitive adhesive may be
the same one used in the construction and staok ofiner elements of an exemplary laminar

microbattery.

Pressure Sensitive Adhesive

In some examples, the plurality of components casmg the laminar microbatteries
of the present invention may be held together wigliessure-sensitive adhesive (PSA) that
also serves as a sealant. While a myriad of comaigravailable pressure sensitive
adhesive formulations may exist, such formulatiainsost always include components that
may make them unsuitable for use within a biocomjgtaminar microbattery. Examples of

undesirable components in pressure sensitive adigesiay include: low molecular mass
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leachable components, antioxidants e.g. BHT arddE Q, plasticizing oils, impurities,
oxidatively unstable moieties containing, for exdnpnsaturated chemical bonds, residual
solvents and/or monomers, polymerization initidtagments, polar tackifiers, and the like.

Suitable PSAs may on the other hand exhibit theviehg properties. They may be
able to be applied to laminar components to achilewelayers on the order of 2 to 20
microns. As well, they may contain a minimum okferably zero, undesirable or non-
biocompatible components. Additionally, they mayédaufficient adhesive and cohesive
properties so as to bind the components of thenanbattery together. And, they may be
able to flow into the micron-scale features inhéierdevices of the present construction
while providing for a robust sealing of electrolytéhin the battery. In some examples of
suitable PSAs, the PSAs may have a low permeabilityater vapor in order to maintain a
desirable aqueous electrolyte composition withenlihttery even when the battery may be
subjected to extremes in humidity for extendedqasiof time. The PSAs may have good
chemical resistance to components of electrolyiel as acids, surfactants, and salts. They
may be inert to the effects of water immersiont&ie PSAs may have a low permeability
to oxygen to minimize the rate of direct oxidatiarhich may be a form of self-discharge, of
zinc anodes. And, they may facilitate a finite peafnility to hydrogen gas, which may be
slowly evolved from zinc anodes in aqueous elegtesl This property of finite permeability
to hydrogen gas may avoid a build-up of internalspure.

In consideration of these requirements, polyisdleaty (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 oxygen paifoigy. An example of PIB useful in
the examples of the present invention may be Offi@is by BASF Corporation.

Oppanof B15 may be dissolved in hydrocarbon solvents sisctoluene, heptane, dodecane,
mineral spirits, and the like. One exemplary PSAposition may include 30 percent
Oppanof B15 (w/w) in a solvent mixture including 70 pertém/w) toluene and 30 percent
dodecane. The adhesive and rheological propeitietBobased PSA's may be determined in
some examples by the blending of different moleculass grades of PIB. A common
approach may be to use a majority of low molar niiBs e.g. Oppan8IB10 to affect

wetting, tack, and adhesion, and to use a minofitygh molar mass PIB to affect toughness
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and resistance to flow. Consequently, blends oframgber of PIB molar mass grades may
be envisioned and may be practiced within the scbpiee present invention. Furthermore,
tackifiers may be added to the PSA formulationmswlas the aforementioned requirements
may be met. By their very nature, tackifiers imgaolar properties to PSA formulations, so
they may need to be used with caution so as tadwersely affect the barrier properties of
the PSA. Furthermore, tackifiers may in some casesxidatively unstable and may include
an antioxidant, which could leach out of the PSéx. these reasons, exemplary tackifiers for
use in PSA's for biocompatible laminar microbaéieninay include fully- or mostly
hydrogenated hydrocarbon resin tackifiers suclha®iegalrez series of tackifiers from

Eastman Chemical Corporation.

Additional Package and Substrate consideratioBdoompatible Battery Modules

There may be numerous packaging and substratedesagons that may dictate
desirable characteristics for package designs inseidcompatible laminar microbatteries.
For example, the packaging may desirably be predamtiy foil and/or film based where
these packaging layers may be as thin as pos&iblexample, 10 to 50 microns.
Additionally, the packaging may provide a suffidieliffusion barrier to moisture gain or loss
during the shelf life. In many desirable exampths, packaging may provide a sufficient
diffusion barrier to oxygen ingress to limit degasidn of zinc anodes by direct oxidation.

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

In the present disclosure, packaging constructsaoayprise the following types of
functional components; namely, top and bottom pgicicalayers, PSA 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 layers roayprise multi-layer film constructs
containing a plurality of polymer and/or barrieydas. Such film constructs may be referred
to as coextruded barrier laminate films. An exangfla commercial coextruded barrier

laminate film of particular utility in the preseimivention may be 3M Scotchpak 1109
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backing which consists of a PET carrier web, a valgposited aluminum barrier layer, and

a polyethylene layer comprising a total average fliickness of 33 microns. Numerous

other similar multilayer barrier films may be awdile and may be used in alternate examples
of the present invention.

In design constructions comprising a PSA, packat@iygr surface roughness may be
of particular importance, because the PSA mayraésal to seal opposing packaging layer
faces. Surface roughness may result from manufagtprocesses used in foil and film
production, for example, processes employing rgllextruding, 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 thicknesg lbeson the order of the surface
roughness Ra (the arithmetic average of the rowgghpeofile). . Furthermore, PSA'S may not
adequately seal against an opposing face if thesipg face has roughness that may be on
the order of the PSA layer thickness. In the predetlosure, packaging materials having a
surface roughness, Ra, less than 10 microns magdsptable examples. In some examples,
surface roughness values may be 5 microns orAess.in still further examples, the surface
roughness may be 1 micron or less. Surface roughuadses may be measured by a variety
of methods including but not limited to measurentenhniques such as white light
interferometry, stylus profilometry, and the likéhere may be many examples in the art of
surface metrology that surface roughness may beriled by a number of alternative
parameters and that the average surface roughRassgalues discussed herein may be meant
to be representative of the types of features aniten the aforementioned manufacturing

processes.

Current Collectors and Electrodes

In some examples of zinc-carbon and Leclanché,dhiiscathode current collector
may be a sintered carbon rod. This type of matenayf face technical hurdles for thin
electrochemical cells of the present disclosureoime examples, printed carbon inks may
be used in thin electrochemical cells to replasstered carbon rod for the cathode current
collector, and in these examples, the resultingogewmay be formed without significant
impairment to the resulting electrochemical ceypi€ally, said carbon inks may be applied

directly to packaging materials which may comppsé/mer films, or in some cases metal
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foils. In the examples where the packaging film rhaya metal foil, the carbon ink may need
to protect the underlying metal foil from chemidagradation and/or corrosion by the
electrolyte. Furthermore, in these examples, thiearaink current collector may need to
provide electrical conductivity from the insidetbe electrochemical cell to the outside of
the electrochemical cell, implying sealing aroundhwough the carbon ink. Due to the
porous nature of carbon inks, this may be notgasitomplished without significant
challenges. Carbon inks also may be applied inré&atyeat have finite and relatively small
thickness, for example, 10 to 20 microns. In a #iectrochemical cell design in which the
total internal package thickness may only be ath@0tto 150 microns, the thickness of a
carbon ink layer may take up a significant fractadrthe total internal volume of the
electrochemical cell, thereby negatively impacthectrical performance of the cell. Further,
the thin nature of the overall battery and theeniricollector in particular may imply a small
cross-sectional area for the current collectonessstance of a trace increases with trace
length and decreases with cross-section, therebmaydirect tradeoff between current
collector thickness and resistance. The bulk riegisbf carbon ink may be insufficient to
meet the resistance requirement of thin battelmds. filled with silver or other conductive
metals may also be considered to decrease resstaaior thickness, but they may
introduce new challenges such as incompatibilitywiovel electrolytes. In consideration of
these factors, in some examples it may be desitablealize efficient and high performance
thin electrochemical cells of the present disclesay utilizing a thin metal foil as the current
collector, or to apply a thin metal film to an ungiang polymer packaging layer to act as the
current collector. Such metal foils may have sigaifitly lower resistivity, thereby allowing
them to meet electrical resistance requirements muiich less thickness than printed carbon
inks.

