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BATTERY MODULE, ELECTROCHEMICAL CELL COMPRISING JELLY ROLL
PATTERNED CRIMP IMPRESSION CURRENT COLLECTOR AND DEVICE FOR

CROSS REFERENCE TO RELATED APPLICATIONS

0001} Thiy application claims priovity from and the benefit of TS Provisiongl
Application Seriad No. 627267206, entitled “PATTERNED CRIMP FOR BATTERY
COLLECTOR ATTACHMENT”, filed Dec. 14, 20135, which Is herehy incorporated by

reference for all purposes.

BACKGROUND

{0002]  The present disclosure relates generally o the feld of batteries and battery
modules, More specifically, the present disclosure relates 1o a system and method for

patterned crimping of current collectors on a jelly roll of an electrochamical cell.

{00037 This section is intended {0 introdace the reader fo vartous aspects of art that
vy be related 1o various aspects of the present disclosuwre, which are described
below. This discussion is believed to be helpfil in providing the reader with
background miormation to faciitate a better understanding of the various aspects of
the present disclosare. Accordingly, 1t should be understood that these statements are

tor-be read i thas light, and not as admissions of prior agt.

004 A vehicle that ases one or more battery svstems {or providing all or g
portion of the motive power for the velucle can be referred to as an xEV, where the
term “xEVT 15 defingd herein to mnclude all of the following vehicles, or ay
variations or combinations thereof, that use electric power for all or a portion of their
vehicular motive force. For example, xEVs inchude electric velucles (EVs) that utilize
electric power for all motive force. As will be appreciated by those skilled in the ant,
bybwid electric vehicles {HEVS), also considered xEVs, combine an internal
combustion engine propolsion system and g batterv-powered electric propulsion
system, such as 48 Volt {V) or 130V systems, The terms HEV may include anv
vartation of a hybrid electric vehicle. For example, fall hybnd systems {(FHEVSs) may

provide motive and other electrical power to the vebicle using one or more electric
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motors, using only an internal combustion engine, ot using both. In contrast, muld
hybrid systems (MHEVY) disable the internal combustion engine when the vehicle is
idling and stilize a battery sysiem to continue powering the air congditioning wmit,
radio, or other electronics, as well as to restart the engine when propulsion 1s desired.

The mid hybnd svstem mav also apply some level of power assist, during
acceleration for example, to supplement the internal combustion engine. Mild hybrids
are typically 96V 1o 130V and recover braking energy throngh a bell or crank
tntegrated starter generator. Further, & nucro-hybnd elecivic vehicle (mHEV) also
uses a “Stop-Start” system sinular to the mild hybrids, but the micro-hybrid systems
of a mHEV may or may not supply power assist to the internal combustion engine and
operates at a voltage below 60V, For the purposes of the present discussion, it should
be noted that mHEVs typically do not techmcally use electric power provided directly
to the crankshall or transmission for any portion of the woetive force of the vehicle,
supplement & vehicle’s power needs when the vehicle is idling with intemal
combusiion engine disabled and recovers braking energy through an integrated starter
genevator. In addition, a plug-in electnie veluele (PEV) is any vehicle that can be
charged from an external source of electrichiy, such as wall sockets, and the energy
stored 10 the rechargeable battery packs drves o coniribules to drive the wheels.
PEVy are a subcategory of EVs that include all-electric or battery electric vehicles
{BEVs), plug-in hybrid electric vehicles (PHEVS), and electne vehicle conversions of

hybrid electric vebicles and conventional iternal combustion engine vehicles.

[O00S]  xEVs as described above may provide a number of advantages as compared
to more iraditional gas-powered vehicles using only mternal combustion engines and
traditional electrical systems, which are typically 12V systems powered by a lead acid
battery. For example, sEVs may produge fewer undesirable enission products and
mav exhibit greater fuel gfficiency ss compared o traditional ternal combustion
vehicles and, in some cases, such xEVs may eliminate the use of gasoline entirgly, as

is the case of certain types of EVs or PEVs.

[0006]  As technology continues to evolve, there 18 a need to provide improved

power sources, particularly battery modules, for such velicles. For exanple, in

f o]
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rraditional configurations, electrochemical cells way include one or more collectors
fixed o an electrochemical cell jelly roll fe.g., cell slement) having anode matenial,
cathode materinl, and 8 separator.  Unfortunately, the techeiques for fixing the
collectors to the jelly roll may be cumbersome and expensive. Accordingly, ymproved

techniques for fixing the current collectors to the jelly roll are desired.

