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FLAT ELECTROCHEMICAL CELLS AND METHOD FOR MANLFACTURE

TECHNICAL FIELD

3 The invention relates generally to electrochenucal cells and m particular to

electrode configurations for use in flat electrochemical cells.

BACKGROUND

Implantable medical devices are used to treal patients suffering from a variety of

14 conditions. Examples of implantable medical devices include implantable pacemakers and
implantable cardioverter-defibnliators (ICDs), which are electronic medical devices that
monitor the electrical activity of the heart and provide electtical siimulation to one or more
of the heart chambers as necessary. Pacemakers deliver relatively low-vollage pacing
pulses i one or more heart chambers, 1CDs can deliver high-voliage cardioversion and

15 defibritlation shocks in addition 1o fow-voltage pacing pulses

Pacemakers and ITDs generally mnclude pulse generating circuitry required for
delivering pacing and/or cardioversion and defibrillation pulses, control cireuitry,
telemetry circuntry, and other civewtry that require an energy source, €. g. al least one
battery, In addition to & hattery, ICDs include at least one high~voltage capacitor for use

24 i generating high-voltage cardioversion and delibnllation pulses. Implaniable medical
devices (IMDs), including pacemakers, ICDs, drag pumps, neurostisaulators,
physiological monitors such as hemodvnanmic monitors or ECG momitors. tvpically requive
at least one batterv to power the vanious components and circuitry used for perfornung the
device functions.

25 IMDs are preferably designed with a mimimal size and mass to punimize patient
discomfort and prevent tissue eroston at the implant site. Batteries and capacitors, referred
to collectively herein as “elecirochemical cells,” coniribute substantialiv o the overall size
and mass of an IMD. Electrochamical cells used m IMDs are provided with a
hermetically~sealed encasement Tor housing an electrode assembly. including an anode

30 and cathode separated by a separator matenial, an elecirolvie, and other components such
as electrode connector feed-throughs and lead wires. The encasement includes a case and

a cover that are sealed after assembling the cell components within the case.
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The total amount of the anode and cathode matenial required i the cell wili depend
on the energy density, volume, voltage, corrent, energy oulput, and other requirements of
the cell for a particular application. Anode and cathode matenal, with an inlervening
separator, mayv be arranged in a coiled electrode assembly. Both round and flat evlindrical
coiled electrode assemblies are known 1n the art. Flat electrochemical cell designs tend to
improve the volumetric efficiency of the cell becavse they are generally beiter saited for
filting within an IMD housing with other device components. Flat electrochemical cell
designs may utilize a stacked electrode assembly wherein anode, cathode and intervening
separalor material are arranged 1n a stacked configuration. In stacked configurations,
separale electrode lavers or plates, which are often generally rectangular in shape and
aligned in a stack, need to be interconnected. While the stacked configurations may
unprove volumetric efficiency, multple interconnections can add to the complexity of cell
assembly. The use of muliiple, separate electrode lavers can also contribute 1o tolerance
stack-up, which may alier the balance of the anode and cathode malernial avatable and add
undesired mass to the cell.

A serpentine anode design addresses some of these limitations in that a serpenting
folded anode generally requives feveer interconnections and fewer piece parts reducing
tolerance stack~up. For example, a lithium foil anode may be wrapped through cathode
layers in a serpentine fashion. Since inner wraps face cathode material on both sides, a
thicker piece of lithium foil is generally used for the inner wraps. The outermost wraps
face cathode materiad on one side requiring & thinner Hithivm foil 1 a Ethium-balance
batiery. The serpentine anode malerial will face opposing cathode material on both sides
requiring a sheet of anode material on both sides of a collector. As such, a serpentine
anode formed of lithiam foil for use in a batterv generally requires at least three pieces of

As it is desirable to minimize overall IMD size, electrochemical cell designs that
allow cell s1ze and mass to be reduced are desirable. Reduction of electrochemical cell
size may allow balanced addition of volume to other IMD components, thereby inereasing
device longevity and/or increasing device functionalitv. Other electrochemical cell design
considerations motivating new cell designs include reducing manulucturing cost, ime and

complexity,
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BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illostrates an exemplary implantable medical device according to one
embodiment of the imvention.
Figure 2 15 a functional block diagram of an exemplary IMD shown in Figore 1.
3 Figures 3(a) through 3(g) show perspective views of various components of an
IMB as those components are placed successively within a housing of the IMD.
Figure 4 1s a side view of a U-fold electrode structure for use in an exemplary
electrochamical cell.
Figure 5 18 a partial side view of an alternate embodiment of a U-fold electrode
16} structure.
Figure 6 15 a top view of a sheet of elecirode material tHustrating spaced apart
intervals along which the sheet 1s folded to form the U-fold slectrode structure shown in
Figure 4.
Figure 7 1s a side view of a U-fold elecirode structure formed by folding a sheet of
13 electrode material at progressively decreasing spaced apart intervals.
Figure 8 is a top view of a collector that may be included m a U-fold electrode
struciure.
Figure Y 15 a side view of a U~fold electrode structure including a collector.
Figure 1018 an end view of a U-fold electrode structure,
20 Figure 11 15 an end view of an alternative U-fold electrode structure having a
conloured shape.
Figure 12 1s a top view of a sheet of electrode matevial that mayv be used to form
the contoured U-fold structure shown in Figure 11

Figure 13 15 a partial plan view of a sheet of electrode material that mav be used fo

