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COMPONENTS WITH MULTIPLE ENERGIZATION ELEMENTS
FOR BIOMEDICAL DEVICES

CROSSREFERENCE TO RELATED APPLICATIONS

This application claims the benefit of United Ssalrovisional Application No.
62/040,178 filed August 21, 2014, and is a contiilemain-part of U.S. Application No.
13/358,916, filed January 26, 2012, which claineslienefit of U.S. Provisional Application
No. 61/454,205, filed March 18, 2011.

BACKGROUND OF THE INVENTION
1. Field of the Invention

Methods and apparatus to form biocompatible enatigiaz elements are described. In
some embodiments, the methods and apparatus talierbiocompatible energization
elements involve forming a separator element oktiergization element. The active
elements including anodes, cathodes and electsolytey be electrochemically connected and
may interact with the formed separator elementsome embodiments, a field of use for the
methods and apparatus may include any biocompatédee 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 biologicaliction, surgical devices with active
components, contact lenses, infusion pumps, andsiunulators. Added functionality and
an increase in performance to the many of the aferéioned medical devices has been
theorized and developed. However, to achieve therthed added functionality, many of
these devices now require self-contained energizatieans that are compatible with the size
and shape requirements of these devices, as wibléanergy requirements of the new
energized components.

Some medical devices may include components susaragonductor devices that

perform a variety of functions and can be incorpeatanto many biocompatible and/or
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implantable devices. However, such semiconductompoments require energy and, thus,
energization elements should preferably also blediec in such biocompatible devices. The
topology and relatively small size of the bioconiplatdevices creates novel and challenging
environments for the definition of various functaities. In many embodiments, it is
important to provide safe, reliable, compact anst effective means to energize the
semiconductor components within the biocompatiledecks. Therefore, a need exists for
novel embodiments of forming biocompatible enengmraelements 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 componentstamed in the energization element.

SUMMARY OF THE INVENTION

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

One general aspect includes a biocompatible exadrgn element which may also
include a gap spacer layer. The biocompatible erstign element may also include at least a
first hole located in the gap spacer layer. Thedmopatible energization element may also
include a cathode spacer layer, where the cathuatses layer is attached to the gap spacer
layer. The biocompatible energization element mag mclude at least a second hole located
in the cathode spacer layer, where the second$alegned to the first hole, and where the
second hole is smaller than the first hole suchwieen the first hole and the second hole are
aligned there is a ridge of cathode spacer laypoged in the first hole. The biocompatible
energization element may also include a separayer | where the separator layer is placed
within the first hole in the gap spacer layer amddhered to the ridge of cathode spacer layer.
The biocompatible energization element may alsludea cavity between sides of the
second hole and a first surface of the separayer,|lavhere the cavity is filled with cathode
chemicals. The biocompatible energization elemeay atso include a first current collector

coated with anode chemicals. The biocompatibleggration element may also include a
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second current collector, where the second cuod@tgctor is in electrical connection with
the cathode chemicals. The biocompatible energizaiement may also include an

electrolyte including electrolyte chemicals.

Implementations may include the biocompatiblergization element where the
cathode chemicals, anode chemicals and electrcihgmicals are consistent with multiple
charging and discharging cycles of the energizalioam biocompatible energization element
may also include examples where the cathode chnimgdude a salt of lithium. The
biocompatible energization element may includeaditiniron phosphate. The biocompatible
energization element may also include intercalatethl atoms. The biocompatible
energization element may also include intercalltedim atoms. The biocompatible
energization element may also include one or mbleaal, nickel, lithium, cobalt, zinc,
sodium, vanadium, silver, or silicon. The bioconiiplatenergization element may also
include sodium carboxymethyl cellulose. The biocatiipge energization element may also
include examples where the cathode chemicals ieaue or more of synthetic graphite and
carbon black. The biocompatible energization elam@ay also include examples where the
cathode chemicals include one or more of styremadoene rubber. The biocompatible
energization element may also include lithium hex@bphosate. The biocompatible
energization element may include examples wheréitteompatible energization element is
electrically connected to an electroactive elemdtitin a biomedical device. The
biocompatible energization element may also inckedeEmples where the biomedical device
is an ophthalmic device. In some examples the @biilk device may be a contact lens.

The biocompatible energization element may alsludeexamples where the
electrolyte includes lithium hexafluorophosphathe biocompatible energization element
may also include examples where the separator p@cmixture includes one or more of
poly(vinylidene fluoride), poly(dimethylsiloxana);n dimethyl acetamide). Additional
examples may also include glycerol. The biocompaginergization element may also
include the biocompatible energization element whke separator includes glycerol in a
concentration at least 90 percent and the condemtrnmay be reduced from a concentration
of glycerol in the separator precursor mixture. Brecompatible energization element may

be included within a biomedical device.
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One general aspect includes the biocompatiblegezation element which may be
included into an ophthalmic device where the opihtitadevice is a contact lens. The
biocompatible energization element may also inclutdocompatible energization element
including a cathode spacer layer; at least alfiogt located in the cathode spacer layer; a first
current collector coated with anode chemicals, wiiee first current collector is attached to a
first surface of the cathode spacer layer, and e/hdirst cavity is created between sides of
the first hole and a first surface of the firstremt collector coated with anode chemicals; a
separator layer, where the separator layer is fonwithin the first cavity after a separator
precursor mixture is dispensed into the cavitye@sad cavity between sides of the first hole
and a first surface of the separator layer, whegesecond cavity is filled with cathode
chemicals; a second current collector, where thersgcurrent collector is in electrical
connection with the cathode chemicals; and anrelgte. Implementations may include
biocompatible energization elements where the datlohemicals, anode chemicals and
electrolyte chemicals are consistent with multigharging and discharging cycles of the

energization element.

One general aspect includes a method of operatimgmedical device, the method
including: obtaining a laminate battery device withltiple energization elements for an
biomedical device including powered components. [Bhenate battery device includes a
cathode spacer layer, a first hole located in #tbare spacer layer, and a first current
collector coated with anode chemicals, where tts¢ durrent collector is attached to a first
surface of the cathode spacer layer. The lamirgtterdy device may include examples where
a first cavity is created between sides of the icde and a first surface of the first current
collector coated with anode chemicals. The lamibate&ery device also includes a separator
layer, where the separator layer is formed withmfirst cavity after a separator precursor
mixture is dispensed into the cavity. The methed ahcludes a second cavity between sides
of the first hole and a first surface of the sefmarkayer, where the second cavity is filled with
cathode chemicals. The method also includes thmé&ebattery device which includes a
second current collector, where the second cuod@tector is in electrical connection with
the cathode chemicals. The method also includeteztrolyte including electrolyte
chemicals. The method of also includes placinddh@nate battery device into electrical
contact with powered components, where electricakat from the laminate battery device
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flows through at least one electrical transistdiere the at least one electrical transistor is
located within a controller; where at least a fastl a second discrete energization element
are located within the laminate battery device, nehbe first discrete energization element
generates a first raw battery power and the sedmutete energization element generates a
second raw battery power; and where a power managieimit is electrically connected to
the first and the second discrete energization etesn In some examples, the power
management unit receives the first raw battery pdwoen the first discrete energization
element and the second raw battery power fromebersl discrete energization element.

The method may further include utilizing the setomeasurement to determine a
defectiveness of the second discrete energizakmnesnt. The method may also include an
example where the determination is that the sedsutiete energization element is not
defective, and in that case the switch controltertiols a change of state of a second switch
connecting to the second discrete energizationeernihe method may also include
examples where the change of state of the secoibchsvonnects the second discrete

energization element to the first power output.

One general aspect includes an apparatus for payv&tbiomedical device; the
apparatus may include a laminate battery devicke mitltiple energization elements for a
biomedical device including powered components. dy@aratus may include a cathode
spacer layer and a first hole located in the cathgmhcer layer. The apparatus 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 apparatus also includes sasepkyer, where the separator layer is
formed within the first cavity after a separatoeqursor mixture is dispensed into the cavity.
The apparatus also includes a second cavity betsiden of the first hole and a first surface
of the separator layer, where the second caviiilad with cathode chemicals. The apparatus
also includes a second current collector, whereséitend current collector is in electrical
connection with the cathode chemicals. The appsi@so includes a third current collector,
where the third current collector is physically semted from the second current collector

and is in electrical connection with the cathodemitals within a second hole located in the
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cathode spacer layer; and an interconnect junefiement, where the interconnection
junction element makes electrical connection tdfitisé current collector, the second current
collector and the third current collector, wherestectrical diode within the interconnect
junction element makes connection to at least dnieedfirst current collector, the second

current collector and the third current collector.

BRIEF DESCRIPTION OF THE DRAWINGS
Figs.1A-1D illustrate exemplary aspects of biocotitpp@ energization elements in
concert with the exemplary application of contactses.

Fig. 2 illustrates the exemplary size and shapedi¥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, packagembmpatible energization element
with exemplary anode and cathode connections.

Figs. 4A-AN illustrate exemplary method steps Far tormation of biocompatible

energization elements for biomedical devices.

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

Figs. 6A-6F illustrate exemplary method steps farctural formation of
biocompatible energization elements.

Figs. 7A-7F illustrate exemplary method steps farctural formation of
biocompatible energization elements with altermd¢etroplating method.

Figs. 8A-8H illustrate exemplary method steps far tormation of biocompatible
energization elements with hydrogel separator immiedical devices.

6
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Figs. 9A-C illustrate exemplary methods steps farctural formation of
biocompatible energization elements utilizing aeralative separator processing

embodiments.

Figs. 10A and 10B illustrate exemplary routingsmérconnects and junction

elements for multiple energization element devices.

Figs. 10C and 10D illustrate exemplary cross sadgpictions of the examples of
Figs. 10A and 10B.

Fig. 11 illustrates an exemplary switching systeat tmay be used to create multiple

power outputs with multiple energization elementides.

Fig. 12 illustrates an exemplary device with muéipnergization elements where the

elements may be formed as rechargeable elements.

Fig. 13 illustrates an exemplary device with muétipnergization elements where the

elements may be formed as single-use elements.

DETAILED DESCRIPTION OF THE INVENTION

Methods and apparatus to form three-dimensionaoonpatible energization
elements are disclosed in this application. Theusepr element within the energization
elements may be formed with novel methods and rmaypcise novel materials. In the
following sections, detailed descriptions of vas@mbodiments are described. The
description of both preferred and alternative ennioedts are exemplary embodiments only,
and various modifications and alterations may st 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.
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Glossary
In the description and claims below, various temag 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 direction otctle current is typically opposite to the
direction of electron flow. In other words, theatlens flow from the anode into, for
example, an electrical circuit.

"Binder" as used herein refers to a polymer thaaable of exhibiting elastic
responses to mechanical deformations and thaeisiclally 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 applicaion example, a biocompatible device does
not have toxic or injurious effects on biologicgsems.

"Cathode" as used herein refers to an electrode ¢ which electric current flows
out of a polarized electrical device. The directidrelectric 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, theremrted electrical circuit.

“Coating” as used herein refers to a deposit ofemigtin thin forms. In some uses, the
term will refer to a thin deposit that substanti@bvers the surface of a substrate it is formed
upon. In other more specialized uses, the termbeaysed to describe small thin deposits in
smaller regions of the surface.

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

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

"Energy" as used herein refers to the capacitymfysical 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 “Enieegion Device” as used herein

refers to any device or layer which is capableupidying energy or placing a logical or
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electrical device in an energized state. The enatigin elements may include batteries. The
batteries may be formed from alkaline type cellnolstry and may be solid-state batteries or
wet cell batteries.

"Fillers" as used herein refer to one or more e@atipn element separators that do
not react with either acid or alkaline electrolyt€gnerally, fillers may include substantially
water insoluble materials such as carbon blacK; dwst; graphite; metal oxides and
hydroxides such as those of silicon, aluminum,iagai¢ 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 saagchalcium silicate; hollow or solid polymer
or glass microspheres, flakes and fibers; etc.

"Functionalized" as used herein refers to makiteyar 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 exemplary molds include two
mold parts that, when opposed to one another, eléfi@ structure of a three-dimensional
object.

"Power" as used herein refers to work done or gnteagsferred per unit of time.
"Rechargeable" or "Re-energizable” as used heedén to a capability of being
restored to a state with higher capacity to do whtany uses may relate to the capability of
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@sfoa device to the capability to flow
electrical current at a certain rate for a certagstablished time period.

"Released" as used herein and sometimes referieslteleased 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 onaserdf one of the layers contacts a first

surface of a second layer. In some examples, ingoathether for adhesion or other
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functions, may reside between the two layers theatracontact with each other through said
coating.

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

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

There may be other examples of how to assemble@miture batteries according to
the present invention, and some may be describ&dlawing sections. However, for many
of these examples, there are selected parametgkcharacteristics of the batteries that may
be described in their own right. In the followingcsions, some characteristics and parameters
will be focused upon.