In some examples, one or more of the top and/dofmopackaging layers may serve
as a substrate for a sputtered current collectéalme metal stack. For example, 3M
Scotchpak 1109 backing may be metallized usingipalygapor deposition (PVD) of one or
more metallic layers useful as a current colletor cathode. Example metal stacks useful
as cathode current collectors may be Ti-W (titantungsten) adhesion layers and Ti
(titanium) conductor layers. Exemplary metal stacksful as anode current collectors may

be Ti-W adhesion layers, Au (gold) conductor layarsd In (indium) deposition layers. The
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thickness of the PVD layers may be preferably teas 500 nm in total. If multiple layers of
metals are used, the electrochemical and barrgrgpties may need to be compatible with
the battery. For example, copper may be electreglah top of a seed layer to grow a thick
layer of conductor. Additional layers may be platgadn the copper. However, copper may
be electrochemically incompatible with certain élelytes especially in the presence of zinc.
Accordingly, if copper is used as a layer in thédog, it may need to be sufficiently isolated
from the battery electrolyte. Alternatively, coppeay be excluded or another metal
substituted.

In some other examples, top and/or bottom packaigifggmay 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 a preferred embodimeathode current collector packaging foils
may comprise titanium foil, Hastelloy C-276 foihromium foil, and/or tantalum foil. In
certain designs, one or more packaging foils mafyneeblanked, embossed, etched,
textured, laser machined, or otherwise processedotade desirable form, surface

roughness, and/or geometry to the final cell paitiqag

Anode and Anode Corrosion Inhibitors

The anode for the laminar battery of the presergntion may preferentially
comprise zinc. In traditional zinc carbon battereeginc anode may take the physical form
of a can in which the contents of the electrochairgell may be contained. For the battery
of the present disclosure, a zinc can may be ampbea but there may be other physical
forms of zinc that may provide desirable to realitea-small battery designs.

Electroplated zinc may have examples of use inmab@aun of industries, for example,
for the protective or aesthetic coating of metatgpdn some examples, electroplated zinc
may be used to form thin and conformal anodes ugafbatteries of the present invention.
Furthermore, the electroplated zinc may be patteimseemingly endless configurations,
depending on the design intent. A facile meanpédterning electroplated zinc may be
processing with the use of a photomask or a phiysiagk. A plating mask may be fabricated
by a variety of approaches. One approach may hesiog a photomask. In these examples, a

photoresist may be applied to a conductive sulesttiaé substrate on which zinc may
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subsequently be plated. The desired plating pattey be then projected to the photoresist
by means of a photomask, thereby causing curirsgletted areas of photoresist. The
uncured photoresist may then be removed with apjatepsolvent and cleaning techniques.
The result may be a patterned area of conductiveribthat can receive an electroplated
zinc treatment. While this method may provide b#nefthe shape or design of the zinc to
be plated, the approach may require use of availalfobto-patternable materials, which may
have constrained properties to the overall celkpge construction. Consequently, new and
novel methods for patterning zinc may be requicetktilize some designs of thin
microbatteries of the present disclosure.

An alternative means of patterning zinc anodes bealgy means of a physical mask
application. A physical mask may be made by cuttiegirable apertures in a film having
desirable barrier and/or packaging properties. Aaally, the film may have pressure
sensitive adhesive applied to one or both sideslllyj the film may have protective release
liners applied to one or both adhesives. The reléasr may serve the dual purpose of
protecting the adhesive during aperture cutting@otecting the adhesive during specific
processing steps of assembling the electrochemétlalspecifically the cathode filling step,
described in following description. In some exarspbezinc mask may comprise a PET film
of approximately 100 microns thickness to whiclr@spure sensitive adhesive may be
applied to both sides in a layer thickness of appnately 10-20 microns. Both PSA layers
may be covered by a PET release film which may laalesv surface energy surface
treatment, and may have an approximate thickneS®8 aficrons. In these examples, the
multi-layer zinc mask may comprise PSA and PET .fiR&T films and PET/PSA zinc mask
constructs as described herein may be desirabbepsed with precision nanosecond laser
micromachining equipment, such as an Oxford LaBe®eries laser micromachining
workstation, to create ultra-precise aperturefiénmask to facilitate plating. In essence, once
the zinc mask has been fabricated, one side aktbase liner may be removed, and the
mask with apertures may be laminated to the anodert collector and/or anode-side
packaging film/foil. In this manner, the PSA cresateseal at the inside edges of the
apertures, facilitating clean and precise masking®zinc during electroplating.

The zinc mask may be placed and then electroplafinge or more metallic

materials may be performed. In some examples,mang be electroplated directly onto an
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electrochemically compatible anode current colletid such as brass. In alternate design
examples where the anode side packaging comprigselymer film or multi-layer polymer
film upon which seed metallization has been applratt, and/or the plating solutions used
for depositing zinc, may not be chemically compatibith the underlying seed
metallization. Manifestations of lack of compatityilmay include film cracking, corrosion,
and/or exacerbated;rvolution upon contact with cell electrolyte. brch a case, additional
metals may be applied to the seed metal to aftetteboverall chemical compatibility in the
system. One metal that may find particular utilityelectrochemical cell constructions may
be indium. Indium may be widely used as an alloyaggnt in battery grade zinc with its
primary function being to provide an anti-corrosoperty to the zinc in the presence of
electrolyte. In some examples, indium may be swsfahg deposited on various seed
metallizations such as Ti-W and Au. Resulting filofisl-3 microns of indium on said seed
metallization layers may be low-stress and adhehenhis manner, the anode-side
packaging film and attached current collector hg\an indium top layer may be
conformable and durable. In some examples, it negydssible to deposit zinc on an indium-
treated surface, the resulting deposit may be menyuniform and nodular. This effect may
occur at lower current density settings, for exampb amps per square foot (ASF). As
viewed under a microscope, nodules of zinc maydseiwed to form on the underlying
smooth indium deposit. In certain electrochemiedll designs, the vertical space allowance
for the zinc anode layer may be up to about 5-1ffens maximum, but in some examples,
lower current densities may be used for zinc ptatand the resulting nodular growths may
grow taller than the maximum anode vertical alloegarit may be that the nodular zinc
growth stems from a combination of the high oveeptal of indium and the presence of an
oxide layer of indium.