25 form an alternative comtoured U-fold electrode structure.
Figure 14 is an end view of the contoured U~fold structure formed using the sheet
of efectrode matenial shown mn Figure 13.
Figure 15 1s a partial sectional view of an electrode asserably including a U-fold
electrode structure according to one embodiment of the invention,
30 Figure 16A 18 a partial side view of an aliemative embodiment of an electrode

assembly mcluding two U-fold electrode structures.
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Figure 168 is a partial side view of an electrode assembly including two U-fold
electrode structures oriented at 90 degrees relative to each other.
Figure 174 is side view of an alternative embodiment of an electrode assembly
including a U-~old structure and an opposing electrode arranged in & serpentine manner.
3 Figure 178 15 a top view of the electrode assembly shown in Figure 17A
Figure 18 15 an open view of an electrochemical cell according lo one embodiment

of the invention.

DETAILED DESCRIPTION

14} In the following description, references are made to lustrative embodiments for
carrying out the mvention. Itis understood that other embodiments may be utihzed
without departing from the scope of the invention.

Figure 1 tlustrates one example of an implantable medical device according Lo one
embodiment of the invention. IMD 10 is embodied as an 1CD and is shown with

15 associated electrical leads 14, 16 and 18 and their operative relationship 1o a human heart.
The leads are coupled to IMD 10 by means of multi-port comnector Mock 20, which
containg separale connector ports for each of the three {eads llustrated. Lead 1418
coupted lo subcataneous electrode 30, which 1s intended to be mounted subcutaneously 1o
the region of the left chest. Lead 16 1¢ g coronary sinus lead emploving an elongated coil

24 glectrode 32 which is located in the coronary sinus andfor great cardiac vein region of the
heart. The location of the coronary simus electrode 32 mayv be anvwhere along the heant
from a point within the opening of the coronary stnes (CS) to a pomt w the viainity of the
left atrial (LA} appendage or lefi ventricle (LV).

Lead 18 is provided with elongated coil electrode 12 which is disposed m the nght

25 ventricle of the heart. Lead 1§ also includes a tip electrode 34 and nng electrode 38
available for pacing and sensing in the right ventricle. While one lead svstem having a
particular electrode arrangament 15 shown i Figure 1, numerous lead svstems with
varying electrode configusations are possible and known in the art for use with an ICD or
other IMDs used for delivering cardiac stiulation pulses.

30 In the system illustrated, cardiac pacing pulses can be delivered in the nght
ventricle (RV) between tip electrode 34 and ring electrode 28, Electrodes 28 and 34 can

also be emploved to sense electrical signals for detecting the heart thythm. High-voltage
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defibnilation or cardioversion pulses may be delivered ag needed using any of the night
ventricular coil electrode 12, coronary sinus cotl electrode 32, and subcutaneous patch
electrode 30, In some embodiments. the housing of IMD 10 15 used as a “case”™ or “can®
electrode in combination with any of the high~voltage electrodes for dehvering
defibrillation or cardioversion shocks.

Figure 2 1s a fonctional block disgram of one embodiment of IMD {0 shown in
Figure 1. lustrating the interconnection of high voltage output circuit 40, igh vollage
charging circuit 64 and capacttors 265, TMD 10 includes a control system tvpically in the
form of a microprocessor 42, which performs all necessary computational functions within
the device. Microprocessor 42 is inked to control circuitry 44 by mieans of idirectional
data/controt bus 46, and thereby controls operation of the high voltage culput circuitey 40
and the high voltage charging circuiiry 64. On reprogramnung of the device or on the
occurrence of signals mdicative of delivery of cardiac pacing pulses or of the occurrence
of cardiac contractions, pacedsense circuitry 78 signals mucroprocessor 42 o perform any
necessary mathematical caleulations, to perform tachycardia and fibritiation detection
procedures and to update the ime intervals controlled by the timers in pace/sense ciroutlry
73.

The basic operation of such a system m the context of an ICD mav corvespond to
aryy system known i the art. Control circwtry 44 provides signals to high voltage output
circutiny 40. Those signals include control signals, labeled here as ENAB line 48, ENBA
line 30, and DUMP hine 52 which initiates discharge of the output capaciiors and VCAP
line 54 which provides a signal indicative of the voltage stored on the outpat capacilors
265 to control circwtry 44, High voltage electrodes 12, 30 and 32 illustrated m Figure 1,
above, are shown coupled to outpat circariry 40 by means of conductors 22, 24 and 26.
For ease of wnderstanding, those conductors are also labeled as "COMMON". "HVA" and
"HVB". However, other configurations are also possible. For example, subeutaneous
glectrode 3¢ may be couplad to HVB conductor 26, 1o allow for a single pulse regimen 1o
be delivered between efectrodes 12 and 3¢ During alogic signal on ENAB line 48, a
cardioversion/defibriltation pulse is delivered between electrode 30 and elecirode 12,
Duning alogic signal on ENBA line 50, a cardioversiony defibrillation pulse is delivered

between electrode 32 and glectrode 12



14

23

WO 2007/101000 PCT/US2007/062385

-5~

The output circnitry includes a capacitor bank. including capacitors Cl and C2
labeled collectively as 265 and diodes 121 and 123, used for delivening high-voltage
pulses to the electrodes. Allemnatively, the capacitor bank may include a farther set of
capacitors as s known in the art. In Figure 2, capacitors 263 are illustrated in congunclion
with high voltage charging circuitry 64, controlied by the control/timing circuitry 44 by
means of CHDR line 66, As illustraled, capacitors 265 ave charged by means of a high
frequency, high voltage transformer 110, Proper charging polarities are mamtaimed by
means of the diodes 121 and 123, VCAP hine 34 provides a signal indicative of the voltage
on the capactlor bank, and allows for controt of the high voltage charging circuitry and for
termination of the charging function when the measured voliage equals the programmed
charging level.