Exemplary Biomedical Device Construction with Biogoatible Energization Elements

An example of a biomedical device that may incoap®the Energization Elements,
batteries, of the present invention may be an mactive focal-adjusting contact lens.
Referring to Fig. 1A, an example of such a conlercs insert is depicted as contact lens insert
100. In the contact lens insert 100, there mayrbelectroactive element 120 that may
accommodate focal characteristic changes in regpmnsontrolling voltages. A circuit 105,
to provide those controlling voltage signals aslaslto provide other functions such as
controlling sensing of the environment for extero@ahtrol signals, may be powered by a
biocompatible battery element 110. As depictedign FA, the battery element 110 may be
found as multiple major pieces, in this case tipieees, and may include the various
configurations of battery chemistry elements ashesen discussed. The battery elements 110

may have various interconnect features to jointtegepieces as may be depicted underlying
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the region of interconnect 114. The battery eles@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 substrate 111 tandterconnect 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&&l which may encapsulate the contact lens
insert 100 and provide a comfortable interfacehef¢ontact lens 150 to a user’s eye.

In reference to concepts of the present inventlompattery elements may be formed
in a two-dimensional form as depicted in Fig. IiCtHis depiction there may be two main
regions of battery cells in the regions of battssynponent 165 and the second battery
component in the region of battery chemistry elemi®0. The battery elements, which are
depicted in flat form in Fig. 1C, may connect toireuit element 163, which in the example
of Fig. 1C may comprise two major circuit areas.IB¥e circuit element 163 may connect to
the battery element at an electrical contact 1@ileaphysical contact 162. The flat structure
may be folded into a three-dimensional conicalcitme as has been described with respect to
the present invention. In that process a secoradrilal contact 166 and a second physical
contact 164 may be used to connect and physidallylize the three-dimensional structure.
Referring to Fig. 1D, a representation of this ¢hdemensional conical structure 180 is
illustrated. The physical and electrical contagh®181 may also be found and the
illustration may be viewed as a three-dimensiomaof the resulting structure. This
structure may include the modular electrical anttielbg component that will be incorporated

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 gacriens type example. The segmented
components may be relatively circular-shaped 2qdae-shaped 272 or rectangular-shaped.
In rectangular-shaped examples, the rectanglesomaynall rectangular shapes 273, larger

rectangular shapes 274, or even larger rectanghépes 275.
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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 @aregular outline 310 of the battery element
is depicted with an anode connection 311 and adathonnection 312. Referring to Fig. 3B,
an example of a circular outline 330 of a battdeyrent is depicted with an anode connection
331 and a cathode connection 332.

In some examples of flat-formed batteries, theioesl of the battery form may be
dimensionally and geometrically configured to fitdustom products. In addition to examples
with rectangular or circular outlines, custom “#feem” or “free shape” outlines may be
formed which may allow the battery configuratiorb®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 freexfanay be of such geometry that when
formed to a three-dimensional shape, it may takddhm of a conical, annular skirt that fits
within the constraining confines of a contact ldhsnay be clear that similar beneficial
geometries may be formed where medical devices testactive 2D or 3D shape

requirements.

Biocompatibility Aspects of Batteries

As an example, the batteries according to the pteéseention may have important
aspects relating to safety and biocompatibilityséme examples, batteries for biomedical
devices may need to meet requirements above amhtelyose for typical usage scenarios.
In some examples, design aspects may be considadeld to stressing events. For example,
the safety of an electronic contact lens may nedxetconsidered in the event a user breaks
the lens during insertion or removal. In anotharagle, design 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 ldg@ueg design parameters and constraints
may relate to the potential for a user to weailehs in challenging environments like the
environment under water or the environment at higtude in non-limiting examples.

The safety of such a device may be influenced bymhterials that the device is

formed with or from, by the quantities of those emetls employed in manufacturing the
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device, and also by the packaging applied to sépé#na devices from the surrounding on- or
in-body environment. In an example, pacemakers Ineagy typical type of biomedical device
which may include a battery and which may be imjgdrnn a user for an extended period of
time. Accordingly, in some examples, such pacensakey typically be packaged with
welded, hermetic titanium enclosures, or in oth@meples, multiple layers of encapsulation.
Emerging powered biomedical devices may presentatalenges for packaging, especially
battery packaging. These new devices may be mualiesrthan existing biomedical devices,
for example, an electronic contact lens or pill essmay be significantly smaller than a
pacemaker. In such examples, the volume and aggalale for packaging may be greatly
reduced.

Electrical Requirements of Microbatteries

Another area for design considerations may retatdectrical requirements of the
device, which may be provided by the battery. kheoito function as a power source for a
medical device, an appropriate battery may needéet the full electrical requirements of the
system when operating in a non-connected or noerexily powered mode. An emerging
field of non-connected or non-externally powereahiedical devices may include, for
example, vision-correcting contact lenses, heatthitoring devices, pill cameras, and
novelty devices. Recent developments in integraedit (IC) technology may permit
meaningful electrical operation at very low currlaviels, for example, picoamps of standby
current and microamps of operating current. IC’'y@go permit very small devices.

Microbatteries for biomedical applications may bquired to meet many
simultaneous, challenging requirements. For exantipgemicrobattery may be required to
have the capability to deliver a suitable operatialfage to an incorporated electrical circuit.
This operating voltage may be influenced by seviabrs 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 devfeérhe.

With respect to the IC process, nodes may typidadlglifferentiated 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, may be

associated with a resulting rating standard fomfton” or “threshold” voltages of field-effect
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transistors (FET’s) fabricated in the given proassge. For example, in a node with a
minimum feature size of 0.5 microns, it may be camro find FET’s with turn-on voltages
of 5.0V. However, at a minimum feature size of 9@ the FET’s may turn-on at 1.2, 1.8, and
2.5V. The IC foundry may supply standard cellsigftel blocks, for example, inverters and
flip-flops that have been characterized and aedrédgr use over certain voltage ranges.
Designers chose an IC process node based on sttt including density of digital
devices, analog/digital mixed signal devices, lgakeurrent, wiring layers, and availability of
specialty devices such as high-voltage FET’s. Gixese parametric aspects of the electrical
components, which may draw power from a microbgtiémay be important for the
microbattery power source to be matched to theireopents of the chosen process node and
IC design, especially in terms of available voltage current.

In some examples, an electrical circuit powerea loyicrobattery, may connect to
another device. In non-limiting examples, the ntatbery-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,caumctected devices may require higher
operating voltage conditions than common IC proceskes. For example, a variable-focus
lens may require 35V to activate. The operatingagd provided by the battery may therefore
be a critical consideration when designing sucystesn. In some examples of this type of
consideration, the efficiency of a lens driver toguce 35V from a 1V battery may be
significantly less than it might be when operatirggm a 2V battery. Further requirements,
such as die size, may be dramatically differensm®ering the operating parameters of the
microbattery as well.

Individual battery cells may typically be rated hidpen-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 potguiauced by the cell with an appropriate,
and typically also specified, load impedance plaamedss the cell terminals. The cutoff
voltage is typically a voltage at which most of tredtery 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 su@xesssive gassing. The cutoff voltage may

typically be influenced by the circuit to which thattery is connected, not just the battery
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itself, for example, the minimum operating voltagehe electronic circuit. In one example,
an alkaline cell may have an open-circuit voltaf#.6V, a loaded voltage in the range 1.0 to
1.5V, and a cutoff voltage of 1.0V. The voltageadafiven microbattery cell design may
depend upon other factors of the cell chemistryleysal. 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 resistanog, ldattery 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 battergléhiver current, or do work, for a
period of time. Battery capacity may typically lpesified in units such as microamp-hours.
A battery that may deliver 1 microamp of current Tdhour has 1 microamp-hour of capacity.
Capacity may typically be increased by increasirggrmass (and hence volume) of reactants
within a battery device; however, it may be appatsd that biomedical devices may be
significantly constrained on available volume. Battcapacity may also be influenced by
electrode and electrolyte material.

Depending on the requirements of the circuitry took the battery is connected, a
battery may be required to source current ovenge®f values. During storage prior to
active use, a leakage current on the order of pipseto nanoamps may flow through circuits,
interconnects, and insulators. During active op@natircuitry may consume quiescent
current to sample sensors, run timers, and peréauch low power consumption functions.
Quiescent current consumption may be on the ordeamoamps to milliamps. Circuitry may
also have even higher peak current demands, fongheawhen writing flash memory or
communicating over radio frequency (RF). This pealtent may extend to tens of milliamps
or more. The resistance and impedance of a midmiyatevice 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 parameters|f3ifie may be particularly important for
biomedical devices for several reasons. Electrdewices may displace non-powered
devices, as for example may be the case for theduttion of an electronic contact lens.

Products in these existing market spaces may tstablesshed shelf life requirements, for
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example, three years, due to customer, supply chathother requirements. It may typically
be desired that such specifications not be altemedew products. Shelf life requirements
may also be set by the distribution, inventory, aed methods of a device including a
microbattery. Accordingly, microbatteries for biotdneal devices may have specific shelf life
requirements, which may be, for example, measurdide number of years.

In some examples, three-dimensional biocompatibdegzation elements may be
rechargeable. For example, an inductive coil mag bk fabricated on the three-dimensional
surface. The inductive coil could then be energizét a radio-frequency (“RF”) fob. The
inductive coil may be connected to the three-dinmerad biocompatible energization element
to recharge the energization element when RF iBeapi the inductive coil. In another
example, photovoltaics may also be fabricated erthhee-dimensional surface and
connected to the three-dimensional biocompatibé&gmnation element. When exposed to
light or photons, the photovoltaics will producectons to recharge the energization
element.

In some examples, a battery may function to prothe@eelectrical energy for an
electrical system. In these examples, the battery Ine electrically connected to the circuit of
the electrical system. The connections betweercaitand a battery may be classified as
interconnects. These interconnects may becomeasiogly challenging for biomedical
microbatteries due to several factors. In some gkasnpowered 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 compeitd the desire to use a solder interconnect
which may, for example, require relatively high fmmatures such as 250 degrees Celsius to
melt. Although in some examples, the battery chegisicluding the electrolyte, and the
heat source used to form solder based interconmaatsbe isolated spatially from each
other. In the cases of emerging biomedical devitessmall size may preclude the separation

of electrolyte and solder joints by sufficient diste to reduce heat conduction.
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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 sealdaet those environments. These
interconnects may be considered as traces, makimgections to an external circuit, passing
through the battery seal, and then connectingaatinrent collectors inside the battery. As
such, these interconnects may have several regemtsrOutside the battery, the
interconnects may resemble typical printed cirtaites. They may be soldered to, or
otherwise connect to, other traces. In an exampkrathe battery is a separate physical
element from a circuit board comprising an integglatircuit, the battery interconnect may
allow for connection to the external circuit. Th@nnection may be formed with solder,
conductive tape, conductive ink or epoxy, or otineans. 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 battery is@ady be of critical importance
that the interconnect coexist with the seal andhiesealing. Adhesion may be required
between the seal and interconnect in additiongatthesion which may be required between
the seal and battery package. Seal integrity may t@be maintained in the presence of
electrolyte and other materials inside the battergrconnects, 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 tendencefectrolyte to “creep” along the
interconnect. Accordingly, an interconnect may nielle engineered to maintain seal
integrity.

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

One class of candidate interconnects and currdieictars is metal foils. Such foils
are available in thickness of 25 microns or ledsctv make them suitable for very thin

batteries. Such foil may also be sourced with laweaxe roughness and contamination, two
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factors which may be critical for battery perforrmanThe foils may include zinc, nickel,

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

Electrolyte
An electrolyte is a component of a battery whiatilfates a chemical reaction to take

place between the chemical materials of the eldesoTypical electrolytes may be
electrochemically active to the electrodes, fomepke, allowing oxidation and reduction
reactions to occur. In some examples, this impogbattrochemical activity may make for a
challenge to creating devices that are biocomgathdr example, potassium hydroxide
(KOH) may be a commonly used electrolyte in allaloells. 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 emglayech may be less electrochemically
active; however, these materials may typically taaueduced 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.

Various test scenarios may be used to determinsafegy of battery components, in
particular electrolytes, to living cells. Theseuiés, in conjunction with tests of the battery
packaging, may allow engineering design of a badgstem that may meet requirements. For
example, when developing a powered contact lertterigeelectrolytes may be tested on a
human corneal cell model. These tests may inclugerements on electrolyte concentration,
exposure time, and additives. The results of sests tmay indicate cell metabolism and other
physiological aspects. Tests may also includévo testing on animals and humans.

Electrolytes for use in the present invention nrapude zinc chloride, zinc acetate,
ammonium acetate, and ammonium chloride in masserrations from approximately 0.1
percent to 50 percent, and in a non-limiting exammpay be approximately 25 percent. The
specific concentrations may depend on electrochedractivity, battery performance, shelf
life, seal integrity, and biocompatibility.