In some examples, higher current density DC pdativay overcome the relatively
large nodular growth patterns of zinc on indiunfaces. For example, 100 ASF plating
conditions may result in nodular zinc, but the ©izéhe zinc nodules may be drastically
reduced compared to 20 ASF plating conditions.Hasrhore, the number of nodules may be
vastly greater under 100 ASF plating conditionse Tésulting zinc film may ultimately
coalesce to a more or less uniform layer with aadgne residual feature of nodular growth

while meeting the vertical space allowance of al&eu® microns.
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An added benefit of indium in the electrochemiaal may be reduction of hydrogen
gas, which may be a slow process that occurs ir@gpielectrochemical cells containing
zinc. The indium may be beneficially applied to @menore of the anode current collector,
the anode itself as a co-plated alloying compormmas a surface coating on the
electroplated zinc. For the latter case, indiunfieg® coatings may be desirably applied
situ by way of an electrolyte additive such as indiuichioride or indium acetate. When
such additives may be added to the electrolytenallsconcentrations, indium may
spontaneously plate on exposed zinc surfaces assvpbrtions of exposed anode current
collector.

Zinc and similar anodes commonly used in commeiahary batteries is typically
found in sheet, rod, and paste forms. The ano@enahiature, biocompatible battery may be
of similar form, e.qg. thin foil, or may be plated jpreviously mentioned. The properties of
this anode may differ significantly from those kisting batteries, for example, because of
differences in contaminants or surface finish lattiéd to machining and plating processes.
Accordingly, the electrodes and electrolyte maynegspecial engineering to meet capacity,
impedance, and shelf life requirements. For exangplecial plating process parameters,
plating bath composition, surface treatment, aedtedlyte composition may be needed to

optimize electrode performance.

Cathode Mix

There may be numerous cathode chemistry mixesrhgtbe consistent with the
concepts of the present disclosure. In some exanpleathode mix, which may be a term
for a chemical formulation used to form a battepdshode, may be applied as a paste or
slurry and may comprise manganese dioxide, sonme éddiconductive carbon such as carbon
black or graphite, and other optional componemtsoime examples, these optional
components may comprise one or more of binderstrelgte salts, corrosion inhibitors,
water or other solvents, surfactants, rheology fergi and other conductive additives such
as conductive polymers. Once formulated and ap@tgbly mixed, the cathode mix may
have a desirable rheology that allows it to eitteedispensed onto desired portions of the
separator and/or cathode current collector, oregeed through a screen or stencil in a

similar manner. In some examples, the cathode naix Ine dried prior to later cell assembly
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steps, while in other examples, the cathode matagosome or all of the electrolyte
components, and may only be partially dried tolacted moisture content.

The manganese dioxide which may be used in th@datmix may be preferably
electrolytic manganese dioxide (EMD) due to thedfieral additional energy capacity that
this type of manganese dioxide provides relativeth@r forms, such as, natural manganese
dioxide or chemical manganese dioxide. FurtherntbeeEMD useful in batteries of the
present invention may need to have a particleamkparticle size distribution that may be
conducive to the formation of depositable or ptitgacathode mix pastes/slurries.
Specifically, the EMD may be processed to remogaicant large particulate components
that would be considered large relative to othatures such as battery internal dimensions,
separator thicknesses, dispense tip diametersilst@ening sizes, or screen mesh sizes. In
some examples, EMD may have an average parti@deo$§iz microns with a large particle
content that may contain particulates up to abOunitrons. In alternative examples, the
EMD may be sieved, further milled, or otherwiseareped or processed to limit large
particulate content to below a certain threshadd eikample, 25 microns or smaller. One
process useful for the particle size reduction dCEmay be jet milling where sub-micron
particulate may be obtained. Other processes ukefldrge particle size reduction may
include ball milling or 3-roll milling of the catlie mix paste prior to use.

A critical aspect of the cathode mix paste mayheepolymeric binder. The binder
may serve a number of functions in the cathodepaste. The primary function of the binder
may be to create a sufficient inter-particle eleatrnetwork between EMD patrticles and
carbon patrticles. A secondary function of the binday be to facilitate electrical contact to
the cathode current collector. A third functiortloé binder may be to influence the
rheological properties of the cathode mix pasteafbrantageous dispensing and/or
stenciling/screening. Still, a fourth function dktbinder may be to enhance the electrolyte
uptake and distribution within the cathode. Theichof the binder polymer as well as the
specific amount to be used may be critical to thedficial function of the cathode in the
electrochemical cell of the present disclosurghéfbinder polymer is too soluble in the
electrolyte to be used, then the primary functibthe binder, electrical continuity, may be
drastically impacted to the point of cell non-fuooglity. On the contrary, if the binder

polymer is insoluble in the electrolyte to be ugaattions of EMD may be ionically
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insulated from the electrolyte, resulting in dinsimed cell performance such as reduced
capacity, lower open circuit voltage, and/or inseghinternal resistance. In the end, choice
of binder polymer and amount to be used may beefuddalancing act that may need to be
determined by careful experimentation, in some gtasusing the “design of experiments”
approach. Examples of binder polymers useful ferpgtesent disclosure comprise
polyvinylpyrrolidone, polyisobutylene, rubbery tidick copolymers comprising styrene end
blocks such as those manufactured by Kraton Polynsgrene-butadiene latex block
copolymers, polyacrylic acid, hydroxyethylcellulpsarboxymethylcellulose, among others.
The cathode may also comprise silver dioxide okelioxyhydroxide among other
candidate materials. Such materials may offer as®d capacity and less decrease in loaded
voltage during discharge relative to manganesedg)oth desirable properties in a battery.
Batteries based on these cathodes may have cexamples present in industry and
literature. A novel microbattery utilizing a silvdioxide cathode may include a
biocompatible electrolyte, for example, one compgsinc chloride and/or ammonium

chloride instead of potassium hydroxide.

Battery Architecture and Fabrication

Battery architecture and fabrication technology roaylosely intertwined. As has
been discussed in earlier sections of the spetiditaa battery has the following elements:
cathode, anode, separator, electrolyte, cathoderdurollector, anode current collector, and
packaging. Clever design may try to combine thésments in easy to fabricate
subassemblies. In other examples, optimized desgnhave dual-use components, such as
using a metal package to double as a current tofléérom a relative volume and thickness
standpoint, these elements may be nearly all time s@lume, except for the cathode. In
some examples, the electrochemical system mayreegbout two (2) to ten (10) times the
volume of cathode as anode due to significant idiffees in mechanical density, energy
density, discharge efficiency, material purity, ahd presence of binders, fillers, and
conductive agents. In these examples, the relatake of the various components may be
approximated in the following thicknesses of thena#nts: Anode current collector = 1 pum;
Cathode current collector = 1 um; Electrolyte =eigtitial liquid (effectively 0 um);

Separator = as thin or thick as desired where ldr@npd maximal thickness may be
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approximately 15 um; Anode =5 um; and the Catho86 um. For these examples of
elements the packaging needed to provide suffigsstection to maintain battery chemistry
in use environments may have a planned maximatriegs of approximately 50 pum.

In some examples, which may be fundamentally afiefrom large, prismatic
constructs such as cylindrical or rectangular foamd which may be different than wafer-
based solid state construct, such examples maynasaupouch”-like construct, using webs
or sheets fabricated into various configuration#) wattery elements arranged inside. The
containment may have two films or one film bentrometo the other side either
configuration of which may form two roughly plarsarfaces, which may be then sealed on
the perimeter to form a container. This thin-butlevform factor may make battery elements
themselves thin and wide. Furthermore, these exasnphy be suitable for application
through coating, gravure printing, screen printisygttering, or other similar fabrication
technology.