Pacelsense circultey 78 inchudes a sense amphifier used for sensing R-waves, as is
known in the art. Pacefsense cireuitry 78 also mcludes a pulse generator for generating
cardiac pacing pulses, which may also correspond to any known cardiac pacemaker output
cireuitry and includes timung cireuitry for defining pacing intervals, refractory intervals
and blacking intervals, under control of microprocessor 42 via control/data bus 80.
Control signals tnggering generation of cardiac pacing pulses by pace/sense circuiiry 78
and signals indicative of the occurrence of R-waves, from pacefsense civcutry 78 are
communcated to control circuitry 44 by means of a bi-directional data bus 80, Pacefsense
circuriry 78 13 coupled to tip electrode 34 and ring electrode 28, illustrated m Figure 1, by
respective conductors 35 and 36, Pace/sense circutiry 78 may also be coupled 1o right
ventricolar coil electrode 12 by a condactor 82, allowing for sensing of R-waves betyveen
electrodes 34 and 28 and for delivery of pacing pulses between electrodes 34 and 28,

The capacitor cells 265 mnclude an anode, a cathode, an electrolvie operatively
associated with the anode and the cathode, and a separator disposed between the anode
and cathode. The separator prevents internal electrical short circuid conditions while
atlowing sufficient movement of the electrolyle witlhin the cell. The capacitor cells 263
provide the charge necessary to HV output circuitry 40 for generating high voltage
defibrillation/cardioversion shocks as needed. In some embodiments of the invention, the
capacitor cells 265 may correspond o any high-voltage capacitor cells known for use n
IMBrs, inchuding capacitors having coiled or stacked electrode assemblies. Allernatively,

capacilor celis 263 may include a U-fold electrode stracture as will be described herein.
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Frgures 3{(a) through 3(g) show perspective views of various components of IMD
10 as those components are placed successively within a housing 330 of IMD 10,
Electronic components included in IMD 10, including those represented in the functional
block diagram of Figure 2. require a power supply which 1s provided as a substantially flat
battery according o one embodiment of the invention. As will described in conjunction
with Figures 3(a) through 3(g), IMD 10 includes housing 33{ formed from a right-hand
shield 340 and a left hand shield 350, an electronics module 360 and a substantially flat
battery 380, In Figure 3(a), electronics module 364 15 placed in nght-hand shield 344 of
IMB 10, Figure 3(b) shows IMD 10 after electronics module 360 has been sealed o righi-
hand shield 340,

Electromes module 3060 can asswme a wide variety of forms and generally includes
a circuit board maintaming and interconnecting electrical components. The exact
composition of electrical components can vary from application to application, as is
knoven m the art, but 15 generally conligured to perform various sensing or monilonng
routines, as well as fo store data refated to operation of IMD 10, such as therapy delivery
operations.

Figure 3(c} shows capacitor 263 prior 1o being placed within nght-hand shield 340,
Capacitor 265 may include a pair of capacitors connected electrically in series by
interconnections in electronics module 340, Capacitor 265 is embodied as a stacked
capacitor configuration, including a U-fold electrode structure in one embodiment of the
invention. Alternatively, capacilor 263 can assume other forms known m the artsuch as a
photollash capacitor, a evlindrical capacior, ele. Figure 3(d) shows IMD 10 once
capacitor 265 has been placed within right-hand shield 340,

Figure 3(e} shows an insulator cup 37¢ prior 1o 115 placement alop capacilor 265 in
right-hand shield 340, Figure 3(f) shows battery 380 having msulator 382 disposed
therearound prior to placentent in shield 340, Battery 380 provides the electrical energy
required to charge and re-charge capactiors 265, and also powers electronics module 360,
Battery 380 is generally a high-capacity, high-rate, battery having flat stacked electrode
configuration. According to one embodiment of the wvention, batlery 380 includes a U~
fold electrode structure as will be described herein. In other embodiments, battery 380
may be provided as any known battery configuration, including coiled, stacked, or slug

lvpe electrode assemblies.
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Figure 3{g) shows IMD 10 having lefi-hand shield 330 connected to right-hand
shietd 344} and feedthrough 390 projecting upwardly from both shield halves. An opltional
activily sensor 400 and patient alert apparatus 410 are shown disposed on the side lower
portion of left-hand shield 3530, Left-hand shield 350 and nght-hand shield 340 are
subsequently closed and hermetically sealed.

Embodiments of the present mvention are not limited Lo the iflustrative
embodiments of an IMD as represented by Figures | through 3g. Hs recognized that
numerous tvpes and conligurations of IMDs are available m which an electrochemical cell
imcluading a U-fold electrode siructure may be included. As such, various embodiments of
the mvention may include other tvpes of IMDs. such as pacemakers, drug pumps.
physiclogical momtors, neuromuscular stinndators ete.. which rely on an electrochenucal
cell for providing energy needed for performing device functions.