In some examples, several classes of additivesbhmayilized in the composition of a

battery system. Additives may be mixed into thetetdyte base to alter its characteristics.
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For example, gelling agents such as agar may retiecability of the electrolyte to leak out
of packing, thereby increasing safety. Corrosidnblitors may be added to the electrolyte, for
example, to improve shelf life by reducing the wide dissolution of the zinc anode into the
electrolyte. These inhibitors may positively or atsely affect the safety profile of the
battery. Wetting agents or surfactants may be addedxample, to allow the electrolyte to
wet the separator or to be filled into the batimmgkage. Again, these wetting agents may be
positive or negative for safety. The addition affactant to the electrolyte may increase the
electrical impedance of the cell. Accordingly, thevest concentration of surfactant to
achieve the desired wetting or other propertiesishibe used. Exemplary surfactants may
include Triton" X-100, Triton’ QS44, and Dowfax 3B2 in concentrations from 0.01
percent to 2 percent.

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

Batteries using “salt water” electrolyte are comigarsed in reserve cells for marine
use. Torpedoes, buoys, and emergency lights maguctebatteries. Reserve cells are
batteries in which the active materials, the etetgts and electrolyte, are separated until the
time of use. Because of this separation, the ce#l§‘discharge is greatly reduced and shelf
life is greatly increased. Salt water batteries faylesigned from a variety of electrode
materials, including zinc, magnesium, aluminum,p@ptin, manganese dioxide, and silver
oxide. The electrolyte may be actual sea waterefample, water from the ocean flooding
the battery upon contact, or may be a speciallynemged saline formulation. This type of
battery may be particularly useful in contact lenge saline electrolyte may have superior
biocompatibility to classical electrolytes suchpasassium hydroxide and zinc chloride.
Contact lenses are stored in a “packing solutiohittv is typically a mixture of sodium
chloride, perhaps with other salts and bufferingrag. This solution has been demonstrated
as a battery electrolyte in combination with a zanode and manganese dioxide cathode.
Other electrolyte and electrode combinations assipte. A contact lens using a “salt water”
battery may comprise an electrolyte based on sodhloride, packing solution, or even a
specially engineered electrolyte similar to teard] Such a battery could, for example, be
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activated with packing solution, maintain an opgrim 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 prodligpical 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 Figs. 1 and 3, but the electrolyte might notldeed 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 used asl¢icer@yte. 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 activatindangstick), the electrolyte may be allowed to
flow into the battery and form an ionic pathwayvetn the electrodes. This may involve a
one-time transfer of electrolyte or may exposelthigtery for continued diffusion.

Some battery systems may use or consume electohlyireg the chemical reaction.
Accordingly, it may be necessary to engineer aagektolume of electrolyte into the
packaged system. This electrolyte may be storediious 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 dischargeacdy of the battery system. For example,
it may be desirable to design the materials anduatscof 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 dischaugg side reactions to not take place at
lower discharge voltages. These problematic reastioay produce, for example, excessive

gas or byproducts which could be detrimental tetyend other factors.

Modular Battery Components

In some examples, a modular battery component radgrimed according to some

aspects and examples of the present inventiomelsetexamples, the modular battery
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assembly may be a separate component from othisrgfahe biomedical device. In the
example of an ophthalmic contact lens device, sudasign may include a modular battery
that is separate from the rest of a media inséerd may be numerous advantages of forming
a modular battery component. For example, in tlzargte of the contact lens, a modular
battery component may be formed in a separatejmegrated process which may alleviate
the need to handle rigid, three-dimensionally fatroptical plastic components. In addition,
the sources of manufacturing may be more flexibk rmay operate in a more parallel mode
to the manufacturing of the other components irbibenedical device. Furthermore, the
fabrication of the modular battery components maylécoupled from the characteristics of
three-dimensional (3D) shaped devices. For exanmpbgplications requiring three-
dimensional final forms, a modular battery systeayre fabricated in a flat or roughly two-
dimensional (2D) perspective and then shaped tappeopriate three-dimensional shape. A
modular battery component may be tested indepelydgiithe rest of the biomedical device
and yield loss due to battery components may leddefore assembly. The resulting
modular battery component may be utilized in vasimedia insert constructs that do not
have an appropriate rigid region upon which theédoptcomponents may be formed; and, in a
still further example, the use of modular battesypnponents may facilitate the use of different
options for fabrication technologies than mightesthise be utilized, such as, web-based
technology (roll to roll), sheet-based technologlyget-to-sheet), printing, lithography, and
“squeegee” processing. In some examples of a modateery, the discrete containment
aspect of such a device may result in additionaén® being added to the overall biomedical
device construct. Such effects may set a consti@irthe use of modular battery solutions
when the available space parameters require miadrtizickness 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 féastors may be cylindrical forms or
rectangular prisms, made of metal, and may be deaveard products which require large
amounts of power for long durations. These appboatmay be large enough that they may
comprise large form factor batteries. In anothemegle, planar (2D) solid-state batteries are
thin rectangular prisms, typically formed upon @xible silicon or glass. These planar solid-
state batteries may be formed in some exampleg s8ioon wafer-processing technologies.

In another type of battery form factor, low powiexible batteries may be formed in a pouch
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construct, using thin foils or plastic to contdne tbattery chemistry. These batteries may be
made flat (2D), and may be designed to functionn@ved to a modest out-of-plane (3D)
curvature.

In some of the examples of the battery applicatiortbe present invention where the
battery may be employed in a variable optic lelng,form factor may require a three-
dimensional curvature of the battery component wlaeradius of that curvature may be on
the order of approximately 8.4 mm. The nature ehsa curvature may be considered to be
relatively steep and for reference may approxirnttaeeype of curvature found on a human
fingertip. The nature of a relative steep curvatrsates challenging aspects for manufacture.
In some examples of the present invention, a modhatiery component may be designed
such that it may be fabricated in a flat, two-disienal manner and then formed into a three-

dimensional form of relative high curvature.

Battery Module Thickness

In designing battery components for biomedical epgibns, tradeoffs amongst the
various parameters may be made balancing techsafaty and functional requirements. The
thickness of the battery component may be an impoegnd limiting parameter. For example,
in an optical lens application the ability of a devto be comfortably worn by a user may
have a critical dependence on the thickness atiedsiomedical device. Therefore, there
may be critical enabling aspects in designing tgeby for thinner results. In some examples,
battery thickness may be determined by the comitime&inesses of top and bottom sheets,
spacer sheets, and adhesive layer thicknesses$icRratanufacturing aspects may drive
certain parameters of film thickness to standatdesin available sheet stock. In addition,
the films may have minimum thickness values to Whiey may be specified base upon
technical considerations relating to chemical catbgely, moisture / gas impermeability,
surface finish, and compatibility with coatingstth@ay be deposited upon the film layers.

In some examples, a desired or goal thicknesdiafshned battery component may be
a component thickness that is less than 220 ptheke examples, this desired thickness may
be driven by the three-dimensional geometry ofxaam®lary ophthalmic lens device where
the battery component may need to be fit insideattalable volume defined by a hydrogel

lens shape given end user comfort, biocompatibiihd acceptance constraints. This volume
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and its effect on the needs of battery componeciriess may be a function of total device
thickness specification as well as device spediboarelating to its width, cone angle, and
inner diameter. Another important design considenafor the resulting battery component
design may relate to the volume available for ahattery chemicals and materials in a given
battery component design with respect to the resuéthemical energy that may result from
that design. This resulting chemical energy man the balanced for the electrical

requirements of a functional biomedical deviceifetargeted 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 thatility of the battery component. There may
be numerous advantages conferred by flexible lyatbems. For example, a flexible battery
module may facilitate the previously mentioned ijptb fabricate the battery form in a two-
dimensional (2D) flat form. The flexibility of thierm may allow the two-dimensional battery
to then be formed into an appropriate 3D shapé totb a biomedical device such as a
contact lens.

In another example of the benefits that may beearoed by flexibility in the battery
module, if the battery and the subsequent devitlexgle 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, fiked hydrogel contact lens.

The number of flexures may be important to the megjiing of the battery. For
example, a battery which may only flex one timeanfra planar form into a shape suitable for
a contact lens may have significantly differentigesrom 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 ele@noay be physically capable of flexing
without breaking, but the mechanical and electroubal properties of the electrode may be
altered by flexure. Flex-induced changes may apipstanntly, for example, as changes to
impedance, or flexure may introduce changes whietoaly apparent in long-term shelf life

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

elements or batteries of the present invention beaytilized. In general, the battery width
requirement may be largely a function of the agien in which it is applied. In an
exemplary case, a contact lens battery system anag/ ¢onstrained needs for the
specification on the width of a modular battery poment. In some examples of an
ophthalmic device where the device has a variaplie function powered by a battery
component, the variable optic portion of the deviegy occupy a central spherical region of
about 7.0 mm in diameter. The exemplary battersnelgs may be considered as a three-
dimensional object, which fits as an annular, calskirt around the central optic and formed
into a truncated conical ring. If the required nmaxtim diameter of the rigid insert is a
diameter of 8.50 mm, and tangency to a certain eiansphere may be targeted (as for
example in a roughly 8.40 mm diameter), then gepgnmrety dictate what the allowable
battery width may be. There may be geometric maithalsmay be useful for calculating
desirable specifications for the resulting geometijch in some examples may be termed a
conical frustum flattened into a sector of an ansul

Flattened battery width may be driven by two feasunf 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 @rsO@er side, and the active battery
components may be targeted at roughly 0.800 mm.\@tieer 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 bmm@rous advantages from the division of
the active battery components into discrete segsnént non-limiting example, the
fabrication of discrete and smaller elements maififate production of the elements. The
function of battery elements including numerous lfEenalements may be improved. Defects
of various kinds may be segmented and non-fundtieleanents may be isolated in some

cases to result in decreased loss of function. iiaig be relevant in examples where the loss
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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 lowereduoe 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 imbdical devices, the chemical
action of the battery involves aqueous chemistiyeng water or moisture is an important
constituent to control. Therefore it may be impott#® incorporate sealing mechanisms that
retard or prevent the movement of moisture eitheeod or into the battery body. Moisture
barriers may be designed to keep the internal mn@dével at a designed level, within some
tolerance. In some examples, a moisture barrierlmagivided into two sections or
components; namely, the package and the seal.

The package may refer to the main material of tietosure. In some examples, the
package may comprise a bulk material. The Wateo¥@pansmission Rate (WVTR) may be
an indicator of performance, with ISO, ASTM start$acontrolling the test procedure,
including the environmental conditions operant dgrihe testing. Ideally, the WVTR for a
good battery package may be “zero.” Exemplary nedtewith a near-zero WVTR may be
glass and metal foils. Plastics, on the other haray, be inherently porous to moisture, and
may vary significantly for different types of plastEngineered materials, laminates, or co-
extrudes may usually be hybrids of the common pgekaaterials.

The seal may be the interface between two of tiekgge 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 charactefoz 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 procedures. Ineseramples, a practical manner to testing
seal integrity may be a functional test of the akseal design, for some defined conditions.
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Seal performance may be a function of the sealnagtthe seal thickness, the seal length,
the seal width, and the seal adhesion or intimagatkage substrates.

In some examples, seals may be formed by a wefttimgess 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 derive tiee utilization of gasket type material
that may be formed from cork, natural and synthefiber, polytetrafluoroethylene (PTFE),
polypropylene, and silicones to mention a few niariting examples.

In some examples, the batteries according to tegemt invention may be designed to
have a specified operating life. The operatingnif@y be estimated by determining a practical
amount of moisture permeability that may be obthinging a particular battery system and
then estimating when such a moisture leakage nsapti@ an end of life condition for the
battery. For example, if a battery is stored ined @nvironment, then the partial pressure
difference between inside and outside the battdiye minimal, resulting in a reduced
moisture loss rate, and therefore the batteryniéy be extended. The same exemplary
battery stored in a particularly dry and hot enwim@nt may have a significantly reduced

expectable lifetime due to the strong driving fuoctfor moisture loss.

Battery Element Separators

Batteries of the type described in the presentritiwa may utilize a separator material that
physically and electrically separates the anodesawadie current collector portions from the
cathode and cathode current collector portions.SEparator may be a membrane that is
permeable to water and dissolved electrolyte corapts) however, it may typically be
electrically non-conductive. While a myriad of coentially-available separator materials
may be known to those of skill in the art, the rldeem factor of the present invention may
present unique constraints on the task of sepasatection, processing, and handling.
Since the designs of the present invention may b#xeethin profiles, the choice may
be limited to the thinnest separator materialscgity available. For example, separators of
approximately 25 microns in thickness may be dbtre&Some examples which may be
advantageous may be about 12 microns in thickiié&se may be numerous acceptable

commercial separators include microfibrillated, ramorous polyethylene monolayer and/or
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polypropylene-polyethylene-polypropylene (PP/PE/®Ryer separator membranes such as
those produced by Celgard (Charlotte, NC). A deteraxample of separator material may be
Celgard M824 PP/PE/PP trilayer membrane havingcairibss of 12 microns. Alternative
examples of separator materials useful for exangfiéise present invention may include
separator membranes including regenerated cell(#ogecellophane).