There may be numerous arrangements of the inteomaponents, such as the anode,
separator and cathode, in these “pouch-like” bat&amples with thin-but-wide form factor.
Within the enclosed region formed by the two filnigese basic elements may be either “co-
planar” that is side-by-side on the same planecoffacial” which may be face-to-face on
opposite planes. In the co-planar arrangemengiiode, separator, and cathode may be
deposited on the same surface. For the co-facihgement, the anode may be deposited on
surface-1, the cathode may be deposited on subPfaaed the separator may be placed
between the two, either deposited on one of thessior inserted as its own separate element.

Another type of example may be classified as lataiagsembly, which may involve
using films, either in a web or sheet form, to Buip a battery layer by layer. Sheets may be
bonded to each other using adhesives, such asipresmsitive adhesives, thermally
activated adhesives, or chemical reaction-basedsagts. In some examples the sheets may
be bonded by welding techniques such as thermalimgglultrasonic welding and the like.
Sheets may lend themselves to standard industcyigea as roll-to-roll (R2R), or sheet-to-
sheet assembly. As indicated earlier, an interddume for cathode may need to be
substantially larger than the other active elemantke battery. Much of a battery construct
may have to create the space of this cathode rakhtenid support it from migration during

flexing of the battery. Another portion of the lemt construct that may consume significant
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portions of the thickness budget may be the sepanaaterial. In some examples, a sheet
form of separator may create an advantageous @olfdr laminate processing. In other
examples, the separator may be formed by dispehsahggel material into a layer to act as
the separator.

In these laminate battery assembly examples, timeifig product may have an anode
sheet, which may be a combination of a package E&y& an anode current collector, as well
as substrate for the anode layer. The forming prochayy also have an optional separator
spacer sheet, a cathode spacer sheet, and a caltemleThe cathode sheet may be a
combination of a package layer and a cathode ductlector layer.

Intimate contact between electrodes and curretegatols is of critical importance for
reducing impedance and increasing discharge cgpHagiortions of the electrode are not in
contact with the current collector, resistance mayease since conductivity is then through
the electrode (typically less conductive than theent collector) or a portion of the
electrode may become totally disconnected. In celhand cylindrical batteries, intimacy is
realized with mechanical force to crimp the carckp@aste into a can, or through similar
means. Wave washers or similar springs are usednmmercial cells to maintain force
within the battery; however, these would add todherall thickness of a miniature battery.
In typical patch batteries, a separator may beatd in electrolyte, placed across the
electrodes, and pressed down by the external paxckdg a laminar, cofacial battery there
are several methods to increase electrode intirfdeyanode may be plated directly onto the
current collector rather than using a paste. Tlosgss inherently results in a high level of
intimacy and conductivity. The cathode; howevetyscally a paste. Although binder
material present in the cathode paste may prowdesaion and cohesion, mechanical
pressure may be needed to ensure the cathodergamstias in contact with the cathode
current collector. This may be especially impor@asthe package is flexed and the battery
ages and discharges, for example, as moisturedebegackage through thin and small
seals. Compression of the cathode may be achievibeé laminar, cofacial battery by
introducing a compliant separator and/or electebgtween the anode and cathode. A gel
electrolyte or hydrogel separator, for example, m@aypress on assembly and not simply
run out of the battery as a liquid electrolyte wbunce the battery is sealed, the electrolyte

and/or separator may then push back against thedmtAn embossing step may be
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performed after assembly of the laminar stackpahicing compression into the stack.

Exemplary lllustrated Processing of BiocompatibieEjization Elements — 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 individigalres. In Fig. 4A, a combination of a
PET Cathode Spacer 401 and a PET Gap Spacer 408anihystrated. The PET Cathode
Spacer 401 may be formed by applying films of PB3 which, for example, may be
roughly 3 mils thick. On either side of the PETdaynay be found PSA layers or these may
be capped with a polyvinylidene fluoride (PVDF)a&te layer 402 which may be roughly 1
mil in thickness. The PET Gap spacer 404 may haddrof a PVDF layer 409 which may
be roughly 3 mils in thickness. There may be a tapPET layer 405 which may be roughly
0.5 mils in thickness. Between the PVDF layer 408 the capping PET layer 405, in some
examples, may be a layer of PSA.

Proceeding to Fig. 4B, a hole 406 in the Gap splager may be cut by laser cutting
treatment. Next at Fig. 4C, the cut PET Gap splager may be laminated 408 to the PET
Cathode Spacer layer. Proceeding to Fig. 4D, adatbpacer hole 410 may be cut by laser
cutting treatment. The alignment of this cuttingpsinay be registered to the previously cut
features in the PET Gap spacer Layer. At Fig. 4Byer of Celgard 412, for an ultimate
separator layer, may be bonded to a carrier 4keeding to Fig. 4F, the Celgard material
may be cut to figures that are between the sizbeeoprevious two laser cut holes, and
approximately the size of the PET gap spacer hotming a precut separator 420.
Proceeding to Fig. 4G, a pick and place tool 42¢ beaused to pick and place discrete
pieces of Celgard into their desired locationstengrowing device. At Fig. 4H, the placed
Celgard pieces 422 are fastened into place andttieeRVDF release layer 423 may be
removed. Proceeding to Fig. 41, the growing desgitacture may be bonded to a film of the
anode 425. The anode may be comprised of an amdidetor film upon which 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
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and in the process fill the gaps of the batteryiab=/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 alsatihe height of the PET layer top.
Proceeding to Fig. 4M, a cathode film layer 450icimay already have the cathode
collector film upon it, may be bonded to the grogvstructure. In a final illustration at Fig.
4N a laser cutting process may be performed to versae regions 460 and yield a battery
element 470. There may be numerous alterationstidies, changes to materials and
thickness targets that may be useful within thernhof the present disclosure.

The result of the exemplary processing may be degio some detail at Fig. 5. In an
example, the following reference features may bme@. The Cathode chemistry 510 may
be located in contact with the cathode and catltotlector 520. A pressure sensitive
adhesive layer 530 may hold and seal the cathdéectmy 520 to a PET Spacer layer 540.
On the other side of the PET Spacer layer 540, meagnother PSA layer 550, which seals
and adheres the PET Spacer layer 540 to the PETa@ap560. Another PSA layer 565 may
seal and adhere the PET Gap layer 560 to the Aand@node Current Collector layers. A
Zinc Plated layer 570 may be plated onto the Ar@deent Collector 580. The separator
layer 590 may be located within the structure tdqeen the associated functions as have
been defined in the present disclosure. In sommpbes, an electrolyte may be added during
the processing of the device, in other examplesséparator may already comprise

electrolyte.

Exemplary Processing lllustration of BiocompatiBleergization Elements — 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 and thicknessttatigat may be useful within the intent of
the present disclosure.

In Fig. 6A, a laminar construct 600 may be illustth The laminar structure may

comprise two laminar construct release layers 6@26®2a, one layer on either end; two
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laminar construct adhesive layers 604 and 604ajéddetween the laminar construct
release layers 602 and 602a; and a laminar consioue 606, located between the two
laminar construct adhesive layers 604 and 604aldrhmar construct release layers 602 and
602a and adhesive layers 604 and 604a may be modugurchased, such as a
commercially available pressure sensitive adhdsaresfer tape with primary liner layer. The
laminar construct adhesive layers 604 may be a PNt which may be approximately 1-3
millimeters in thickness and cap the laminar cartdtcore 606. The laminar construct core
606 may comprise a thermoplastic polymer resin ssscpolyethylene terephthalate (PET),
which for example, may be roughly 3 millimeterscthiProceeding to Fig. 6B, a hole for the
cathode pocket 608 may be cut in the laminar cooshy laser cutting treatment. This may
form a cathode spacer layer.