Figure 4 18 a side view of a U-fold electrode structure for use m an electrochemical
cell according (o one embodiment of the myention. U-~fold electrode structure 100 s
fabricated from a sheet of electrode matenial 1135, U-fold electrode structure may serve as
an anode or a cathode in an electrochemical cell. In one embodiment, U-fold electrode
structure 100 1s embodied as an anode formed from a single, elongated sheet of Jithium
foil for use in battery 380 (Figure 3£). In another embodiment. U-fold electrode structure
104 is embodied as a cathode formed from a single, elongated sheet of aluminum foil oy
use in capactior 263 (Figure 3¢).  Alternatively, any suilable conductive material known
for use in electrochemical cells and avadlable 1o the form of a flexible, foldable sheet can
be used for fabricating U-lold electrode structure 100 for use as an anode or cathode in an
electrochemical cell.

The U-fold electrode structure 100 includes a single-layer section 102 near one end
101 of sheet 115, multiple spaced~-apart, double-laver sections 106, and a second single-
layer section 104 located near the second end 103 of sheet 113, The double-layer sections
186 are tormed by smalt-radius folds 108 formed al spaced apart intervals along the
clongated sheet 115, The doubla-laver sections 196 are spaced apart from each other and
from the single-laver sections 102 and 104 by large-radius folds 110

The terns “smali-radius™ and “large-radius™ used with regard to folds 108 and 110,
respectivelyv, are intended to differentiate the relative spacing between two portions of

sheet 113 that are made substantially paraliel by one of the folds 108 or 110, The term
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“smali-radius™ fold refers to folds 108 forming the narrowly spaced paraliel portions of
sheet 115 which form double laver sections 106, The term large~-radius™ fold refers to a
fold 110 formung more widely spaced parallel portions of sheet 115, The more widely
spaced parallel portions formed by fold 110 each form a part of two adjacent, spaced-apart
3 double-lavered sections 106, While the term “radius™ is used in referring to the small-
radins folds 108 and large-radius folds 116, the use of the term “radius™ in referning to the
relative size of folds 108 and 110 is not intended to limit the general shape of folds 108
and 110 to a rounded shape. It 1s recognized that the shape of folds 108 and 110 i sonte
embodiments may corvespond to an arc of a generally cucle or oval shape. These
16} erbodiments may result in a Usshape formed by the fold and the two paraliel sections
adjacent the fold. However in other embodiments, small-radius or narrow folds 108 and
large-radius or wide folds 118 may be formed with substantally squared corpers, for
example, as generally shown i Figure 5. I is appreciated that the general shape of Tolds
108 and 119 for fornung double-laver sections and spaced apart sections of U-fold
15 structure 100 may vary and is not linited to that shown in the drawings provided here for
dlustrative purposes.
In Figore 4, a second electrode 120 formed as separate plates is shown arranged
between the spaced-apart sections 102, 104 and 106 of U-fold electrode structure 100, In
one embodiment. U-fold elecirode structure 100 is an anode and electrode 120 is a
24 cathode. In a particular example, the U-fold electrode structure 100 and separate plate
glectrode 124 form an anode’cathode electrode assembly 150 for use in a substaniially flat
batiery cell in yhich the U-fold anode 10018 formed from Lithium foil and the cathode 120
1s formed fron silver vanadium oxide, However, it is recognized that numerous suitable
chemical compositions are possible. For example, suitable anode matertals may include
25 any active metal including any alkali or alkaline earth metal or any valve metal,
Suitable cathode matenials include metal oxides such as vanadium oxide, silver vanadium
oxide, or manganese dioxide, thermally treated elecirolvic materials such as manganese
dioxide, carbon monofluoride and hybrids thereof. A cathode material may be pressed {o
form porous solid cathodes, as known in the art. Such cathodes ave tvpically made by
30 mixing one or more active components with carbon and polvietrafluorethevlene and

pressing those components to form a porous sohid structure.
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1t is 10 be understood, howeaver, that elecirochemical cell svstems other than thoss
set forth explicitly above may be emploved including, but not timited to, cathode/anode
systems such as: silver vanadium oxide and carbon monofluoride/ithiwm; silver
oxidetdithnum; magnesium oxide Mithiuny, vanadium oxide Aithium; copper silver
vanadium oxide/lithiuny, copper oxidedithiuny, lead oxidedithinm; carbon monoflouride
Mithiom; chromium oxidedlithium bismuth-containimg oxideshithivm and bithium 1on
rechargeable batteries.

The double layer sections 106 of U-fold electrode structure 100 face opposing
electrode material on both sides 111 and 113 of double-laver section 106. The single-laver
sections 102 and 104 face opposing electrode matenal on one stde 103 of single-layer
section 102 and one side 107 of single-layer section 104, U-fold electrode structure 100
can be formed frons a single sheet 1135 of electrode material while still maintaining a
desired balance of electrode material relative to the inter-spaced opposing electrode plates
126,