SUMMARY

8807 A suomary of certain embodiments disclosed herein i set forth below, It
should be understood that these aspects are presenied merely o provide the reader
with a brief summary of certain embodiments and that these aspects are not intended
to himit the scope of this disclosare. Indeed, this disclosare may encompass a vanety

of aspects that may not be set forth below.

{0008]  The presemt disclosare relates a battery mwodule that mcludes an
electrochemical cell, The electrochemical cell mcludes a jelly roll having an anode
sheet, a cathode sheet, and a separator volled together to form the jelly roll. Further,
the electrochemical cell includes & curvent collector. The current collector inchudes o
patterned crimyp impression thersin that extends into and fixes the cument collector fo

an-end of the jelly roll

{0009]  The present disclosure also relates to an electrochemival cell having anode
materiad, cathode mpteriad, and & separator rolled wgether to form a

jelly roll. Further, the electrochamical cell includes a current collector fixed to an end
of the jelly roll via a patierned crimp impression on the carrent collector, where the

current collector s not welded to the jelly il

[O010]  The present disclosure also relates to a system mcluding an electrochemical
cell having o jelly roll and a current collector coupled 1o an end of the jelly roll. The
system also includes a crimp press having a fivst die that includes a first pattern, and a
second die that includes a second pattern. The first die and the second die are
configured fo press nto fivst and second opposing legs, respectively, of the current

collector to impress the fivst pattern and the second pattern onto the first and second
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opposing legs, respectively, o crimp the carrent collector onto (he end of the jelly

rolf,

DRAWINGS

{0011} Various aspects of this disclosure may be betier understood upon reading

the following detailed description and upon reference to the drawings in which:

{0012] FHG. 1 i3 a perspective view of a velucle having a battery system
configured i accordance with present embodiments to provide power for various

components of the vehucle;

[0013] FIG. 2 is & cutaway schematic view of an embodiment of the velicle and

the battery system of FIG. 1, 1 accordance with an aspect of the present disclosure;

[0014]  FIG. 3 is an exploded perspective view of an embodiment of a battery
module for use in the battery aysiem of FIG. 1, m accordance with an gspect of the

present disclosure;

{018]  FIG. 4 s an exploded front schematic view of an embodiment of an
electrochemical cell for use m the battery module of FIG. 3, m accordance with an

aspect of the present disclosure

fo016] FIG. 5 is a side schematic view of an embodiment of a jelly roll of the

electrochemical cell of FIG. 4, in accordance with an aspect of the present disclosure;

017l FIG. 615 a top schematic view of an embodiment of a coll element of the
electrochemical cell of FIG. 3 during a paiterned crimping process, in accordance

with an gspect of the present disclosure;

j0018]  FIG. 7 is a top schematic view of an embodiment of a cell element of the
glectrochenmical cell of FIG. 3 after a palterned enmping process, i accordance with

an aspect of the present disclosure;
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[00I9]  FIG. ¥ 15 a front schematic view of an embodinient of g cell element of the
glectrochenical cell of FI(G. 3 afier a patterned crimping process, in sceordance with

an aspect of the present disclosure;

{020]  FIG. 9 is a side schematic view of an embodiment of a cell element of the
electrochemical cell of FiG. 3 sfier o patterned crimping process, and of patterned

crimping dies, in accordance with an aspect of the present disclosure;

j602F]  FHG. 10 s a perspective view of an embodiment of 3 patterned crimping

die, m accordance with an aspect of the present disclosure;

{00221 FIG. 11 i a perspectve view of an embodiment of a cument collector
affixed to an end of a jelly roll vig a patterned crimp formed by the patterned crivoping

die of FIG. 10, in accordance with an aspect of the present disclosure;,

[0023]  FIG. 12 is a perspective view of an embodiment of a patterned crimping

die, i aceordance with an aspect of the present disclosure;

{8024]  FIG. 13 s a perspective view of an embodiment of 8 comrent collector
aflixed to an end of & jelly roll via a patierned crimp formed by the patterned crimping

die of FIG. 12, m sccordance with an aspect of the present disclosure;

{0025]  FH3. 14 &5 @ perspective view of an embodiment of a patterned crimnping

dig, tn accordance with an aspect of the present disclosure;