While PP/PE/PP trilayer separator membranes mag &dvantageous thickness and
mechanical properties, owing to their polyolefinf@racter, they may also suffer from a
number of disadvantages that may need to be overaoorder to make them useful in
examples of the present invention. Roll or shestksof PP/PE/PP trilayer separator materials
may have numerous wrinkles or other form errors ey be deleterious to the micron-level
tolerances applicable to the batteries describeeirhe=urthermore, polyolefin separators may
need to be cut to ultra-precise tolerances fousioh in the present designs, which may
therefore implicate laser cutting as an exemplagyhod of forming discrete current
collectors in desirable shapes with tight toleran€&wing to the polyolefinic character of
these separators, certain cutting lasers usefuhiom fabrication may employ laser
wavelengths, e.g. 355 nm, that will not cut polfiole The polyolefins do not appreciably
absorb the laser energy and are thereby non-aldatabally, polyolefin separators may not
be inherently wettable to aqueous electrolytes uséue batteries described 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 piecesiatc segments or other advantageous
separator designs, the membrane may need to nflavrinkle-free. If these two conditions
are not met, the separator membrane may not bedutlbecause the cutting beam may be
inhibited as a result of defocusing of or othervgsattering the incident laser energy.
Additionally, if the separator membrane is not #at wrinkle-free, the form accuracy and
geometric tolerances of the separator membranenoigye sufficiently achieved. Allowable
tolerances for separators of current examples reajob example, +0 microns and -20
microns with respect to characteristic lengths andiddii. There may be advantages for
tighter tolerances of +0 microns and -10 micron famther for tolerances of +0 microns and -
5 microns. Separator stock material may be madarid wrinkle-free by temporarily

laminating the material to a float glass carriethvein appropriate low-volatility liquid. Low-
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volatility liquids may have advantages over temppealhesives due to the fragility of the
separator membrane and due to the amount of pingdsse that may be required to release
separator membrane from an adhesive layer. Furtivetrim some examples achieving a flat
and wrinkle-free separator membrane on float glassg a liquid has been observed to be
much more facile than using an adhesive. Pricatanation, the separator membrane may be
made free of particulates. This may be achievedltbgsonic cleaning of separator membrane
to dislodge any surface-adherent particulatesoinesexamples, handling of a separator
membrane may be done in a suitable, low-particler@nment such as a laminar flow hood

or a cleanroom of at least class 10,000. Furthexnbe float glass substrate may be made to
be particulate free by rinsing with an approprstévent, ultrasonic cleaning, and/or wiping
with clean room wipes.

While a wide variety of low-volatility liquids malye used for the mechanical purpose
of laminating microporous polyolefin separator meames 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 thagthé has a surface tension low enough to
soak into the pores of the separator material winialy easily be verified by visual
inspection. In some examples, the separator mhateries from a white color to a translucent
appearance when liquid fills the micropores ofragerial. 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 berdb to choose a liquid whose vapor
pressure may be low enough so that appreciableoeatapn does not occur during the time
scale of processing (on the order of 1 day). Amaillsome examples the liquid may have
sufficient solvating power to dissolve advantagedWsabsorbers that may facilitate the laser
cutting operation. In an example, it has been afeskthat a 12 percent (w/w) solution of
avobenzone UV absorber in benzyl benzoate solvegtmeet the aforementioned
requirements and may lend itself to facilitating taser cutting of polyolefin separators with
high precision and tolerance in short order withamuexcessive 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 approdure the laser may have settings for low
power attenuation (e.g. 3 percent power), a modea@ged 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
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effective laminating and cutting process aid, otigr formulations may be envisaged by
those of skill in the art and used without limigati

In some examples, a separator may be cut while fize 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 incegrductor processes. Furthermore, the
generation of scrap separator membrane may be medmOnce 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
alcohol in some examples. Discrete separators, extcacted, may be stored indefinitely in
any suitable low-particle environment.

As previously mentioned polyolefin separator membgsamay be inherently
hydrophobic and may need to be made wettable tecarpusurfactants used in the batteries of
the present invention. One approach to make tharap membranes wettable may be
oxygen plasma treatment. For example, separatoydméreated for 1 to 5 minutes in a 100
percent oxygen plasma at a wide variety of powtimggs and oxygen flow rates. While this
approach may improve wettability for a time, it magywell-known that plasma surface
modifications provide a transient effect that may last long enough for robust wetting of
electrolyte solutions. Another approach to imprasedtability of separator membranes may
be to treat the surface by incorporating a suitabiéactant on the membrane. In some cases,
the surfactant may be used in conjunction with ddghilic 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 subsequeathent with a suitable hydrophilic
organosilane. In this manner, the oxygen plasmalmaysed to activate and impart
functional groups across the entire surface ar¢lsomicroporous separator. The
organosilane may then covalently bond to and/orcavalently adhere to the plasma treated
surface. In examples using an organosilane, therémi porosity of the microporous separator
may not be appreciably changed, monolayer surfacerage may also be possible and

desired. Prior art methods incorporating surfastamtonjunction with polymeric coatings
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may require stringent controls over the actual amoficoating applied to the membrane, and
may then be subject to process variability. Inexi cases, pores of the separator may
become blocked, thereby adversely affecting utdityhe separator during the operation of
the electrochemical cell. An exemplary organosilaseful in the present invention may be
(3-aminopropyltriethoxysilane. Other hydrophiligganosilanes may be known to those of
skill in the art and may be used without limitation

Still another method for making separator membravedtable by aqueous electrolyte
may be the incorporation of a suitable surfactarhe electrolyte formulation. One
consideration in the choice of surfactant for mglseparator membranes wettable may be the
effect that the surfactant may have on the actoitgne or more electrodes within the
electrochemical cell, for example, by increasing ¢tectrical impedance of the cell. In some
cases, surfactants may have advantageous antsmornoroperties, specifically in the case of
zinc anodes in agueous electrolytes. Zinc may bexample known to undergo a slow
reaction with water to liberate hydrogen gas, whieky be undesirable. Numerous
surfactants may be known by those of skill in thte¢@limit rates of said reaction to
advantageous levels. In other cases, the surfatianso strongly interact with the zinc
electrode surface that battery performance maynpeded. Consequently, much care may
need to be made in the selection of appropriatacant types and loading levels to ensure
that separator wettability may be obtained withaeleteriously affecting electrochemical
performance of the cell. In some cases, a plurafigurfactants may be used, one being
present to impart wettability to the separator membé 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 and a surfamtahirality of surfactants is added to the
electrolyte formulation in an amount sufficientefbect wettability of the separator
membrane.

Discrete separators may be integrated into thenanmicrobattery by direct
placement into a means for storage including agthesi cavity, pocket, or structure within the
assembly. Desirably, this storage means may becidiny a laminar structure having a
cutout, which may be a geometric offset of the spa shape, resulting in a cavity, pocket,
or structure within the assembly. Furthermore stoeage means may have a ledge or step on

which the separator rests during assembly. Theeledgtep may optionally include a
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pressure-sensitive adhesive which retains theetsseparator. Advantageously, the pressure-
sensitive adhesive may be the same one used aotistruction and stack up of other

elements of an exemplary laminar microbattery.

Pressure Sensitive Adhesive

In some examples, the plurality of components casimgpthe laminar microbatteries
of the present invention may be held together wifitessure-sensitive adhesive (PSA) that
also serves as a sealant. While a myriad of comatlgravailable pressure-sensitive adhesive
formulations may exist, such formulations almostais include components that may make
them unsuitable for use within a biocompatible laanimicrobattery. Examples of
undesirable components in pressure-sensitive adfeesiay include low molecular mass
leachable components, antioxidants e.g. BHT andEiHQ, plasticizing oils, impurities,
oxidatively unstable moieties containing, for exénpnsaturated chemical bonds, residual
solvents and/or monomers, polymerization initidtagments, polar tackifiers, and the like.

Suitable PSAs may on the other hand exhibit tHevohg properties. They may be
able to be applied to laminar components to achtieivelayers on the order of 2 to 20
microns. As well, they may comprise a minimum of, éxample, zero undesirable or non-
biocompatible components. Additionally, they maydaufficient 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 inherenti@vices of the present construction while
providing for a robust sealing of electrolyte withthe battery. In some examples of suitable
PSAs, the PSAs may have a low permeability to wadpor in order to maintain a desirable
aqueous electrolyte composition within the bateargn when the battery may be subjected to
extremes in humidity for extended periods of tiflee PSAs may have good chemical
resistance to components of electrolytes suchids,aurfactants, and salts. They may be
inert to the effects of water immersion. Suitab&AB may have a low permeability to oxygen
to minimize the rate of direct oxidation, which magya form of self-discharge, of zinc
anodes. And, they may facilitate a finite permeagbib hydrogen gas, which may be slowly
evolved from zinc anodes in aqueous electrolytbss property of finite permeability to
hydrogen gas may avoid a build-up of internal press

In consideration of these requirements, polyisdeuaty (P1B) may be a commercially-
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available material that may be formulated into RBApositions meeting many if not all
desirable requirements. Furthermore, PIB may bexarllent barrier sealant with very low
water absorbance and low oxygen permeability. AangXde of PIB useful in the examples of
the present invention may be Opp&hBlL5 by BASF Corporation. OpparfaB15 may be
dissolved in hydrocarbon solvents such as toluesgtane, dodecane, mineral spirits, and the
like. One exemplary PSA composition may includep8fcent Oppan8IB15 (w/w) in a

solvent mixture including 70 percent (w/w) tolueared 30 percent dodecane. The adhesive
and rheological properties of PIB based PSA's neagdiermined in some examples by the
blending of different molecular mass grades of PIBommon approach may be to use a
majority of low molar mass PIB, e.g. Oppah@10 to affect wetting, tack, and adhesion, and
to use a minority of high molar mass PIB to effiectghness and resistance to flow.
Consequently, blends of any number of PIB molarsnggiades may be envisioned and may
be practiced within the scope of the present ineenturthermore, tackifiers may be added
to the PSA formulation so long as the aforementiaeguirements may be met. By their very
nature, tackifiers impart polar properties to P8rfulations, so they may need to be used
with caution so as to not adversely affect theibaproperties of the PSA. Furthermore,
tackifiers may in some cases be oxidatively unstabld may include an antioxidant, which
could leach out of the PSA. For these reasons, pbeeyntackifiers for use in PSA's for
biocompatible laminar microbatteries may includéyfuor mostly hydrogenated hydrocarbon

resin tackifiers such as the Regalrez series &fftars from Eastman Chemical Corporation.

Additional Package and Substrate consideratio®anompatible 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 degaéidn of zinc anodes by direct oxidation.

In some examples, the packaging may provide afpermeation pathway to

hydrogen gas that may evolve due to direct rednafovater by zinc. And, the packaging
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may desirably sufficiently contain and may isoldite contents of the battery such that
potential exposure to a user may be minimized.

In the present invention, packaging constructs melyjde the following types of
functional components: top and bottom packagingri®yPSA layers, spacer layers,
interconnect zones, filling ports, and secondaigkpging.

In some examples, top and bottom packaging layagsaomprise metallic foils or
polymer films. Top and bottom packaging layers roamprise 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 preseinvention may be 3% Scotchpak 1109
backing which consists of a polyethylene tereplaties{ PET) carrier web, a vapor-deposited
aluminum barrier layer, and a polyethylene layehiding a total average film thickness of
33 microns. Numerous other similar multilayer barfilms may be available and may be
used in alternate examples of the present invention

In design constructions including a PSA, packadmygr surface roughness may be of
particular importance because the PSA may also teegehl opposing packaging layer faces.
Surface roughness may result from manufacturingge®es used in foil and film production,
for example, processes employing rolling, extrudemgbossing and/or calendaring, among
others. If the surface is too rough, PSA may beahte to be applied in a uniform thickness
when the desired PSA thickness may be on the ofdbe surface roughness Ra (the
arithmetic average of the roughness profile). Farrtiore, PSA's may not adequately seal
against an opposing face if the opposing face taghmess that may be on the order of the
PSA layer thickness. In the present invention, pgtlg materials having a surface
roughness, Ra, less than 10 microns may be actegtedimples. In some examples, surface
roughness values may be 5 microns or less. Angtjlifurther examples, the surface
roughness may be 1 micron or less. Surface roughra#ses may be measured by a variety
of methods including but not limited to measurentenhniques such as white light
interferometry, stylus profilometry, and the likehere may be many examples in the art of
surface metrology that surface roughness may beided by a number of alternative
parameters and that the average surface rougtiR@sgalues discussed herein may be meant

to be representative of the types of features @ritan the aforementioned manufacturing

33



10

15

20

25

30

processes.