While a particular number of double-laver sections 106 are shown in Figure 4, itis
recognized that the number of double-laver sections 186 included in a U-fold efectrode
structure and corresponding number of separate plates meluded in electrode 120 will
depend on the energy density, volume, voliage, current, energy outpul and other
requiremnents of the particular application, Likewise, the thickness of elongated sheet 113,
and resulting thickness of double-laver sections 106 and single-laver sections 102 and 104,
wiil depend on the amount of opposing electrode material 120 present and will vary
depending on whetber the cell 15 designed to be an anode- or cathode-linuted cell,
Electrode structure 100 1s shown having a connector tab 148 located along one end 101 of
elongated sheet 113 to facilitate electrical connection of electrode sirncture 100 o
electronics module 360 (Figure 3a). Conneclor tab 148 15 tvpically coupled to a
feedthrough extending outside o hermetically sealed encasement in which electrode
assemblyv 15¢ 15 enclosed. Since U-fold electrode structure 100 is formed from one
conlinuous sheet of electrode material, only a single connection tab 148 is needed. While
connector tab 148 is shown located along end 101, tab 148 may be located at alternative
locations along the periphery of sheet 115 determined most suitable for a particular
electrochemical cell configuration for facilitating elecirical connection of glectyods

structure 100,
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The separate plates forming opposing electrode 128, as shown in Figure 4, may be
arranged as discrete plates or elecincally connected by connector tabs, m paus, ina
batterfly configuration, or multiple plates connected together. Any method known in the
art may be used for connecting separate electrode plates 120, Furthermore, i is
recognized that opposing electrode 12 mav be provided n a vanely of configurations, such
as a second electrode structore or a serpentine structure as will be described forther below.

Figure 6 1s a top view of an elongated sheet 115 of electrode matersal Hlustrating
spaced apart intervals 116 and 118 along which sheet 115 13 folded {0 form the U-fold
electrode stracture 100 shown in Figure 4. Flongated sheet 115 s folded at spaced apart
intervals 116, 1167, 1167, and 11677 with a relatively large-radius fold 110 (shown in
Figure 4) which separates the spaced apart double laver sections 106 from each other and
the single layer end sections 102 and 104, Elongated sheet 115 1s folded at spaced apart
intervals 118, 1187, 11877 with a smaller-radius fold 108 (shown in Figure 4} o form the
double-taver sections 106

Generally. large-radius folds 110 and smaller-radius folds 108 are located at
equallv spaced mtervals 110 and 118, Folds performed at equally-spaced intervals 116
and 118 will result in a U-fold electrode structure 100 having a top side 140 and botlom
side 142 that are parallel as shown i Figure 4 In other embodiments. the U~Jold structare
108 may be formed by folding sheet 115 gt unequal. spaced apart intervals, in which case
top side 140 and bottom side 142 would not be paraliel. For example, as shown in Figure
7. if the large-radius and small-radius folds 108 are formad al progressively decreasing
spaced apart intervals, top side 140 can be formed at an angle relative 1o bottom side 142
resulting in a U-fold electrode structure having a tapered shape. Other contours of the top
side 140 and bottom side 142 can be formed according o the dimensions of the spaced
apart intervals 116 and 118

Figure 8 1s a top view of a collector that may be included in a U-fold electrode
structure. Collector 160 15 formed from any suitable conductive matenial and is provided
with a connector {ab 162 lo facilifate electrical comaction of the U-fold electrode
structure1 00 to a feedthrough extending outside of the electrochemical cell encasement.
Electrode material, Tor example a lithiun foil or other suitable metal foil, is pressed

agamnst or otherwise adhered t© collector 160 to form an electrode subassembly. The
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collector and elecirode subassembiy mav then be folded as described above to forma U-
fold electrode strocture.

In some embodiments, collector 160 may be perforated along spaced-apart folding
intervals 116 and 118 for facilitating folding of the collector and electrode subassembly.
A first set of pecforations 164 is provided along an interval 116 at which the collector and
electrode matenal composiie will be folded with a relatively large radius to separate two
adjacent sections of the U-~fold structure. A second set of perforations 166 is provided
along an interval 118 at which the collector and electrode matenial composite will be
folded with a relatively small radius o form a double-laver section of the U-fold structare.

Figure 9 1s a side view of a U~fold electrode structore including a collector 166,
The sheet of electrode material 115 1s pressed onto one side 164 of collector 160 which
corresponds 10 an inner side of the U-fold structure which will face opposing electrode
124, Electrode material is not needed on the outer side 166 of collector 160,

The U-~fold electrode structare promotes the {ransfer of heat away from the center
of a cathode~-anode electrode assembly since heat 18 conducted through the continuous U-
fold structure. In flat electrochenucal cell designs having stacked electrode assembliss
formed using separate plates of both anode and cathode material arranged 1n an allernating
manner, heat can accumuiate 1o the inner stack lavers. By providing a continuous U-~fold
structure, heat is transferred 1o surrounding space quickly, reducing the likelthood of
thermal damage to the cell. The cell may optionally include 3 heat sink member 152
designed 1o collect and dissipate heal from the U-fold elecirode siructure along the large-
radius folds 116, Heat sink member 152 may be positioned adjacent the large-radius folds
110 within the cell encasement, external to the cell encasement, or incorporated in the
cover or case of a cell encasement. For example, reference is made to US. Pat. No.
6,010,803, 1ssued to Heller, Jr., et al. Heat sink member 132 may be fabricated from any
suttable heat conduction material and may be fabricated from the same material as the cell
encasament,

Figure 1013 an end view of a U-fold electrode structure. U-fold structure 100
mnchudes top side 144 and bottom side 142, Top side 140 and boltom side 142 will be
substantially paraliel when U-Told structure 130 is formed from a square or rectangular
sheet of electrode material 115, as shown in the example of Figure 6, folded at eveniy

spacad intervals.
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Figure 1115 an end view of an altermative U-fold electrode structure having a
contoured shape. Botiom side 142 is shown baving an angled portion 143 that 18 not
substantially parallel to top side 140, The geometry of bottom side 142 may be designed
to form a desired comtowr or shape by forming U-fold structore 130 from a sheet of
glectrode material having pre-cut contours formed along the spaced apart intervals 116
corresponding to the location of the large-radius folds which separate the single- and
double-taver sections.