Next, at Fig. 6C, the bottom laminar constructastelayer 602 may be removed
from the laminar construct, exposing the laminarstauct adhesive layer 604. The laminar
construct adhesive layer 604 may then be usedneradn anode connection foil 610 to
cover the bottom opening of the cathode pocket Bé&eeding to Fig. 6D, the anode
connection foil 610 may be protected on the expdsgtbm layer by adhering a masking
layer 612. The masking layer 612 may be a commigraaailable PSA transfer tape with a
primary liner. Next, at Fig. 6E, the anode conracfoil 610 may be electroplated with a
coherent metal 614, Zinc for example, which coa¢sexposed section of the anode
connection foil 610 inside of the cathode pockebcBeding to 6F, the anode electrical
collection masking layer 612 is removed from thédro of the anode connection foil 610
after electroplating. In some examples, to be dised in a later section, materials may be
coated into the cavity other than metals, sucheassits of graphite, graphite intercalated
with metals or semiconductor layers.

Figs. 7A— 7F may illustrate an alternate moderotessing the method steps
illustrated in Figs. 6A — 6F. Figs. 7A — 7B maydtrate similar processes as depicted in
Figs. 6A — 6B. The laminar structure may comprnige laminar construct release layers, 702
and 702a, one layer on either end; two laminartcocisadhesive layers, 704 and 704a,
located between the laminar construct releasedag@2 and 702a; and a laminar construct
core 706, located between the two laminar constaidibesive layers 704 and 704a. The

laminar construct release layers and adhesivedayay be produced or purchased, such as a
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commercially available pressure-sensitive adhesaresfer tape with primary liner layer. The
laminar construct adhesive layers may be a polydege fluoride (PVDF) layer which may
be approximately 1-3 millimeters in thickness aag the laminar construct core 706. The
laminar construct core 706 may comprise a thernstipl@aolymer resin such as polyethylene
terephthalate, which for example may be roughlyilBmeters thick. Proceeding to Fig. 7B,
a cavity for the cathode pocket 708 may be cubténlaminar construct by laser cutting
treatment. In Fig. 7C, an anode connection foil #HY be obtained and a protective
masking layer 712 applied to one side. Next, at Ay the anode connection foil 710 may
be electroplated with a layer 714 of a coherentim&ir example, 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 Fgyt’the electroplated layer 714 of Fig. 7D.
The release layer 702a of Fig 7B may be removexider to expose adhesive layer 704a of
Fig. 7B for adherence onto electroplated layer Gf18ig. 7D. Proceeding next to Fig 7F, the
anode protective masking layer 712 may be remongad the bottom of the anode
connection foil 710.

Figs. 8A — 8H may illustrate implementation of egieation elements to a
biocompatible laminar structure, which at timeseiferred to as a laminar assembly or a
laminate assembly herein, similar to, for examghlese illustrated in Figs. 6A -6F and 7A —
7F. Proceeding to Fig. 8A, a hydrogel separatocypsmr mixture 820 may be deposited on
the surface of the laminate assembly. In some elemn@s depicted, the hydrogel precursor
mixture 820 may be applied upon a release layer1862t, at Fig. 8B, the hydrogel
separator precursor mixture 820 may be squeegdeth&bthe cathode pocket while being
cleaned off of the release layer 802. The termésgeed” may generally refer to the use of a
planarizing or scraping tool to rub across theaeefand move fluid material over the surface
and into cavities as they exist. The process oésgeeing may be performed by equipment
similar to the vernacular “Squeegee” type devicaltarnatively and planarizing device such
as knife edges, razor edges and the like whichlmeayade of numerous materials as may be
chemically consistent with the material to be moved

The processing depicted at Fig. 8B may be perforsesdral times to ensure coating
of the cathode pocket, and increment the thickoésssulting features. Next, at Fig. 8C, the

hydrogel separator precursor mixture may be allotwedty in order to evaporate materials,

45



10

15

20

25

30

which may typically be solvents or diluents of was types, from the hydrogel separator
precursor mixture; then, the dispensed and apptigerials may be cured. It may be
possible to repeat both of the processes depittéd).a8B and Fig. 8C in combination in
some examples. In some examples, the hydrogelaepg@recursor mixture may be cured

by exposure to heat while in other examples theagunay be performed by exposure to
photon energy. In still further examples the cuninay involve both exposure to photon
energy and to heat. There may be numerous marmeusd the hydrogel separator precursor
mixture.

The result of curing may be to form the hydrogglasator precursor material to the
wall of the cathode pocket as well as the surfagen in proximity to an anode or cathode
feature which in the present example may be anafeature. Adherence of the material to
the sidewalls of the cavity may be useful in theasation function of a separator. The result
of curing may be to form a dehydrated polymerizeztprsor mixture concentrate 822 which
may be simply considered the separator of the Bediceeding to Fig. 8D, cathode slurry 830
may be deposited onto the surface of the laminastcoct release layer 802. Next, at Fig. 8E
the cathode slurry 830 may be squeegeed into theda pocket and onto the dehydrated
polymerized precursor mixture concentrate 822. ddteode slurry may be moved to its
desired location in the cavity while simultaneouséyng cleaned off to a large degree from
the laminar construct release layer 802. The psoceBig. 8E may be performed several
times to ensure coating of the cathode slurry 88p of the dehydrated polymerized
precursor mixture concentrate 822. Next, at Figti8&cathode slurry may be allowed to dry
down to form an isolated cathode fill 832 on tophw dehydrated polymerized precursor
mixture concentrate 822, filling in the remaindétie cathode pocket.

Proceeding to Fig. 8G, an electrolyte formulatidi® 8ray be added on to the isolated
cathode fill 832 and allowed to hydrate the isalatathode fill 832 and the dehydrated
polymerized precursor mixture concentrate 822. NaixFig. 8H, a cathode connection foil
816 may be adhered to the remaining laminar coctsadhesive layer 804 by removing the
remaining laminar construct release layer 802 aedging the connection foil 816 in place.
The resulting placement may result in coveringhtyperated cathode fill 842 as well as
establishing electrical contact to the cathodeB#l2 as a cathode current collector and

connection means.
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Figs. 9A through 9C may illustrate an alternagxample of the resulting laminate
assembly illustrated in Fig. 7D. In Fig. 9A, theoda connection foil 710 may be obtained
and a protective masking layer 712 applied to amhe. §he anode connection foil 710 may
be plated with a layer 714 of coherent metal with.example, zinc in a similar fashion as
described in the previous figures. Proceeding ¢o $8, a hydrogel separator 910 may be
applied without the use of the squeegee methaostiited in Fig. 8E. The hydrogel separator
precursor mixture may be applied in various manrfersexample, a preformed film of the
mixture may be adhered by physical adherence, lemhatively a diluted mixture of the
hydrogel separator precursor mixture may be disgieaad then adjusted to a desired
thickness by the processing of spin coating. Alguely the material may be applied by
spray coating, or any other processing equivalent.