{8026] FH3 18 s a perspective view of an embodiment of a cirent collector
affixed to an end of a jelly roll vig g patterned crimp formed by the patterned crimping

die of FIG. 14, in accordance with an aspect of the present disclosure;

[Q027}  FIG. 16 is a perspective view of an embodiment of a patterned crimping

dve, m accordance with an aspect of the presemt disclosure;

{8028] FIG. 17 s a perspective view of an embodinment of a cument colléctor
affixed to an end of 8 jelly roll via a patterned crimp formed by the patierned erimping

die of FIG. 16, in accordance with an aspect of the present disclosure;
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{8029 FIG. IR 15 a perspeciive view of an embodiment of a patterned crivuping

die, in accordance with an aspect of the presemt disclosure;

{8030] FIG. 19 1 a perspective view of an embodiment of a comrent collector
affixed 1o an end of a jelly roll via a patierned crimp formed by the patterned crimping
die of FIG. 18, in accordance with an aspect of the present disclosure;

{0031 FIG. 20 15 2 bottom schematic view of embodiments of various pattemed

crimping dies, i secordance with an aspect of the present disclosure;

{06321  FHG 21 is a side schematic view of embodimenis of various patterned

crimping dies, i accordance with an aspect of the present disclosure; and

[O033] FIG. 22 1s » process flow diagram iHostrating an embodiment of a method
of securing a current collector to an end of a jelly roll of the electrochemical cell of

FIG. 4, in accordance with an aspect of the present disclosure.

DETAILED DESCRIPTION

j8034]  One or more specific embodiments will be deseribed below, In an effort to
provide a concise description of these embodiments, not all features of an actual
implementation are described in the specification. It showdd be appreciated that i the
development of any such actual implementation, as in any engineering or design
project, numercus implementation-specific decisions must be made fo achieve the
developers’™ specific goak, such as compliance with system-related and business-
refated constraints, which may vary from one implementation to another. Moreover,
it should be appreciated that such a development effort might be complex and time
consuming, but woudd nevertheless be a rowtine wadertaking of design, fabrication,

and manufacture for those of ordinary skill having the benefit of this disclowure.

[0035]  The battery systems described herein may be used to provide power to
various tvpes of electric velucles (xEVs) and other high voltage energy
storage‘expending apphcations {e.g., electrical grid power storage systems). Such

battery systems may inclode one or more battery weduoles, each batlery module

8



WO 2017/105555 PCT/US2016/045248

having g number of batiery cells {e.¢.. lithtwm-ion {(Li-ion) electrochemical cells)
arranged and electrically imterconnected to provide particudar vediages andior currents
usefid 1o power, for example, one or move components of an xEV.  As another
example, battery modules in accordance with presemt embodiments may be
mcarporated with or provide power (o stationary powsr systems {e.g., non-automotive

Systems).

{8036] In accordance with embodiments of the present discloswe, an
electrochemical cell may mclude g cell element baving anode material (2., positive
electrode sheet), cathode material {e.g.. negative electrode sheet), and a separator
disposed between the anode material and the cathode material. The anode material,
cathode material, and separator {e.g., the cell element) nay be rolled {e.g.. wound)
nto a jelly roll {e.g., spiral) forming a eviindrical or prismatic shape. Either end (e.g.,
open end} of the jelly roll may be welded together 1o at least temyporarily mainain the

jelly roll shape, and to provide a serface to which a current collector may be coupled.

{80371 A positive carrent collector may be affixed to one end of the jelly roll, and
a negative current collector may be affixed 1o the opposing end of the jelly roll. For
example, the positive current collector may be crimped to # first end of the jelly roll
and may include a positive terminal extendimg therefrom, and the negative current
collector may be crimped to a second end of the jelly roll opposite to the first end and
may include g negative terminal extending therefrom.  As described above, the ends
of the jelly roll may frst be welded (e.g., such that the sheets formung the jelly roll are
welded together), and then the current collectors may be affixed to the welded ends of

the jelly roll.

[B038]  In accordance with present embodiments, the cwvent collectors may be
erimped o the ends of the jelly roll by way of patterned crimping dies. For example,
m fraditional configorations, the current collector may form a U or V shape that is
disposed around the end of the jelly roll, and two Bat dies may press nto (e.g.,
sandwich) either leg of the U or V shape, with the end of the jelly roll disposed
therebetween, such that the currant collector is crimped onto the end of the jellv roll.