Figure 1215 an elongated sheet of electrode material 115 that may be used to form
the contoured U-fold structore shown in Figure 11, Along each spaced apart interval 116
corresponding o a large-radias fold location, sheel 113 bag been formed with a noteh or
cut~away contour 170, As sheet 113 is folded with large~radius folds along spaced apart
intervals 1106 to form separate sections of the U-fold structure, and with small-radius folds
along spaced apart interval 118 to form the double-layer sections, a contowred bottom side
142 (Figure 11) will be formed. Angled portion 143 of bottom side 142 corresponds to the
pre~cut contours 170 provided along the large-radius folding intervals 116 of sheet 115,

Figure 13 is a partial plan view of a sheet of electrode material that may be usad to
form an alternative conmtoured U-fold electrode structure. 1t 1s recognized that numerous
contoured shapes may be realized by providing appropriale pre~-cut contours along the
large-radius folding intervals 116 of sheet 115, Figure 13, for example, illustrates a sheet
113 having rounded contours 170 formed along large-radius folding intervals 116, Figure
14 15 an end view of the U-fold structure formed using the sheel of elecirode material $13
shown in Figure 13, Bottor side 142 inchudes a rounded portion 172 corresponding to the
pre-cut contour 170 formed along the large-radius folding intervals 116 of sheet 115.
Figore 15 is a partial sectional view of an electrode assembly according to one
emnbodiment of the mvention. The electrode assembly 150 includes a U~fold electrode
structure 100 formed from a single sheet of electrode matenial 115 layered with a collector
164 and a separator 180, In the partial view shown, two double {fayer sections 106 formed
by smali-radius folds 108 are separated by a large-radius fold 110, An opposing electrode
plate 120 1s positioned between the double-laver sections 106, The opposing electrode
plate 120 s shown enclosed i g separator 182, Electrode plate 120 may be enclosed in an
envelope oy pouch of separator material, which mav be sealed. Altemnatively, electrode

plate 120 mayv be wrapped in separator matesial or layered with separator material such
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that separator 182 is between the U-fold siructure 100 and electrode plate 120, Methods
for enclosing or lavering separate electrode plates with separator matenal are known in the
art.

The separator 180 included in the U-fold stracture 100 is favered on top of the
glectrode material 115 such that separator 180 15 positioned between slectrode material
113 and the opposing electrode 120, As such, a double layer of separator materal is
formed by separator 182 and separator 180 positioned between the electrodes 115 and 120.
In some embodiments, a single separator {aver may be included by providing a separator
laver on U-fold structure 100 or along opposing electrode 120,

Separator favers 180 and 182 yoay be formed from one or more favers of a swtable
material such as cellulose papers (e.g., Kraft paper or Manila paper), porous polymeric
maternials (2.2 polypropylene, polvethyiene, polvethvlenctetrafluoroethyvlene). non-woven
glass, glass fiber material, or fabric gaure malerials. Separator lavers 180 and 182 are
provided to prevent shorting between the U-fold electrode mwaterial 115 and the opposing
electrode plate 120 while still allowing ionic transport between the electrodes to complete
the electrical circuit. In stacked electrode assemblies formed from alternating electrode
plates or a serpentine electrode yrapped around aliernating plates, separator matenial is
requared on both sides of the stacked plates or serpentine electrode since the electrode will
fuce the opposing electrode nuaterial on both sides. A U-lold electrode structure may be
provided with separator 180 onlv on one side of the electrode material 1135 which faces
opposing alecirode 124

Figure 16A 15 a partial side view of an aliemative emmbodiment of an electrode
assembly. Electrode assembly 150 includes two U-fold slectrode structures 100 and 1007
U-fold electrode structuwe 100 includes a simgle-laver section 102 near end 191 separated
from muliiple double-layer sections 106, The large-radius Jolds 110 separate the sections
102 and 106, and the snall-radius folds 108 form the double-layer sections 106, U-fold
glectrode structure 108 s intecfaced with the second U-fold electrode structure 1007, The
second U-fold electrode structure 1007 includes double laver sections 1067, formed by
small-radius folds 1087, and spaced apart from each other by large-radiug folds 1107

The two electrode structures 100 and 1007 are interfaced by positioning the double~
laver sections 1067 of electrode structure 14387 betwesn the spaced-apart double-laver

sections 106 of electrode structure 100, Electrode structure 100 includes single-laver
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section 102 for mterfacing on one side with the first double-laver section 1067 of electrode
structure 1007, As shown in Figure 16A, the two U~fold structures 100 and 16" are
oriented 180 degrees velative to each other such that the large~-radius folds 1107 wrap of
structure 1087 wrap around the small-radius folds 108 of structure 100, Altemnatively, the
U-fold structures 100 and 1007 miay be criented at 94 degrees relative to each other as
shown in Figure 16B. The large-radius folds 1107 of Ufold structure 18 wrap around
the sides of each double aver section 106 of Li-fold structure 106,

Figure 17A 18 side view of an alternative embodiment of an electrode assembly
incluading a U-~fold stractare 100 and an opposing electrode 120 arranged in a serpentine
manner. Opposing electrode 12018 folded in a serpentine fashion between the spaced
apart, double-laver sections 106 of U-fold structure 100, It is recognized that a separator
may be lavered along the inner side of U-fold structure 100 andfor wrapped in a serpentine
manner along with opposing electrode 120 to provide protection against short-circuit
batween U-fold structure 100 and opposing electrode 120. Figure 178 is atop view of U~
fold electrode structure 100 showing opposing electrode 120 wrapped in a serpentine
manner between spaced-apart, double-laver sections 106.