Next, at Fig. 9C, processing is depicted to craadegment of the hydrogel separator
that may function as a containment around a segraiegion. The processing may create a
region that limits the flow, or diffusion, of maialis such as electrolyte outside the internal
structure of the formed battery elements. Sucloekinhg feature 920 of various types may
therefore be formed. The blocking feature, in sexemples, may correspond to a highly
crosslinked region of the separator layer as mapimed in some examples by increased
exposure to photon energy in the desired regidheblocking feature 920. In other
examples, materials may be added to the hydrogeramr material before it is cured to
create regionally differentiated portions that upanng become the blocking feature 920. In
still further examples, regions of the hydrogelaapor material may be removed either
before or after curing by various techniques ingigdor example chemical etch of the layer
with masking to define the regional extent. Thage@f removed material may create a
blocking feature in its own right or alternativehaterially may be added back into the void
to create a blocking feature. The processing ofrtipermeable segment may occur through
several methods including but not limited to: image processing, increased cross-linking,
heavy photodosing, back-filling, or omission of hygel adherence to create a void. In some
examples, a laminate construct or assembly ofyihe depicted as the result of the

processing in Fig. 9C may be formed without theckilog feature 920.
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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 reasach as the cost, the availability of
materials, the quality of materials, or the comfile&f processing for some material options
as non-limiting examples. In such cases, a castror-in-place separator which may have
been depicted in the processes of Figs. 8A — 8kéxample, may provide desirable benefits.
While starch or pasted separators have been usedhexcially with success in AA and other
format Leclanché or zinc carbon batteries, suclarsgprs may be unsuitable in some ways
for use in certain examples of laminar microbag®rParticular attention may need to be
paid to the uniformity and consistency of geomébryany separator used in the batteries of
the present disclosure. Precise control over segraralume may be needed to facilitate
precise subsequent incorporation of known cathatienwes and subsequent realization of
consistent discharge capacities and cell performanc

A method to achieve a uniform, mechanically robdasn-in-place separator may be
to use UV-curable hydrogel formulations. Numeroadespermeable hydrogel formulations
may be known in various industries, for example,¢bntact lens industry. An example of a
common hydrogel in the contact lens industry mapdig (hydroxyethylmethacrylate)
crosslinked gel, or simply pHEMA. For numerous &gilons of the present disclosure,
pHEMA may possess many attractive properties ferind.eclanché and zinc carbon
batteries. pHEMA typically may maintain a water st of approximately 30-40 percent in
the hydrated state while maintaining an elastic uhaglof about 100 psi or greater.
Furthermore, the modulus and water content pragsedi crosslinked hydrogels may be
adjusted by one of skill in the art by incorporgtadditional hydrophilic monomeric (e.g.
methacrylic acid) or polymeric (e.g. polyvinylpylidbne) components. In this manner, the
water content, or more specifically, the ionic peatility of the hydrogel may be adjusted by
formulation.

Of particular advantage in some examples, a cestaidl polymerizable hydrogel
formulation may contain one or more diluents talfi@te 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 the \idasolvent component. After drying, a

bulk photopolymerization may be initiated by exp@sto actinic radiation of appropriate
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wavelength, such as blue UV light at 420 nm, fer ¢hosen photoinitiator, such as CG 819.
The volatile diluent may help to provide a desieadppplication viscosity so as to facilitate
casting a uniform layer of polymerizable matemathe cavity. The volatile diluent may also
provide beneficial surface tension lowering effepeticularly in the case where strongly
polar monomers are incorporated in the formulatforother aspect that may be important to
achieve the casting of a uniform layer of polymalie material in the cavity may be the
application viscosity. Common small molar mass tieaanonomers typically do not have
very high viscosities, which may be typically oyew centipoise. In an effort to provide
beneficial viscosity control of the castable antyyperizable separator material, a high
molar mass polymeric component known to be comieatifth the polymerizable material
may be selected for incorporation into the formolatExamples of high molar mass
polymers which may be suitable for incorporatioto iaxemplary formulations may include
polyvinylpyrrolidone and polyethylene oxide.

In some examples the castable, polymerizable agpanay be advantageously
applied into a designed cavity, as previously dbedr In alternative examples, there may be
no cavity at the time of polymerization. Instedd tastable, polymerizable separator
formulation may be coated onto an electrode-comtgisubstrate, for example, patterned
zinc plated brass, and then subsequently exposatitoc radiation using a photomask to
selectively polymerize the separator material rgegted areas. Unreacted separator material
may then be removed by exposure to appropriatengrsolvents. In these examples, the

separator material may be designated as a phatierpaible separator.

Primary Battery Example

In some examples of the processing of biocompaéibérgization elements with
deposited separators, a primary battery may beddri typical primary battery may be
characterized by its single-use property. In amgxta consistent with the laminar
processing, a battery may be formed with the falh@xcharacteristics and elements as set
forth in the Table below.
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Cathode Current Collector Titanium Foll
Cathode Electrode (Slurry) Slurry Containing Elelsttic Manganese
Dioxide and Carbon
Separator Hydrogel
Anode Electrode Electrodeposited Zinc

Anode Current Collector Brass Foil
Laminate Polyethylene Terphalate Core with Adhesiv
Electrolyte ZnCJ)/NH,CI Base

There may be numerous formulations of cathode céteyrthat may be consistent
with this invention. As a non-limiting example,@iinulation may comprise electrolytic
manganese dioxide in a graphite mixture. In onemgt@, a powder mixture may be formed
by mixing jet-milled electrolytic manganese dioxidMEMD) and KS6 graphite as
available from Timcal (TIMCAL TIMREX KS6 Primary Synthetic Graphite) in a 80
percent JMEMD to 20 percent KS6 ratio by weighte Thixing may be performed by
numerous means. For example, the JIMEMD and KS6hbeayixed by grind milling the two
powders for an extended period on the order of testo hours. In some examples, the
resulting powder mixture may be mixed with a 10cpet polyisobutylene (PIB) in toluene
solution. The 10 percent PIB solution may be forrtedch polyisobutylene grade B50 mixed
with toluene in a roughly 10 parts PIB B50 to 9@tp#oluene formulation by weight. The 10
percent PIB may be mixed with an additional amainbluene and with the JIMEMD/K6
powder to formulate a slurry for cathode processiigs mixture of these materials may
start with approximately 1.5 parts PIB B50/Toluesoéution. To this, approximately 2.3 parts
Toluene may be added. The mixture may be compieittd4.9 parts IMEMD/KS6 powder.
This may result in a mixture that is approximatkly percent PIB, 45 percent JMEMD, 11
percent KS6, and the remainder, toluene. The mixiag proceed until a uniform slurry with
a paste-like consistency is formed. The amounblviesit (toluene in an example) in the
system may be varied to affect the characterisfitse slurry formed, and in other examples,

the relative amount of PIB B50 in the slurry maywaeed from the example.
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Continuing with the primary battery example, a log#l separator may be formed in
the manners discussed in this disclosure from eupser mixture. In one example, a
precursor mixture may be formed by mixing hydrokyétiethacrylatd HEMA) with
ethylene glycol dimethylacrylate (EGDMA) and witblpvinylpyrrolidone (PVP). There
may be other constituents added to the mixture aggbhotoinitiators. An exemplary
photoinitiator may be phenylbis (2,4,6-trimethylkexl)-phosphine oxide, which may be
available in commercial formulations including logae® 819, which may also be called
“CGl 819" herein. There may also be numerous sds/grat may be used in varying
amounts to reach a desired rheology of the mixtara.non-limiting example, 2-proponol
may be used as an appropriate solvent.