Exemplary lllustrated Processing of Biocompatibieijization Elements — Placed Separator

An example of the steps that may be involved ircessing biocompatible
energization elements may be found referring ts.Hg@ — 4N. The processing at some of the
exemplary steps may be found in the individualfégu In Fig. 4A, an exemplary
combination of a PET Cathode Spacer 401 and a PdpTSpacer 404 is illustrated. The PET
Cathode Spacer 401 may be formed by applying fdhET 403 which, for example, may
be roughly 3 mils thick. On either side of the ABYer may be found PSA layers or these
may be capped with a PVDF release layer 402 whigh lse roughly 1 mil in thickness. The
PET Gap spacer 404 may be formed of a PVDF lay@mwliich may be roughly 3 mils in
thickness. There may be a capping PET layer 406hwiiay be roughly 0.5 mils in thickness.
Between the PVDF layer 409 and the capping PET k8, in some examples, may be a
layer of PSA.

Proceeding to Fig. 4B, a hole 406 in the PET Gaeaplayer 404 may be cut by laser
cutting treatment. Next at Fig. 4C, the cut PET Gpacer layer 404 may be laminated 408 to
the PET Cathode Spacer layer 401. Proceeding talBiga cathode spacer hole 410 may be
cut by laser cutting treatment. The alignment &f tutting step may be registered to the
previously cut features in the PET Gap spacer |40dr. At Fig. 4E, a layer of Celgard 412,
for an ultimate separator layer, may be bondeddaraer 411. Proceeding to Fig. 4F, the
Celgard material may be cut to figures that argvbeh the size of the previous two laser cut
holes, and approximately the size of the hole #0é& PET gap spacer, forming a precut
separator 420. Proceeding to Fig. 4G, a pick aadepiool 421 may be used to pick and place
discrete pieces of Celgard into their desired iocaton the growing device. At Fig. 4H, the
placed Celgard pieces 422 are fastened into plad¢hen the PVDF release layer 423 may
be removed. Proceeding to Fig. 41, the growing ceegiructure may be bonded to a film of
the anode 425. The anode 425 may comprise an @atidetor film upon which a zinc anode
film has been electrodeposited.

Proceeding to Fig. 4J, a cathode slurry 430 magyldeed into the formed gap. A
squeegee 431 may be used in some examples to $heceathode mix across a work piece

and in the process fill the gaps of the batteryiaks/being formed. After filling, the
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remaining PVDF release layer 432 may be removediwimay 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 alsatine height of the PET layer top.
Proceeding to Fig. 4M, a cathode film layer 450ichhmay 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 alterationstide$, changes to materials and
thickness targets that may be useful within thenhof the present invention.

The result of the exemplary processing may be tieghic some detail at Fig. 5. In an
example, the following reference features may bmee. The Cathode chemistry 510 may be
located in contact with the cathode and cathodedok 520. A pressure-sensitive adhesive
layer 530 may hold and seal the cathode colle@6rté a PET Spacer layer 540. On the other
side of the PET Spacer layer 540, may be anothai&®&r 550, which seals and adheres the
PET Spacer layer 540 to the PET Gap layer 560.a1d®SA layer 565 may seal and adhere
the PET Gap layer 560 to the Anode and Anode Cuefiector layers. A Zinc Plated layer
570 may be plated onto the Anode Current Colles8®. The separator layer 590 may be
located within the structure to perform the asgeddunctions as have been defined in the
present invention. In some examples, an electrohgg be added during the processing of the

device, in other examples, the separator may afrieatlde 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. 6AT6E processing at some of the
exemplary steps may be found in the individual fggu There may be numerous alterations,
deletions, changes to materials and thicknessttatigat may be useful within the intent of
the present invention.

In Fig. 6A, an exemplary laminar construct 60dlisstrated. The laminar structure
may comprise two laminar construct release layg92,and 602a; two laminar construct
adhesive layers 604 and 604a, located betweemnhedr construct release layers 602 and

602a; and a laminar construct core 606, locatedd®st the two laminar construct adhesive
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layers 604 and 604a. The laminar construct rellsgses, 602 and 602a, and adhesive layers,
604 and 604a, may be produced or purchased, steha@amercially available pressure-
sensitive adhesive transfer tape with primary liager. The laminar construct adhesive
layers may be a PVDF layer which may be approxiimdte3 millimeters in thickness and

cap the laminar construct core 606. The laminasttant core 606 may comprise a
thermoplastic polymer resin such as polyethyleneptethalate, which, for example, may be
roughly 3 millimeters thick. Proceeding to Fig. GBmeans for storing the cathode mixture,
such as a cavity for the cathode pocket 608, mayuba the laminar construct by laser
cutting treatment.

Next, at Fig. 6C, the bottom laminar constructaséelayer 602a may be removed
from the laminar construct, exposing the laminarstauct adhesive layer 604a. The laminar
construct adhesive layer 604a may then be usedhtere an anode connection foil 610 to
cover the bottom opening of the cathode pocket B&&eeding to Fig. 6D, the anode
connection foil 610 may be protected on the expdsdtbm layer by adhering a masking
layer 612. The masking layer 612 may be a commgraeaailable PSA transfer tape with a
primary liner. Next, at Fig. 6E, the anode conractoil 610 may be electroplated with a
coherent metal 614, zinc, for example, which ctiasexposed 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.

Figs. 7A — 7F illustrate an alternate mode of pssogy the steps illustrated in Figs.
6A — 6F . Figs. 7A — 7B illustrate similar processe depicted in Figs. 6A — 6B. The laminar
structure may comprise two laminar construct reddagers, 702 and 702a, one layer on
either end; two laminar construct adhesive lay&dd, and 704a, located between the laminar
construct release layers 702 and 702a; and a lamamatruct core 706, located between the
two laminar construct adhesive layers 704 and 70Ha.laminar construct release layers and
adhesive layers may be produced or purchased,asualtommercially available pressure-
sensitive adhesive transfer tape with primary liager. The laminar construct adhesive
layers may be a polyvinylidene fluoride (PVDF) lay¢hich may be approximately 1-3
millimeters in thickness and cap the laminar cargtcore 706. The laminar construct core

706 may comprise a thermoplastic polymer resin sischolyethylene terephthalate, which,
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for example, may be roughly 3 millimeters thicko&eding to Fig. 7B, a storage means,
such as a cavity, for the cathode pocket 708, neagubin the laminar construct by laser
cutting treatment. In Fig. 7C, an anode connedodrv10 may 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 coherent mébalexample, zinc. Proceeding to Fig. 7E,
the laminar constructs of Figs. 7B and 7D may bmlboed to form a new laminar construct
as depicted in Fig. 7E by adhering the constru¢tigf 7B to the electroplated layer 714 of
Fig. 7D. The release layer 702a of Fig 7B may logoreed in order to expose adhesive layer
704a of Fig. 7B for adherence onto electroplatgdrld@14 of Fig. 7D. Proceeding next to Fig
7F, the anode protective masking layer 712 magbwved from the bottom of the anode
connection foil 710.

Figs. 8A — 8H mauy 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 separatocypsor mixture 820 may be deposited on
the surface of the laminate assembly. In some ebenas depicted, the hydrogel precursor
mixture 820 may be applied up a release layer Ret, at Fig. 8B, the hydrogel separator
precursor mixture 820 may be squeegeed 850 intoat®de pocket while being cleaned off
of the release layer 802. The term “squeegeed” geagrally refer to the use of a planarizing
or scraping tool to rub across the surface and rlaicematerial over the surface and into
cavities as they exist. The process of squeegeearygbe performed by equipment similar to
the vernacular “Squeegee” type device or alteretignd planarizing device such as knife
edges, razor edges and the like which may be mladeéncerous 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 allowweatty in order to evaporate materials,
which may typically be solvents or diluents of wars types, from the hydrogel separator
precursor mixture, and then the dispensed andexppiaterials may be cured. It may be
possible to repeat both of the processes depitteig).a8B and Fig. 8C in combination in

some examples. In some examples, the hydrogelaepg@recursor mixture may be cured by
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exposure to heat while in other examples the cunag be performed by exposure to photon
energy. In still further examples the curing mayoilve both exposure to photon energy and
to heat. There may be numerous manners to cuiteyttregel separator precursor mixture.

The result of curing may be to form the hydrogglasator precursor material to the
wall of the cavity as well as the surface regioprioximity to an anode or cathode feature
which in the present example may be an anode feahalherence of the material to the
sidewalls of the cavity may be useful in the sepamgunction of a separator. The result of
curing may be to form an anhydrous polymerized ymsar mixture concentrate 822 which
may be simply considered the separator of the aticeeding 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 thed= pocket and onto the anhydrous
polymerized precursor mixture concentrate 822. ddthode slurry may be moved to its
desired location in the cavity while simultaneoustyng cleaned off to a large degree from
the laminar construct release layer 802. The prooéBig. 8E may be performed several
times to ensure coating of the cathode slurry 88@p of the anhydrous polymerized
precursor mixture concentrate 822. Next, at Figti®&cathode slurry may be allowed to dry
down to form an isolated cathode fill 832 on togh® anhydrous polymerized precursor
mixture concentrate 822, filling in the remaindétte cathode pocket.

Proceeding to Fig. 8G, an electrolyte formulatid® 8ay be added on to the isolated
cathode fill 832 and allowed to hydrate the isalatathode fill 832 and the anhydrous
polymerized precursor mixture concentrate 822. NaxFig. 8H, a cathode connection foil
816 may be adhered to the remaining laminar coctstidhesive layer 804 by removing the
remaining laminar construct release layer 802 ardging the connection foil 816 in place.
The resulting placement may result in coveringhtydrated cathode fill 842 as well as
establishing electrical contact to the cathodeB#l? as a cathode current collector and
connection means.

Figs. 9A through 9C may illustrate an alternagxample of the resulting laminate
assembly from Fig. 7D. In Fig. 9A, the anode cotioedoil 710 may be obtained and a
protective masking layer 712 applied to one side dnode connection foil 710 may be
plated with a layer 714 of coherent metal with,daample, zinc. In similar fashion as

described in the previous figures. Proceeding ¢p $18, a hydrogel separator 910 may be
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applied without the use of the squeegee methaostidted 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 adherencenaltieely, a diluted mixture of the
hydrogel separator precursor mixture may be diggeaad then adjusted to a desired
thickness by the processing of spin coating. Aléwuely the material may be applied by
spray coating, or any other processing equivaiext, at Fig. 9C, processing is depicted to
create a segment of the hydrogel separator thatfumayion as a containment around a
separator region. The processing may create arréigat limits the flow, or diffusion, of
materials such as electrolyte outside the intestratture of the formed battery elements.
Such a blocking feature 920 of various types mayettore be formed. The blocking feature,
in some examples, may correspond to a highly ardesd region of the separator layer as
may be formed in some examples by increased expdsynhoton energy in the desired
region of the blocking feature 920. In other exagspmaterials may be added to the hydrogel
separator material before it is cured to createredly differentiated portions that upon
curing become the blocking feature 920. In stitttier examples, regions of the hydrogel
separator material may be removed either befoadter curing by various techniques
including, for example, chemical etch of the lay@h masking to define the regional extent.
The region of removed material may create a blackeature in its own right or alternatively
materially may be added back into the void to @eablocking feature. The processing of the
impermeable segment may occur through several methcluding image out processing,
increased cross-linking, heavy photodosing, baltikdi or omission of hydrogel adherence
to create a void. In some examples, a laminatetaaior assembly of the type depicted as

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

Polymerized Battery Element Separators

In some battery designs, the use of a discreteratp (as described in a previous
section) may be precluded due to a variety of nemsach as the cost, the availability of
materials, the quality of materials, or the comieaf processing for some material options
as non-limiting examples. In such cases, a castror-in-place separator which is illustrated
in the processes of Figs. 8A — 8H, for example, prayide desirable benefits. While starch

or pasted separators have been used commercidiiysuccess in AA and other format
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Leclanché or zinc-carbon batteries, such separataysbe unsuitable in some ways for use in
certain examples of laminar microbatteries. Paldicattention may need to be paid to the
uniformity and consistency of geometry for any safia used in the batteries of the present
invention. Precise control over separator volumg b®needed to facilitate precise
subsequent incorporation of known cathode volumessabsequent realization of consistent
discharge capacities and cell performance.