Figure 1815 an open viey of an electrochemical cell according to one embodiment
of the invention. Cell 200 includes electrode assembly 150 which wcludes. as desceribed
above, at least one U~fold electrode structure. The U-fold electrode structure mav be
assembled with an opposing electrode formed from multiple separate plates or a second U-
fold structure to form electrode assembly 1530, The U-fold siruciure may include a
collector and separator as described previously. U-fold structure is provided with
connector tab 162, shown coupled to a lead wire 206 extending to the outside of cell
encasement 202 through leedthrough 208, In the case of wet electrochemical cells, a fill
port 212 is provided for filling the intenior space of encasement 202 with a switable liqud
electrolvte after encasenent 202 15 sealed. In the embodiment shown. electrode assembly
134 inchudes an angled portion 143 along bottom side 142 to form a contoured electrode
assembly 15¢ designed to match the contour of cell encasement 202, A contowred cell
encasement 202 contnibutes to volumetnic efficiency when used in a contoured housing of
an IMD.

In a method for manufacturing an electrochemical call, U-fold electrode structure

130 i3 formed as describad above. Opposing electrode plates are then posttioned batwean



14

WO 2007/101000 PCT/US2007/062385

-1 6=

the spaced apart sections of the pre-folded U-fold siructure to form an electrode assembly
150, Alternatively, the opposing electrode plales may be lard between U-fold sections as
the U-fold structure is folded.  After forming the electrode assembly 1539, appropriate
electrical connections are made between connector tab 162 and fead wire 208 allowing cell
2041 1o be electrically coupled to an electronics module of an IMD. The electrode
assembly 150 is then enclosed in cell encasement 202, which is hermetically sealed.
Encasement 202 mayv be filled with a hquad electrolvte through fill port 212, Fill port 212
and fesdthrough 208 are sealed, fypically by a fusion welding method such as laser
welding.

Thusg, an electrochemical cell and method for manufacture have been presented in
the foregoing descripuion with reference to specilic embodiments. It s appreciated that
vartous modifications fo the referenced embodiments mayv be made withowt departing from

the scope of the invention as set forth i the following clams.



14

23

WO 2007/101000 PCT/US2007/062385

-17-
CLAIMS
1. An electrochemical cell for an implantable medical device comprising:

a first electrode structure formed from a sheet of electrode matenal folded along a
phurality of spaced apart intervals to form a U-fold structure having a plurality of spaced
apart double-layer sections; and

asecond electrode structure spaced apart from and operatively disposed between the

plurality of spaced-apart double layer sections of the first electrode struchwe.

2. The electrochemical cell of claim 1 wherein the U-fold structure further imncludes a
single-layver section formed near an end of the sheet of electrode matenal.
3 The electrochemical cell of claim 1 wheran the first electrode structure baing an

anode, and the second electrode structare being a cathode.

4. The electrochenscal call of claim 1 wherein the second elecirode struciure includes

a plurality of plates.

b The electrochemical cell of claim 1 wherein the second electrode structure meludes

a U-~fold structure.

&, The electrochenucal cell of claim 1 wherain the second glecirode structhurs includes

a serpentine struchure.

7. The alectrochemical call of claim 1 wherein the first electrode structure further
inchudes a collector and wherein the sheet of electrode matertal being adhered to the

collector to form an electrode subassembly.

3. The electrochemical cell of claim 7 wherein the collector includes a pluraliiy of
perforations disposed along the spaced apart intervals {o Tacililate folding of the electrode

subassembly to forne the U-fold structure.
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9, The electrochemical cell of claim 8 wherein the first electrode structure includes a
plurality of small-radius folds formmg the plurality of double-laver sections and a plurahity
of farge~-radius folds for spacing apart the first single-laver section, the plurality of double-
layer sections, and the second single-laver section. and wherein the of plurality of
pecforations includes a first set of perforations disposed along the small-radivs folds and a
second set of perforations disposed along the large-radius folds, the second set of

perforations baving a greater number of perforations than the first set of perforations.

16, The slectrochenmucal cell of claim 1 wherein the sheet of electrode matenial

inchudes any of lithium and alaminun.

11 The electrochemical cell of claim 1 wheremn the first electrode structure further

inchsdes a separvator material disposed over a surface of the sheet of electrode material.

12, The electrochemical cell of claim 1 wherein the first electrode structure includes a
top side corresponding to a plurality of small-radius folds forming the double-layer
sections and a bottom side corresponding to a phurality of targe-radius folds for spacing
apart the plurality of double-laver sections wherein the small-radius folds and the large-
radius folds are formed at the spaced-apart intervals in an allermating manner and wherein

the spaced-apart intervals are equdistant from each other.

13, The electrochenucal cell of claim 1 wherain the first electrode structure wcludes a
top side corresponding to a plurality of small-radius folds fornung the double-layver
sections and a bottom side corresponding to a phurality of targe-radius folds for spacing
apart the plurality of double-laver sections wherein the small-radius folds and the large-
radius folds are formed at the spaced-apart infervals in an allernating manner and wherein

the spaced-apart intervals are progressively decreasing in size.