Many of the general discussions on elements ofdonpatible energization devices,
such as the cathode and cathode slurry, have egamgated to primary battery elements,
and the variations and examples for these varimmsents may be expected to comprise
other examples of primary battery elements forpitesent specification.

In some examples, the zinc anode may be formedesyredepositing the zinc upon
the anode current collector material. In other gxas) as have been discussed, the
electrodeposition may occur through the laminatgctiire to only exposed portions of the
anode current collector material. There may be maogemanners of depositing anode
materials, for example, lamination or metal cladgiand, other battery systems may employ
other chemical species other than zinc, such asrak a non-limiting example.

The battery may include various types of electefgrmulations. Basic solutions of
hydroxide may be included in the electrolyte. Hoarein some examples of biocompatible
batteries, less basic electrolyte formulations tmaytilized. Electrolytes for use in the
present invention may include zinc chloride, zinetate, ammonium acetate, ammonium
chloride, and similar salts in mass concentratioo®m approximately 0.1 percent to 30
percent. In addition, surfactants may be addeti@eetectrolyte formulation, for example to
improve wetting or reduce corrosion. Exemplary actdints may include TritonX-100,
Triton" QS44, and Dowfax 3B2 in concentrations from 0.01 percent to 2 pero&s an
example Triton X-100 may be added to the zinc chloride, ammonthioride solution.
One example of an electrolyte formulation may W¥%2inc chloride, 500 ppm of Trit8n

QS-44, 200 ppm of indium +3 ion supplied as indacetate, and balance with water.
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Secondary Battery Examples

The structure and manufacturing processes that e described in the present
disclosure may be useful in general for the pradaadf secondary, or rechargeable,
batteries. There may be a number of consideratelated to secondary battery elements that
may differ from considerations made for primarynedmts. The recharging process for a
battery element may result in swelling and shrigkoh battery components, and therefore the
dimensions of features and containment layers dsas¢he composition of the battery may
be adjusted in some embodiments. The use of getisaner layers for the electrolytes may
allow for a layer which may take up some of thelBageand shrinking aspects as electrode
ions are moved around the device during chargietesy and subsequently, during
discharging cycles.

In secondary batteries, the anode and cathodeslayay switch designation
depending on whether the device is charging ohdiggng, and may be considered first and
second electrodes. Therefore, it may be usefidfer to the anode and cathode in reference
to whether the battery cell is being charged, ghahit may be considered an electrolytic
cell, or whether it is being discharged, such thatay be considered a galvanic cell.
Therefore, when referred to as the cathode of éheagic cell, the first electrode structure
would function to spontaneously accept electroosfan externally connected circuit.
Conversely, the cathode of the electrolytic celllgdfunction to accept electrons from an
external charging element.

Although in some examples the zinc manganesediosiass of batteries may
function as a secondary battery, there are mang c@mnmon examples of secondary
batteries. In a common class of secondary battditieisim ions may comprise the energy
storing chemical species. There may be numerousienao form electrodes in lithium ion
batteries. In the type of devices according topitesent invention, there may be numerous
intercalated lithium compounds that might be préesethe anode of the galvanic cell. For
example, the cathode slurry may include LithiumKgidManganese Cobalt Oxide, Lithium
Manganese Oxide, and Lithium Iron Phosphate amatgsts.

The second electrode may be the anode of thamgaleell. In some examples, the

second electrode may be formed of, or coated grtiphite or other forms of carbon. In
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other examples, various forms of deposited silic@y be used. In similar manners to the
electroplating of zinc discussed with respect impry batteries, silicon may be

electroplated either in regions or in a flat lageross the substrate. Electroplated silicon may
be formed onto the electrode metal contact laykichvmay have surface coatings of
platinum, titanium or a thin layer of silicon inrae examples. The platting of the electrode
material may occur in non-aqueous media compriSi@l, SiIHCLs, SiBrs, Si(ChChg),, or
Si(OOCCH), as non-limiting examples. In other examples, gitapdr silicon layers may be
sputter deposited to the current collector surfaderm the second current collector region

in a manner similar to that depicted at Figure 7D.

The electrodes may be formed upon metal sheetsimers consistent with the prior
discussions relating to laminate processing. Tleésdrodes and metal sheets may form the
base layer: i.e. underneath the laminate layetSdha the cavity. Also, the other current
collector may be used to cap the laminate strucfiez the cathode has been formed and the
cell has been filled with electrolyte.

To form electrolyte solutions, lithium salts mayically be dissolved in nhon-aqueous
solvent systems. Therefore, these non-aqueousrga@ystems may interact with the various
adhesive layers in different manners, and sincéntiegrity of seals in the battery devices
may be important, there may be alterations in tieoe of adhesive systems that may be
required depending on the use of non-aqueous dslv@erlled forms of polymer electrolytes
are known in lithium polymer devices incorporatpmymer electrolytes. The methods of
formation of separators starting with liquid preswrfilling of a cavity may be performed for
these types of secondary batteries where a polgeteseparator may be formed from
polymers such as PVDF or poly(acrylonitrile). Imsmexamples, it may be possible to
utilize hydrogel forming precursors where the podyns gelled with conventional salts
consistent with Lithium cells. For example, in aaflomiting example, a separator precursor
may be mixed with lithium hexafluorophosphate im+famueous solvents such as ethylene
carbonate, dimethyl carbonate, and diethyl carl@aaton-limiting examples. The resulting
gelled layer may be formed with excess solventltamefor shrinkage as has been described
in relationship to the hydrogel precursor proceagsin

In a specific non-limiting example, a cavity-basachinate structure may be formed

(as has been described in the prior discussioansinate processing) where the bottom layer
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may be the current collector upon which a grapditsilicon layer has been attached. The
laminate layers that attach to the current collectay have the cavities formed into them as
has been described. In a non-limiting example séreg solution may be formed by mixing a
roughly two to one ratio of poly(vinylidene fluogdl(PVDF) and poly(dimethylsiloxane)
(PDMS), respectively, into a solvent mixture comsprg N-N Dimethyl Acetamide (DMACc)
and glycerol. The ratio of the DMAc to glycerol miag varied and may affect characteristics
such as the porosity of the resulting separatarlayn excess of the solvent mixture may be
used to allow for the shrinkage of the resultingetain the cavity to form a thin separator
layer. In some examples, especially for high leeglsolvent, the adhesive system for the
laminate structure may be altered to optimize &tascy with the DMAc-glycerol solvent
system. After squeegee processing of the casting@ointo the defined cavities, the
resulting structure may be dried at room tempeeaturelevated temperature for some time
period. Other manners of dispensing the castingtisol may be consistent with the
processes described herein. Thereafter, the steuctay be immersed into a room
temperature water bath for 20-40 hours to allowtlierglycerol to dissolve out of the
separator layer and result in a layer with a ddgp@rosity. The resulting structure may then
be dried in a vacuum environment over a periodos#i@ hours.

In some examples, the resulting separator layerbeayeated with exposure to an
electrolyte solution. In a non-limiting example dblar Lithium Hexafluorophosphate
solution in a roughly 1/1/1 mixture of Ethylene Gamnate (EC)/Dimethyl Carbonate (DMC)
and Ethyl Methyl Carbonate (EMC) may be formed disppensed into the cavity. In some
other examples exposure to the electrolyte mayraaiter the cathode is formed into the
cavity.