A method to achieve a uniform, mechanically rodasn-in-place separator may be
to use UV-curable hydrogel formulations. Numerowadespermeable 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 &mgilons of the present invention,
pHEMA may possess many attractive properties ferind.eclanché and zinc-carbon
batteries. pHEMA typically may maintain a water twori of approximately 30-40 percent in
the hydrated state while maintaining an elastic mhasiof about 100 psi or greater.
Furthermore, the modulus and water content prageedi crosslinked hydrogels may be
adjusted by one of skill in the art by incorporgtadditional hydrophilic monomeric (e.g.
methacrylic acid) or polymeric (e.g. polyvinylpylidone) 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 dassaial polymerizable hydrogel
formulation may contain one or more diluents tdlitate 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
wavelength, such as blue UV light at 420 nm, fer¢thosen photoinitiator, such as CGI 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 effeptticularly 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 tigaanonomers typically do not have
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very high viscosities, which may be typically oyew centipoise. In an effort to provide
beneficial viscosity control of the castable antypw@rizable separator material, a high molar
mass polymeric component known to be compatibla thi¢ polymerizable material may be
selected for incorporation into the formulation.axples of high molar mass polymers which
may be suitable for incorporation into exemplamnfalations 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-coimgisubstrate, for example, patterned zinc
plated brass, and then subsequently exposed tocacdiation using a photomask to
selectively polymerize the separator material iga@ted areas. Unreacted separator material
may then be removed by exposure to appropriatengrsolvents. In these examples, the

separator material may be designated as a phatedpable separator.

Primary Battery Example

In some examples of the processing of biocompaéibérgization elements with
deposited separators, a primary battery may beddr typical primary battery may be
characterized by its single-use property. In amgta consistent with the laminar processing

a battery may be formed with the following charastees and elements.

Element Material

Cathode Current collector Brass
Cathode (Slurry) Electrolytic Manganese Dioxide &as
Separator Hydrogel
Anode Electrodeposited Zinc

Anode Current collector Brass

Laminate Polyethylene Terphalate Base

Electrolyte ZnCI2/NHACL Base

There may be numerous formulations of cathode céteyrthat may be consistent

with this disclosure. As a non-limiting exampldpamulation may comprise Electrolytic
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Manganese Dioxide in a Graphite mixture. In an g¥am powder mixture may be formed
by mixing Jet Milled Electrolytic Manganese DioxidBWMEMD) and KS6 graphite as
available from Timcal (TIMCAL TIMREX KS6 Primary Synthetic Graphite) in a 80 percent
JMEMD to 20 percent KS6 ratio by weight. The miximgy be performed by numerous
means, as an example the JIMEMD and KS6 may be rbixegind milling the two powders
for an extended period. In some examples, thetiegydowder mixture may be mixed with a
10 percent Polyisobutylene(PIB) in Toluene solutibine 10 percent PIB solution may be
formed from Polyisobutylene grade B50 mixed witluéme in a roughly 10 parts PIB B50 to
90 parts toluene formulation by weight. The 10 patd®IB may be mixed with an additional
amount of toluene and with the JIMEMD/K6 powderdmiulate a slurry for cathode
processing. This mixture may include these matemah ratio of roughly 1.5 parts PIB
B50/Toluene solution to 2.3 parts Toluene to 4. @pAMEMD/KS6 powder. The mixing may
proceed until a uniform slurry with a pastelike s@tency is formed. The amount of solvent
(toluene in an example) in the system may be vadedfect the characteristics of the slurry
formed, and in other examples the relative amotiRi® B50 in the slurry may be varied
from the example.

Continuing with the primary battery example, a loghl separator may be formed in
the manners discussed in this disclosure from eupser mixture. An example of a precursor
mixture may be formed by mixingydroxyethylmethacrylate (HEMA); with ethylene gbjc
dimethylacrylate (EGDMA); and with polyvinylpyrralone (PVP). There may be other
constituents added to the mixture such as photaiois. An exemplary photoinitiator may be
phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxwlach may be available in commercial
formulations including Irgacure® 819 which may atsocalled CGI 819 herein. There may
also be numerous solvents that may be used inngaggnounts to reach a desired rheology of
the mixture. In a non-limiting example, 2-proponwdy be used as an appropriate solvent.

Many of the general discussions on elements ofdonpatible energization devices
such as the cathode and cathode slurry have examghdeed to primary battery elements and
the variations and examples for these various eltsnmaay be expected to comprise other
examples of primary battery elements for the prespecification.

In some examples, the zinc anode may be formedesyredepositing the zinc upon

the contact material. In other examples, as hage descussed, the electrodeposition may
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occur through the laminate structure to only exdqsartions of the contact material. There
may be numerous manners of depositing anode mlatand other battery systems may
employ other chemical species other than zinc asdilver as a non-limiting example.
The battery may include various types of electefgrmulations. Basic solution on
hydroxide may be included in the electrolyte. Hoarein some examples of biocompatible
batteries less basic electrolyte formulations mawtiized. Electrolytes for use in the present
invention may include zinc chloride, zinc acetat®monium acetate, and ammonium
chloride in mass concentrations from approximafelypercent to 25 percent. As a non-
limiting example a 5 wt. percent solution of zirdaride and ammonium chloride may be
dissolved in water as a base. In addition, surfastanay be added to the electrolyte
formulation. Exemplary surfactants may include dmit X-100, Triton" QS44, and
Dowfax  3B2 in concentrations from 0.01 percent to 2 peroks an example Triton X-

100 may be added to the zinc chloride, ammoniuroriztd solution.

Secondary Battery Examples

The structure and manufacturing processes thatbeee described in the present
disclosure may be useful in general for the pradaadf secondary batteries. There may be a
number of considerations related to secondary fyagtements that may differ from
considerations made for primary elements. The rgalg process for a battery element may
result in swelling and shrinking of battery compotse and therefore the dimensions of
features and containment layers as well as the ositign of the battery may be adjusted in
some embodiments. The use of gelled polymer ldgeithe electrolytes may allow for a
layer which may take up some of the swelling anthking aspects as electrode ions are
moved around the device during charging cycles,safidequently, 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 suchitimay be considered an electrolytic cell or
whether it is being discharged such that it magdiesidered a galvanic cell. Therefore, when
referred to as the cathode of the galvanic cedlfitist electrode structure would function to

spontaneously accept electrons from an externalpected circuit. As well, the cathode of

43



10

15

20

25

30

the electrolytic cell is physically the second &lede in the secondary battery which accepts
electrons from an external charging element.

Although in some examples the zinc manganeseaiosiass of batteries can
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 numerousiensito form electrodes in lithium ion
batteries. In the type of devices according topitesent disclosure, there may be numerous
intercalated lithium compounds that might be présethe anode of the galvanic cell. For
example, the cathode slurry may include LithiumKkgidVlanganese Cobalt Oxide, Lithium
Manganese Oxide, and Lithium Iron Phosphate amagsts.

The second electrode may be the anode of thawgaleell and, in some examples,
may be formed of or coated with graphite or otleemfs of carbon. In other examples, various
forms of deposited silicon may be used. In simmt@nners to the electroplating of zinc
discussed with respect to primary batteries, silic@my be electroplated either in regions or in
a flat layer across the substrate. Electroplatézbei may be formed onto the current collector
layer which may have surface coatings of platintitanium or a thin layer of silicon in some
examples. The platting of the electrode materia} owur in non-aqueous media comprising
SiCl4, SIHCL3, SiBr4, Si(Ch2Ch3)4, or Si(OOCCH3gt®n-limiting examples. In other
examples, graphite or silicon layers may be spdiposited to the current collector surface
to form the second electrode region in a manneitaito that depicted at Figure 7D.

The electrodes may be formed upon metal sheet&imers consistent with the prior
discussions relating to laminate processing. Tleésgrodes and metal sheets may form the
base layer: i.e. underneath the laminate layetddha the cavity. Also, the current collector
connected to the other electrode may be used tthedaminate structure after the cathode
has been formed and the cell has been filled gttmlyte.

To form electrolyte solutions, lithium salts magypically be dissolved in non-agueous
solvent systems. Therefore, these non-aqueousrg@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 tieece 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 incorporatpagymer electrolytes. The methods of
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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). Inmmexamples, it may be possible to utilize
hydrogel forming precursors where the polymer ifedewith conventional salts consistent
with Lithium cells. For example, in a non-limitilxample a separator precursor may be
mixed with lithium hexafluorophosphate in non-aquesolvents such as ethylene carbonate,
dimethyl carbonate, and diethyl carbonate as noirtitig examples. The resulting gelled

layer may be formed with excess solvent to allonsfurinkage as has been described in
relationship to the hydrogel precursor processing.

In a specific non-limiting example, a cavity-basachinate structure may be formed,
as has been described in the prior discussiomuhkte processing, where the bottom layer
may be the current collector upon which a graphitsilicon 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 séirgg solution may be formed by mixing a
roughly two to one ratio of poly(vinylidene fluogyl(PVDF) and poly(dimethylsiloxane)
(PDMS) into a solvent mixture comprising N-N DimgtAcetamide (DMACc) and glycerol.
The ratio of the DMACc to glycerol may be varied andy affect characteristics such as the
porosity of the resulting separator layer. An esaafsthe solvent mixture may be used to
allow for the shrinkage of the resulting layer lie ttavity to form a thin separator layer. In
some examples, especially for high levels of sdlvitre adhesive system for the laminate
structure may be altered to optimize consistendly thie DMAc-glycerol solvent system.
After squeegee processing of the casting solutiomthe defined cavities, the resulting
structure may be dried at room temperature or eteM@mperature for some time period.
Other manners of dispensing the casting solutioy Imeaconsistent with the processes
described herein. Thereafter, the structure maynb®ersed into a room temperature water
bath for 20-40 hours to allow for the glycerol issblve out of the separator layer and result
in a layer with a desired porosity. The resultitgcture may then be dried in a vacuum
environment over a period of 20-40 hours.

In some examples, the resulting separator layerbeayeated with exposure to an
electrolyte solution. In a non-limiting example &blar Lithium Hexafluorophosphate
solution in a roughly 1/1/1 mixture of Ethylene Gamate (EC)/Dimethyl Carbonate (DMC)
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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 stroetomay be built in the manner
outlined in reference to Figs. 4A-4N. A separasoch as a film of Celgard may be cut to a
size of a feature in a gap spacer layer and theredlinto the laminate structure as opposed to
being filed into the cavity. The placed separatayralso be treated with an exposure to
electrolyte before further processing with a “catdalurry”.

The resulting structure may now be ready to recaitreatment with the cathode
slurry. A number of cathode slurries comprisindedént types of lithium compounds may be
used; although, other chemical types than lithiuay tme possible. In a non-limiting example,
a lithium iron phosphate (LiFePO4) based slurry inaysed. In some examples the lithium
iron phosphate slurry may be formed by first mixgoglium carboxymethyl cellulose in
deionized water. To the resulting mixture, a powstanprising Lithium Iron Phosphate and
conductive agents such as synthetic graphite afwbedlack may then be added and
extensively mixed. Next a further refined slurryyniee formed by adding styrene butadiene
rubber and extensively mixing. The slurry may therprocessed into the cavity structure in
means as have been described in the present diszksch as through use of a squeegee
process. The rheology of the slurry may be adjufedptimizing the integrity of the
squeegee based filing process for example, by gadinemoving solvent or by adjusting the
relative amount of the styrene butadiene rubbeeadthe resulting filled structure may then
be dried in a vacuum environment over 20-40 hours.

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

The second current collector layer may be attt¢behe laminate structure after the

removal of a release layer from laminate structlihe adhered current collector may contact
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the deposited slurry and provide electrical conltettveen the metal current collector and the

electrolyte infused cathode resulting in a batstrycture.

Multi-battery Interconnection Aspects

The laminar structure based on cavities createdwal battery device that has
multiple individual battery elements. There maynbenerous advantages to battery devices
that comprise individual elements such as has Hesaribed in United States Patent
Application Serial Number 13/358,916, filed on Jary26, 2012, entitled MULTIPLE
ENERGIZATION ELEMENTS IN STACKED INTEGRATED COMPONRT DEVICES,
the contents of which are incorporated herein ligremce. Referring to Fig. 10A, exemplary
electrical interconnects for multi-battery elememts be depicted. Eleven individual battery
cavities may be depicted as battery elements 1QXI26. Each battery element may have a
corresponding trace that leads away from a batteayinterconnect junction element 1025.
For example, battery element 1010 may have interectnl 001, and independent battery
element 1011 may have an independent interconi®®&. I'he traces may be routed
independently with electrical isolation until thesach the interconnect junction element
1025. In some examples, all eleven batteries mag hacommon ground connection on the
back of the multi-battery element. In other exarapéach of the individual battery elements
may have a similar independent second contactdeypisted for the first contact in Fig 10A.