14, The electrochenucal cell of claim 1 wherain the first electrode structure weludes a
plurglity of large-radiug folds for spacing apart the plurality of double-laver sections, and a

contoured bottom side corresponding to the plurality of large-radius folds and wherein the
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sheet of elecirode matenal being provided with pre-cut contours disposed along the farge-

radivs folds o form the contoured botiom side.

15, The electrochemical cell of claim 1 Turther including a shallow-drawn encasement
3 for enclosing the first electrode structure and the second elecirode structure.
16.  The electrochenucal cell of claim 15 wherem the shallow-drawn encasement

mcludes a contoured side.

14 17, The electrochemical cell of claim 1 further including a beat sink element disposed
adjacent the large-radius folds.

18, Animplaniable medical device, comprising:
a housing:

15 an electronics module for performing a device function disposed within the housing; and
an electrochamical cell disposed withun the housing and electrically coupled to the
electronics module,
wherein the electrochenvcal cell includes a first electrode structure formed from a sheet of
electrode material folded along a plurality of spaced apart intervals to form g U-fold

24 structure having a plurality of spaced apart double-faver sections and a second electrode
struciure operatively positioned betwean the plurality of spaced-apart double-layer

sections of the st electrode structure.

19, The inplantable medical device of claim 18§ wherein the U-fold structure forther
s N | > 3 3 gy A v Y. oy oy o C it @ L pvfae . ecgy +
25 inctades a single-laver section formed near an end of the sheet of alectrode matenal.
200 The implaniable medical device of claum 18 wherein the first electrode structure
being an anode, and the second electrode structure being a cathode.
30 21, The implantable medical device of claim 18 wherein the second electrode structure

includes a pluratity of plates.
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22, The implantable medical device of ¢claim 18 wherein the second electrode

structure includes a U-old structure,

23, The implantable medical device of claim 18 wherein the second electrode structure

includes a serpentine structure,

24, The implantable medical device of claim 18 wherein the first electrode structure
further includes a collector and wheran the sheet of electrode material being adhered to

the collector to form an electrode subassembly.

25, The implantable medical device of claim 18 wherein the collector mncludes a
pluralitv of perforations digposed along the spaced apart intervals to faciiutate folding of

the electrode subassembly 1o form the U-fold structure.

26, The implantable medical device of claim 18 wherein the first electrode structure
includes a plurality of small-radius folds fornung the plurality of double-laver sections and
a plurality of large-radius folds for spacing apart the first single-laver section, the plurality
of double-laver sections, and the second single-laver section, and wherem the of plurality
of perforations includes a first set of perforations disposed along the small-radius folds and
a second set of perforations disposed along the large-radius folds, the second set of

perforations having a greater number of perforations than the first set of perforations.

27, The implantable medical device of claim 18 wherain the sheet of electrode material

inctades anv of tithium, aluminum.

28 The implantable medical device of claim 18 wherein the first electrode structure
further includes a separator material disposed over a surface of the sheet of electrode

magarial.

29, The implantable medical device of claim 18 wherein the first electrode structure
includes a top side corresponding to a plurality of small-radius folds forming the double-

laver seetions and a bottom side corresponding to a plurality of large-radius folds for
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spacing apart the pluraiity of double-laver sections wherein the small-radivs folds and the
large-radios folds are formed at the spaced-apart intervals in an alternating mamner and
wheremn the spaced-apart intervals are equidistant from each other.

38, The implantable medical device of claim 18 wherein the first electrode structure
inchudes a top side corresponding 1o a plurality of small-radius folds forming the double-
laver sections and a boltom side corresponding to a plurality of Jarge-radias folds for
spacing apart the pluratuty of double-laver sections wherein the smatl-radius folds and the
large-radios folds are formed at the spaced-apart intervals in an alternating mamner and
wheremn the spaced-apart intervals are progressively decreasing in size.

31, Theimplaniable medical device of clamm 18 wherein the first electrode structure
inchudes a plurality of targe-radius folds for spacing apart the phurality of double-taver
seclions, and a contowed bottom side corresponding to the plurality of large-radios folds
and wherein the sheet of electrode material bemng provided with pre-cut contours disposed

along the large-radius folds to form the contoured bottom side.

32, The implantable medical device of claim 18 finther mcluding a shallow-drawn

encasement for enclosing the first electrode structure and the second electrode strocture.

33, The implantable medical device of ¢laim 8 further including a beat sink element

disposed adjacent the large-radius folds.

34, A method for manefacturing an electrochemical cell, comprising:

folding a sheel of electrode material along spaced apart intervals o forma U-lold
electrode structure comprising spaced-apart double-layer sections; and

arranging the U-fold electrode structure with an opposing electrode structure disposed

betwean the spaced-apart double-laver sections.

35, The method of claim 16 further including folding the sheet of electrode matenial to

form a single-layer section near an end of the sheet.
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36, The method of claim 16 further including fornung the sheet of elecirode matenal
with pre-cut contours disposed along the spaced apart infervals corresponding to a

plurality of large-radius folds formed o space apart the plarality of double laver sections.

3 37 The method of claim 18 further including forming a contoured electrochenucal cell

encasement and sealing the U-fold structure within the contowred encasement.

14
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