In a different type of example the laminate struetmay be built in the manner
outlined in reference to Figs. 4A-4N. A separasoich as a film of Celgard, may be cut to a
size of a feature in a gap spacer layer and thereglinto the laminate structure as opposed
to being filed into the cavity. The placed separatay also be treated with an exposure to
electrolyte before further processing with a “catalurry.”

The resulting structure may now be ready to recaitreatment with the cathode
slurry. A number of cathode slurries comprisindediént types of lithium compounds may be

used; although, other chemical types than lithiuay tme possible. In a non-limiting
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example, a lithium iron phosphate (LiFePO4) basedysmay be used. In some examples
the lithium iron phosphate slurry may be formedibst mixing sodium carboxymethyl
cellulose in deionized water. To the resulting migt a powder comprising Lithium Iron
Phosphate and conductive agents such as synthagibite and carbon black may then be
added and extensively mixed. Next, a further refiskeirry may be formed by adding styrene
butadiene rubber and extensively mixing. The slunay then be processed into the cavity
structure in means as have been described in ésemrdisclosure such as through use of a
squeegee process. The rheology of the slurry magjusted for optimizing the integrity of
the squeegee based filing process, for exampladding or removing solvent or by
adjusting the relative amount of the styrene betaglirubber added. The resulting filled
structure may then be dried in a vacuum environroeet 20-40 hours.

In some examples, the resulting cathode and sepdagkers may be treated with
exposure to an electrolyte solution. In a non-iingtexample a 1 Molar Lithium
Hexafluorophosphate solution in a roughly 1/1/1 tonig of Ethylene Carbonate
(EC)/Dimethyl Carbonate (DMC) and Ethyl Methyl Canlate (EMC) may be formed and
dispensed into the cavity. In some examples, thetrellyte may be added to the cathode with
the assistance of either pressure treatment otuvatreatment to enhance the diffusion of
the electrolyte mixture into the layers.

The second current collector layer may be attébehe laminate structure after the
removal of a release layer from laminate structlihe adhered electrode may contact the
deposited slurry and provide electrical contactveen the metal current collector and the
electrolyte infused cathode resulting in a batstrycture.

The biocompatible devices may be, for example, amgalble electronic devices, such
as pacemakers and micro-energy harvesters, elecpiis for monitoring and/or testing a
biological function, surgical devices with activengponents, ophthalmic devices, microsized
pumps, defibrillators, stents, and the like.

Specific examples have been described to illustatikodiments for the formation,
methods of formation, and apparatus of formatiohio€ompatible energization elements
comprising separators. These examples are foilkatitation and are not intended to limit
the scope of the claims in any manner. Accordirthly,description is intended to embrace all

embodiments that may be apparent to those skill¢le art.

55



WHAT IS CLAIMED IS:

1. A biocompatible energization element comprising

a gap spacer layer;

a first hole located in the gap spacer layer;

a cathode spacer layer, wherein the cathode sfzg&saris attached to the gap spacer
layer;

a second hole located in the cathode spacer layerein the second hole is aligned
to the first hole, and wherein the second holenalter than the first hole such that
when the first hole and the second hole are alighect is a ridge of cathode spacer
layer exposed in the first hole;

a separator layer, wherein the separator laydaced within the first hole in the gap
spacer layer and is adhered to the ridge of catbpdeer layer;

a cavity between sides of the second hole andtsiirface of the separator layer,
wherein the cavity is filled with cathode chemigals

a first current collector coated with anode cheisica

a second current collector, wherein the seconcentinollector is in electrical
connection with the cathode chemicals; and

an electrolyte comprising electrolyte chemicalseveiin the cathode chemicals,
anode chemicals and electrolyte chemicals are flateai for a single discharging

cycle of the energization element.

2. The biocompatible energization element of claimhexein the cathode chemicals

comprise a salt of manganese.

3. The biocompatible energization element of claimhzein the cathode chemicals

comprise manganese dioxide.
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4. The biocompatible energization element of claimhemein the anode chemicals

comprise zinc.

5. The biocompatible energization element of claimherein the anode chemicals

comprise electrodeposited zinc.

6. The biocompatible energization element of claimhexrein the cathode chemicals

comprise graphite.

7. The biocompatible energization element of claimhexein the cathode chemicals

comprise polyisobutylene.

8. The biocompatible energization element of claimhexein the cathode chemicals

comprise toluene.

9. The biocompatible energization element of claimhexein the cathode chemicals

comprise jet milled electrolytic manganese dioxide.

10. The biocompatible energization element of claimtherein the cathode chemicals

comprise KS6 primary synthetic graphite.

11.The biocompatible energization element of claimnwh@rein the cathode chemicals
comprise a mixture of approximately 1.7 percent B#, 45 percent JIMEMD, 11
percent KS6, and the remainder, Toluene.

12.The biocompatible energization element of claimierein the electrolyte comprises one
or more of zinc chloride and ammonium chloride.

13.The biocompatible energization element of claimierein the separator comprises
Celgard™ 412.
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14.The biocompatible energization element of claimHerein the biocompatible
energization element is electrically connectedn@lectroactive element within a

biomedical device.

15.The biocompatible energization element of claimHerein the biocompatible
energization element is electrically connectedrt@la@ctroactive element within a

biomedical device.

16. The biocompatible energization element of claimmviterein the biomedical device is an

ophthalmic device.

17.The biocompatible energization element of claimvi@rein the ophthalmic device is a

contact lens.

18. A biocompatible energization element comprising

a cathode spacer layer;

a first hole located in the cathode spacer layer;

a first current collector coated with anode chemsioaherein the first current
collector is attached to a first surface of thdode spacer layer, and wherein a first
cavity is created between sides of the first hale afirst surface of the first current
collector coated with anode chemicals;

a separator layer, wherein the separator layerisdd within the first cavity after a
separator precursor mixture is dispensed into ave\g

a second cavity between sides of the first holeafist surface of the separator
layer, wherein the second cavity is filled withleade chemicals;

a second current collector, wherein the seconcentinollector is in electrical
connection with the cathode chemicals; and

an electrolyte comprising electrolyte chemicals,

wherein the cathode chemicals, anode chemicalglacttolyte chemicals are

formulated for a single discharging cycle of thergzation element.
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19.The biocompatible energization element of clainnt@rein the separator comprises

hydroxyethylmethacrylate, ethylene glycol dimetlyldate and polyvinylpyrrolidone.

20.The biocompatible energization element of claimwt@rein the cathode chemicals
comprise a mixture approximately of 1.5 parts 1@@et PIB B50 in toluene to 2.3 parts
additional toluene to 4.9 parts of a mixture corsipg approximately 80 percent jet
milled electrolytic manganese dioxide to 20 perd€®6 primary synthetic graphite,
wherein the anode chemicals comprise electrodeggbzihc, and wherein the electrolyte

comprises zinc chloride and ammonium chloride.

21.The biocompatible energization element of claimn2@rein the biocompatible
energization element is electrically connectedrt@lactroactive element within a

biomedical device.

22.The biocompatible energization element of claima&ierein the biomedical device is an

ophthalmic device.

23.The biocompatible energization element of claimn2®rein the ophthalmic device is a

contact lens.
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