Proceeding to Fig. 10B an alternative examplee@aed for eleven similar battery
elements. As an example, the first battery elerh®h® may be again depicted in Fig. 10B as
with dotted lines to indicate that a different stieeof interconnect routing may be employed.
In Figure 10B the routing lines may be spatiallyteoned to be above or below the battery
elements, where the interconnect junction 1026 thasefore add to the height of the device,
rather than to the width as may be the case wghIdA.

The interconnect junction devices 1025 or 1026 oayprise various devices. In
some of the simpler examples, the interconnectiomeclevice may merely provide routing
connections amongst the interconnects which maysb&ul, amongst other things, for
defining multiple battery voltages. In a next skinterconnect junction element examples,
the element may contain interconnects and diodetstres. The diodes may be standard PN

junction diodes or, in other more preferred exaspheay be low forward drop diodes such as
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Schottky diodes. The diodes may provide a passe@sito isolate a defective or lower-
capacity element from other devices. For examgaleh dattery may have different open-
circuit and loaded voltages, impedance, and digeheapacity. These differences may arise
from slights differences in processing, assemibbyage, and aging or may arise from
significant defects in the cells. For example, eaattery’s positive/cathode output may
connect to a common node and a similar connectibarse may be performed for the
anodes. In such an example, in which all batteweslirectly connected in parallel, “strong”
batteries, which may have high voltage and lowrivdkresistance, may discharge through
“weak” batteries, which may have low voltage aniinal shorts. In such a parallel
connection example, the performance of all battemiay be pulled to a “lowest common
demonimator.” In an extreme example all may disgédhrough a single cell having an
internal short. Alternatively, examples in whicle ttathode/positive terminal of each battery
is connected to a common node through a diode mmtyreduction in performance. In such
examples, in the event of a weak cell, the diodg Inait the reverse current so that one cell
cannot degrade the whole array. In some more at&riexamples, integrated circuits may be
added that may provide more sophisticated contret defective elements and may provide
programmable means to create controlled outpuage# of various kinds which may exceed
the maximum voltage output of any simple additigenbination of elements.

Proceeding to Figs 10C and 10D, examples in @eston corresponding to the
examples in Fig 10A and Fig. 10B are illustratetiFAy. 10C, a cross section corresponding
to some examples of Fig. 10 A may be found. A Ibattathode 842 located in a cavity in a
laminate structure may have a cathode contact 468%n anode contact 816. The individual
battery elements may have singulated cathode dsrit@81 where metal may be removed in
patterns between the battery elements formingtisoldéeatures 1030. An aerial view of the
cathode contact may reveal that the battery cathodi&act 1031 may be cut out in such a
fashion that it has a routing interconnect feafareeach individual cathode contact.
Proceeding to Fig. 10D, a more complicated intemeghstructure may be employed wherein
an insulator layer 1040 may have contact viasrdotits structure to allow for the contact via
1050. In some examples, the cathode contacts #08isolation features 1030, and the
isolation layer 1040 may all comprise a laminajetahat may be added to the battery device

in manners as have been described in earlier ssctio some examples, a conductive paste
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or adhesive may be added to the contact via steitbcreate a contact via 1050. Thereatter,
interconnect routing lines 1060 may be createddotiecally connect the battery elements to
features such as the interconnect junction elenh@sbme examples, there may be multiple

interconnect junction elements for a collectiorbaftery elements.

Voltage Supply Aspects of Multi-battery Units

In some examples of devices with multiple enettgraunits, the combination of the
batteries into different series and parallel cotines may define different embodiments.
When two energization units are connected in &senanner, the voltage output of the
energization elements add to give a higher voltagput. When two energization units are
connected in a parallel manner, the voltage renthmsame but the current capacities add
together, ideally doubling the capacity of a singgé while also reducing the internal
resistance by half. It may be apparent that in semleodiments, the interconnection of
energization elements may be hardwired into thegdesf the element. However, in other
embodiments, the elements may be combined throsglouswitching elements to define
different power supply conditions that may be dyitafty defined.

Proceeding to Fig. 11, an example of how switdireduding the exemplary switches
1120-1122, 1130, 1140-1145, 1150, 1160-1165, 147@,1180-1185) may be used to define
up to 4 different voltage supplies from the swittlotembination of four different energization
elements are shown. It may be apparent that thdeuaf elements provided is an exemplary
sense and that many different combinations woufthéeimilar art within the spirt of the
inventive art herein. As well, items 1101, 110203 And 1104 may define the ground
connections of four different energization elemeatsn some embodiments these may
represent the ground connections of four diffelbartks of energization elements as was
demonstrated in the description of Fig. 8. In aemeglary sense, items 1105, 1106, 1107 and
1109 may define bias connections to each of thedepicted energization elements where
the bias connection may assume a hominal voltagéitton which may be 1.5 volts higher
than the individual element ground connections 111002, 1103 and 1104.

As shown in Fig 11, there may be a microcontroltem 1116, that is included in the
energized device which, among its various contoolditions, may control the number of
power supplies that the multiple energization uaitsconnected to define. In some
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embodiments, the microcontroller may connect twitch controller, item 1115, which may
index control signal level changes from the micrdaoaller into state changes to the

individual switches. For ease of presentationgthput of item 1115 is shown as a single

item 1110. In this set of embodiments, this sigaaheant to represent the individual control
lines that go out to the variety of switches deggicas items 1120 through 1185. There may be
numerous types of switches that are consistenttivélspirit of the inventive art herein,
however in a non-limiting sense, the switches MaMIOSFET switches in an exemplary
sense. It may be apparent that any of the numenegsanical and electrical type switches or
other switch types that may be controlled by awctat=l signal may comprise art within the
spirit of the inventive art herein.

According to the circuit embodiment of Fig. 11e ttontrol of the switches may be
used to generate a number of different voltage itiong. As a starting example, the switches
may be configured so that there are two differatitage conditions defined: both the 1.5 volt
condition shown as item 1113 and the 3 volt coadiBhown as item 1112. There are
numerous ways for this to happen; but for exantpkefollowing manner will be described
where two different elements are used for each@/bltage conditions. One may consider
combining the elements represented by their graomtections of item 1101 and 1102 as the
1.5 volt supply elements. For this to occur, itet03, the bias connection for the first
energization element may be observed to alreadyemtrio the 1.5 volt supply line item
1113. For the second energization element biasextiom 1106 to connect to supply line
1113, switch 1142 may be turned to a connected sthile switches 1143, 1144 and 1145
may be configured in a non-connected state. Thengkaonnection of the second
energization element may now be connected to thengrline, 1114 by activating switch
1130. To define the second supply line 1112, tkielBsupply line, the common/ground
connections of the third 1103 and forth 1104 eleieray be connected to the 1.5 volt
supply line 1113. For this to be enacted for theltelement, switch 1121 may be activated,
whereas switches 1120 and 1122 may be deactivEtesimay cause connection 1103 to be
at the 1.5 volt condition of element 1113. SwitdhQ may be deactivated in this case. For
the fourth element, switch 1140 may be activatedtch 1141 may also be activated,;
however, if it is inactive, the same condition nexyst. Switch 1170 may be deactivated so
that the connection to the ground line is not made.

50



10

15

20

25

30

The bias connections of the third 1107 and fortb9ldlements may now be connected
to the 3 volt power line 1113. For the third eletn@mnection, switch 1163 should be active
while switches 1162, 1164 and 1165 may be ina@d.afor the fourth element 1109, switch
1183 may be active while switches 1182, 1184, d@&bInay be inactive. This set of
connections may define one of the embodimentsmiagtresult in such a two-level (1.5 and 3

Volt) rough power supply condition through the exdany use of 4 energization units.

The embodiments that may derive from the connestidustrated in Fig. 11may
result in a number of different power supply coitis that may result from the use of four
energization elements or four banks of energizaglements. It may be apparent that many
more connections of energization elements may hsistent with the inventive art herein. In
a non-limiting sense, there may be as few as tveogeration elements or any number more
than that, which may be consistent with an enedgdeeice. In any of these embodiments,
there may be similar concepts for switching thenemtions of the ground and bias side of the
energization elements into parallel and series ection, which may result in multiples of the
energization voltage of the individual energizated@ment voltage. The description of a type
of embodiment utilizing the switching infrastruatusf Fig. 11 may, in some embodiments,
describe a set of connections that may be prograhime an energized device and then
utilized for the lifetime of the resulting devicenbodiment. For example, an energized device
may have operational modes programmed where thé&uon nature of its power supplies
may dynamically change. In a non-limiting exemplseyse, referring to Fig. 11, item 1110
may represent a power supply line of the deviceraim some modes, the device is not
connected to any energization element connectismsag be the case if switches 1145, 1165
and 1185 are in a non-activated connection. Otfmroeiments of this type may result in the
connection of one or more of switches 1145, 1168, HL85 resulting in a defined
energization voltage for the power-supply of ited@. This dynamic activation of a
particular voltage may also include deactivation &ter time, or alternatively, a dynamic
change to another operating energization voltaberd may be a significant diversity of
operational embodiments that may derive from tlvemtive art herein when energized
devices are included with multiple energizatiomsats, which may be connected in static

and dynamic manners to other elements of the ereztglevice.
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Multiple Energization Elements in Energized Devices

Proceeding to Fig. 12, item 1200, a schematic sgptation of an embodiment with a
battery element of the type shown in Fig. 10Allisstrated. The multiple energization
elements that were identified as items 1010-10Z1@& 10A may now be represented by
individual identifiers associated with batterigsny be apparent that the number and
organization of the multiple elements are but ohmany different arrangements and are
depicted for illustrative purposes. Neverthelessame embodiments as shown, the elements
may be arranged in banks. In Fig. 12, a first bainrbldlements may therefore include 1210,
1211, 1212 and 1213. A second bank of elementsimehyde items 1214, 1215, 1216 and
1217. A third bank of elements may be represenyesldments 1218, 1219, and 1220. An

antenna element may also be demonstrated.

In some embodiments, each of these banks may al@m@mmon ground line for the
three or four elements that are connected in thé&.lFor illustrative purposes, bank one,
including items 1210, 1211, 1212 and 1213, mayesharommon ground line: shown as item
1230. Additionally, each of the elements may thaweha separate line connecting them to an
interconnect element, which may be representetidygitcuit element 1290. It may be clear
that numerous differences in the connection, ccamd,the make-up of each battery element
may comprise art within the scope of this inventive Also, it may be possible that each
battery element has both a common and a biasetlaglecseparately connected to the

interconnect layer.

As mentioned, in some embodiments where bankattély elements share a
common ground, that battery element 1213 may shammmon connection 1230 and also
have its own bias connection 1235. These connectimay interface with the interconnection
element 1290 and then continue on to a power mamagteelement identified in this figure as
item 1205. The two connections may have correspgnidiput connections into the power
management unit where 1240 may be a continuatidimedbank. A common ground
connection 1230 and item 1245 may be a continuatidhe battery element 1213 bias
connection 1235. Thus, the individual battery eletmeay be connected to the power
management entity, and switches may control hasvatectrically connect to further
elements. In some embodiments, the three banKs\aére multiple energization units may all

in fact be connected in a parallel fashion. Thalbarfashion may generate a raw battery
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power supply that has the same voltage conditidghebattery elements and a combined
battery capacity of the eleven units. The poweragament unit 1205 may connect each of
the eleven elements 1210-1220 in such a para#gida. In alternative embodiments, the
power management element may refine and altenghé power to result in a refined power
output that will be supplied to the rest of thergimed device. It may be apparent that
numerous electrical refinements may be performethéypower management element,
including in a non-limiting sense, regulating &kktelements to match a standard reference
voltage output; multiplying the voltage of the imidiual elements; regulating the current

outputted by the combined battery elements; andyrodrer such refinements.

In some embodiments, the raw output of the ponemagement unit may be
connected to the interconnection layer as showeldayjent 1250. This power supply may be
passed through the interconnection device andriglalty fed to an integrated passive device
element (IPD) 1206 which may be connected to thiipherbattery element. Within the
integrated passive device element 1206, there magapacitors. The raw power supply
connection that comes from the interconnect 125% Imeaused to charge the capacitors to the
voltage condition of the raw power supply. In scengbodiments, the charging may be
controlled by an active element; in other emboditsieihmay just be passed onto the
capacitor element. The resulting connection ofcdy@acitor may then be identified as a first

power supply condition.

Capacitors may be placed into the integrated pasivice element to store energy
for use by the various electroactive elementstheioexamples, the capacitors may be
included as part of the power management devie# is on the other components that are
drawing power from the power management devicstilifurther examples, capacitors may
be included into the overall device both as passiements as well as integrated elements in

other devices such as the power management device.

There may be numerous motivations for conditiortmegpower provided by multiple
energization units. An exemplary motivation, in oembodiments, may derive from the
power requirements of the components that are abedelf these elements have different
operating states that require different currentdoms, then the current draw of the highest
operating state current draw may be buffered bythsence of the capacitors. Thus, the

capacitors may store significantly more currentacaty then the eleven battery elements may
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be able to provide at a given point in time. Depegan the conditions of the current

drawing element, and of the nature of the capaxitothe IPD item 1206, there may still be a
limitation of the amount of time during which ansent high current drawing state may
occur and not overwhelm the battery. Since the @agra would need to be recharged after a
high draw on their current capacity, it may be olgi that there may need to be a sufficient
time between reoccurrences of the high current @@vdition. Therefore, it may be clear that
there could be a large number of different desgpeats relating to (1) the number of
energization units, (2) their energy capacitiey i@ types of devices they connect to, and (4)
the design power requirements of the elementsatigaprovided energy by (a) these
energization elements, (b) the power managemetdgraysind (c) the integrated passive

devices.

Self-Testing and Reliability Aspects of Multiple &wxization Units

The nature of energization elements may include@sphere when the elements are
assembled into energized devices they may havwedamhodes that may have the nature of an
initial or “time zero” failure; or alternatively,eéban aged failure where an initially functioning
element may fail during the course of its use. @lnaracteristics of energized component
devices with multiple energization elements allewvémbodiments of circuitry and design
which allow for remediating such failure modes ammintaining a functional operational

State.

Returning to Fig. 12, some embodiments of selirigsind repair may be illustrated
in an exemplary sense. Consider an embodimenttyeee the eleven multiple energization
elements, 1210 to 1220 are all connected in alphmaénner to define one power supply
condition based on the standard operating volthgach element. As mentioned, the nature
of combining these multiple number of energizagtements may allow the Energized
Device to perform self-testing and repair if anrgimation unit is defective or becomes
defective. A sensing element may be used to détecaturrent flowing through the

energization devices.

There may be numerous ways to set a conditionaretfergized device where its

current may be at a standard value. In an exempkage, the device could have a “Sleep
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mode” that it activates where the quiescent cureai is at a very low value. The sensing
protocol may be as straightforward as insertingséstive element into the power-supply
ground return line; although, more sophisticate@mseof measuring current flow, including
magnetic or thermal transducers or any other mebpsrforming electrical current
metrology, may be consistent with the spirit of #ineherein. If the diagnostic measurement
of the current flow (in some embodiments represkatea voltage drop through the resistive
element compared to a reference voltage) is foarekteed a standard tolerance, then the
exemplary self-test circuitry may proceed to deteenif one of the energization elements is
causing the excessive current draw condition. dc@eding, one exemplary manner of
isolating the cause may be to first cycle throwggilating one of the four banks at a time by
disconnecting its ground return line. ReferringlbtcFig. 12, the bank of elements 1210,
1211, 1212 and 1213 may be the first bank to Hatisd. Ground line 1230 may be
disconnected. The same electrical current drawalogly may next be performed after the
isolation. If the current sensed has now returpegittormal current draw, then the problem
may be indicated to occur in that bank. If, altékey, the current still remains out of a
specified condition then the logical looping pracesay proceed to the next bank. It may be
possible that after looping through all the bamidsich in this exemplary sense may be three
banks, the current draw is still outside of themmalrtolerance. In such a case, and in some
embodiments, the self-testing protocol may theniexiest of the energization elements and
then either stop self-testing or initiate selfitegtfor some other potential current draw issue.
In describing this self-testing protocol, it maydygparent that an exemplary protocol has
been described to illustrate the concepts of thentive art herein, and that numerous other
protocols may result in a similar isolation of mdiual energization units which may be

malfunctioning.

Proceeding with the exemplary protocol, when aaédfas been found and isolated
and then the current flow during the testing retuma normal specification, a next isolation
loop may be performed. Now that a problem has lm#ated to an individual bank, the next
checks may isolate a defective element within biasak. Therefore, the individual bank may
again be activated; however, each of the four etésnéor example 1210, 1211, 1212 and
1213, may have their bias connection disconnetteleig. 12, 1235 may represent the bias

connection of element 1213 and if it were a defecpart, when the bank is activated it will
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draw significant current until its bias connectisrdisconnected. So, after an element is
isolated, the current draw may again be sensehe lisolation of an element returns the
current draw to a normal state, then that elemexyt Ine indicated as defective and

subsequently disconnected from the power supplesys

If the second looping process continues througkradkgization elements in a bank
without the current returning to an acceptable @alhe loop may end. In such an event, the
self-test circuitry may then proceed to disableghtre bank from the power supply system;
or in other embodiments, it may proceed with asdéht manner of isolating elements in the
bank. There may be numerous manners to definelsagfiostic protocols for multiple

energization units and the actions that are progdaim occur based on these protocols.

Rechargeable Elements in Multiple Energization $/nit

Remaining still with Fig. 12, another set of emlments that may result from
integrating multiple energization elements intorgieed devices may be seen where the
energization elements may be recharged. In somedimbnts, where there are multiple
energization elements (such as items 1210 to 1&2D}here are elements within the
energized device that may be useful for rechargimgnergization element, there may be the

ability to charge some of the elements.

In an exemplary set of embodiments, an energizeteleontaining multiple
energization elements may be capable of receivimagoaocessing RF signals from an antenna
1270 comprised within its device. In some embodiisiehere may exist a second antenna
1291, which may be useful for receiving wirelesergy (e.g. inductive energy transfer, RF,
light, and the like) from the environment of thevibe and passing this energy to a power
management device,1205. In an exemplary sense, ey be included a microcontroller
element1255, which may both draw power from thegrned device’s energization units and
also control the operations within the device. Thisrocontroller 1255 may process
information that has been inputted to it using paogmed algorithms to determine that the
energization system of the eleven elements, 121@20, may have enough energy to support
the power requirements of the current device famctihis processing may occur where only

a subset of the elements are being used to poeeugbply controlling circuitry of the power
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management device, In such examples, the remaghémgents may then be connected to the
charging circuitry1245 of the power management camept which may be receiving the
power, as mentioned previously, that is being remkby antenna 1291. For example, in the
embodiment depicted in Fig. 12 , the energizedaemay be placed into a state where three
of the multiple energization elements, items 1218,9 and 1220, may be connected to the
charging electronics. Simultaneously, the remai@mdements, items 1210 to 1217 may be
connected to the supply circuitry, 1240. In thisymer, an energized device with energization
may be enabled, through the use of multiple enatigiz elements, to operate in modes where

the elements are both being charged and dischangedtaneously.

Single Use Energization Elements with ElectroacBEl@aments.

Proceeding to Fig. 13, an example of a biocompatbvice with multiple
energization elements, where the energization elesrare intended for single use, is
depicted. In some examples, the energization elesmeay be batteries formed in laminate
film processing with cavities. In some examplesyéhmay be eleven battery elements shown
as 1310 to 1320. The elements may be arrangedantks wherein each bank may have a
common ground line and separate biased conneclitiesground and bias connections may
be routed through an interconnect junction ele830. The interconnect junction element
may connect to power control systems 1340, coeirgiystems 1350, and various routing
devices 1360. The device may receive external Edr@an a sensing element 1305. The
device may provide controlling signals to an eleattive device element 1390 through
interconnects 1355. In some examples, the elediveadevice may be an electroactive
focusing lens in a biocompatible ophthalmic dexdaeh as a contact lens. The single use
battery elements may be sensed for working statdsambined and acted up in power
management circuits to ensure an operating lifenéfssome of the single use energization
elements are not functional. The sensing elemegthmaised to receive an activation signal
and/or a level change signal which may changettdtassof the electroactive element.

The biocompatible devices can be, for example,amalble electronic devices, such
as pacemakers and micro-energy harvesters, elecpiia for monitoring and/or testing a
biological function, surgical devices with activengponents, ophthalmic devices, microsized

pumps, defibrillators, stents, and the like.
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Specific examples have been described to illusaateodiments for the formation,
methods of formation, and apparatus of formatiohio€ompatible energization elements
comprising separators. These examples are foilkettation 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 skitl¢le art.
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WHAT IS CLAIMED IS:

1. A method of operating a biomedical device, the méttomprising:
obtaining a laminate battery structure with mud#tiphergization elements for a
biomedical device including powered components, ising:
a cathode spacer layer;
a first hole located in the cathode spacer layer;
a first current collector coated with anode cheisicaherein the first current
collector is attached to a first surface of thédnode spacer layer, and wherein a
first cavity is created between the sides of thst fiole, creating the walls of the
first cavity, and a first surface of the first cemt collector coated with anode
chemicals creating the floor of the first cavity;
a separator layer, wherein the separator layermdd within the first cavity after
a separator precursor mixture is dispensed intcdkigy;
a second cavity formed between sides of the fok hnd a first surface of the
separator layer, wherein the first surface of gg@asator layer forms the floor of
the second cavity, and wherein the second caviillad with cathode chemicals;
and
a second current collector, wherein the seconentigollector is in electrical
connection with the cathode chemicals;
placing the laminate battery structure into eleefrcontact with powered
components, wherein electrical current from theitete battery structure flows through at
least one electrical transistor, wherein at least@ectrical transistor is located within a

controller;

wherein at least a first and a second discretegeration element are located within the
laminate battery structure, wherein the first ddserenergization element generates a first raw
battery power and the second discrete energizatement generates a second raw battery
power; and

wherein a power management unit is electricallynemted to the first and the second

discrete energization elements, wherein the povaragement unit receives the first raw
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battery power from the first discrete energizagtement and the second raw battery power

from the second discrete energization element.

2. The method of claim 1 further comprising:

performing a first measurement with the power nganaent unit upon the first raw
battery power from the first discrete energizagtement; and

performing a second measurement with the power geamant unit upon the second

raw battery power from the second discrete endiigiz&lement.

3. The method of claim 2 further comprising utilizitige first measurement to

determine a defectiveness of the first discretegration element.

4. The method of claim 3 further comprising contrajlia switch controller to change a
state of a first switch connecting the first diserenergization element to a first power

output.

5. The method of claim 4 further comprising:

utilizing the second measurement to determine ectigéness of the second
discrete energization element;

wherein if the determination is that the secondréi® energization element is not
defective, the switch controller controls a chaofstate of a second switch connecting to
the second discrete energization element; and

wherein the change of state of the second switohects the second discrete

energization element to the first power output.

6. The method of claim 1 further comprising creatingeaond power output by
controlling a switch controller to change a stdta second switch and a state of a third
switch connecting the first discrete energizatiment to the second discrete energization

element in a series.
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7. The method of claim 6 wherein the biomedical devican ophthalmic device.

8. The method of claim 7 wherein the biomedical deisca contact lens.

9. The method of claim 1 wherein the cathode chemiasprise a salt of lithium.

10.  The method of claim 1 wherein the cathode chemiatsprise lithium iron
phosphate.

11. The method of claim 1 wherein the anode chemiaaisgise intercalated metal

atoms.

12. The method of claim 1 wherein the cathode chemiatsprise one or more of lead,

nickel, lithium, cobalt, zinc, sodium, vanadiunlyst, or silicon.

13.  The method of claim 1 wherein the cathode chemiatsprise graphite.

14.  The method of claim 1 wherein the laminate batstrnycture is electrically connected

to an electroactive element within the biomedialide.

15. The method of claim 1 wherein the cathode chemmatsprise manganese dioxide.

16. The method of claim 1 wherein the anode chemiaatsprise electrodeposited zinc.

17. The method of claim 1 wherein the cathode chemmaisprise jet milled electrolytic

manganese dioxide.

18. The method of claim 1 wherein the cathode chemmasprise synthetic graphite.

19. The method of claim 1 wherein the cathode chemmatsprise a mixture

approximately of 1.5 parts 10 percent PIB B50 ineae to 2.3 parts additional toluene to 4.9
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parts of a mixture comprising approximately 80 petget milled electrolytic manganese

dioxide to 20 percent KS6 primary synthetic graphit

20.  An apparatus for powering a biomedical device aygaratus comprising:

a laminate battery device with multiple energizatsdements for a
biomedical device including powered components, @asing:

a cathode spacer layer;

a first hole located in the cathode spacer layer;

a first current collector coated with anode cheisioaherein the first current
collector is attached to a first surface of thénode spacer layer, and wherein a first cavity is
created between sides of the first hole and adirgtace of the first current collector coated
with anode chemicals;

a separator layer, wherein the separator layarisdd within the first cavity
after a separator precursor mixture is dispensedire cavity;

a second cavity between sides of the first holeaafigdt surface of the
separator layer, wherein the second cavity isdfilleth cathode chemicals;

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

a third current collector, wherein the third cutreallector is physically
segmented from the second current collector aimdesectrical connection with the cathode
chemicals within a second hole located in the aihgpacer layer; and

an interconnect junction element, wherein the gdenection junction element
makes electrical connection to the first curreriector, the second current collector and the
third current collector, wherein an electrical ddaalithin the interconnect junction element
makes connection to at least one of the first aircellector, the second current collector and

the third current collector.
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