However, 1t is now recogmized thal, because the two dies {eg., ag opposed o
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patterned dies) used in the tnditional configuration ave flat, the current collector may
not be sufficiently secared 1o the jelly roll In traditional configurations, the current
collector vy be welded to the end of the jelly roll afler the coimping process, to
enhance security of the cwrent collector thersto.  Unfortunately, the addibonal

welding process is costly and increases a manafacturing time.

{00391  In accordance with present embodiments, the current collector is crimped
onto the end of the jelly roll via patierned crimping dies. The patierned crimping dies
may include, for example, ridges or conical extensions or other patterns that press into
the current collector as legs of the current collector sandwich the end of the jelly roll
therebetween. The impression of the patterned crimping dies onto the current
collector {and onto the end of the jelly roll to which the cwrrent collector is attached)
causes the current collector to be mere securely fixed to the end of the jelly roll. In
some embodiments, the patierned crimping process may obviale the need to weld the
current collector to the end of the jelly roll.  Accordingly, manefacturing cost and

time may be reduced.

{8040]  To help illusirate, FIG. | 18 a perspective view of an embodiment of a
vehicle 13, which may utilize a regenerative braking system. Although the followmng
discussion is presented in relation to vehicles with regenerative braking systems, the
techniques described herein are adaptable to other vehicles that capture/siore electrical

energy with g battery, which may include electnic-powered and gas-powered vehicles,

{0041]  As discussed sbove, it would be desirable for a battery svstem 12 1o be
fargely compatible with traditional vehicle designs. Accordingly, the battery system
12 may be placed in a location in the vehicle 10 that would have housed a traditional
battery systermn.  For example, as illostrated, the vehicle 10 may inclode the battery
system 12 positioned similarly to a lead-acid battery of a typical combustion-engine
vehicle {e.g., under the hood of the vehicle 10}, Furthermore, as will be described in
more detail below, the battery system 12 may be positioned to facibitate managing
temperature of the battery systemr 12, For example, in some embodiments,
positioning a battery system 12 under the hood of the vehicle 10 mav enable an awr

duet o channel anflow over the battery system 12 and cool the batiery sysiem 12
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[o042] A move detailed view of the battery system 12 is deseribed in FIGL 20 Ag
depicted, the battery system 12 inclydes an snergy storage component 13 coupled to
an gnitton svstem 14, an allernator 15, 2 vehicle console 16, and optionally to an
electric motor 17, Generally, the energy storage component 13 may capturefstore
electrical energy zenerated in the vehicle 1 and output elecirical energy fo power

electrical devices in the velucle 11

{80431  In other words, the battery system 12 may supply power lo components of
the vehicle’s electrical systemy, which may nclude radiator cooling fans, chimate
control systems, electric power steering systems, aclive suspension systems, auto park
systems, electric oil pamps, eleciric superfturbochargers, glectric water pumps, heated
windscreen/defrosters, window 1Rt motors, vanity Hghts, tire pressure mowtoring
systens, sunroof motor controls, power seats, alarm systems, infotminment systems,
navigation features, lane departure warning systems, electric parking brakes, external
lights, or any combination thereof IHustratively, in the depicted embodiment, the
energy storage component 13 supplies power to ihe vehicle console 16 and the
ignition system 14, which may he used o start {2, orank) the interns! combustion

engine 18,

j0044]  Additonally, the energy slorage component I3 may capture electrical
energy generated by the aliernator 15 andior the electric motor 170 In some
embodiments, the alicrnstor 15 may generste electrical energy while the imternal
combustion engine 18 is running. More specifically, the aliernator 15 may convart
the mechamcal energy produced by the rotation of the internal combustion engine 18
into electrical energy. Additionally or alternatively, when the vehicle 10 includes an
glectric motor 17, the electric motor 17 may generate electrical energy by converting
mechanical energy produced by the movement of the vehicle 10 {e.g., rolation of the
wheels} into clectrical energy.  Thus, . some embodiments, the energy storage
component 13 may capiure electrical energy generated by the alternator 15 andfor the
electric motor 17 during regenerative braking. As such, the alternator 13 andfor the

electric motor 17 ave generally referred to herein as a regenerative braking system,

9
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[0045]  To [ncilitate capturing and supplymg electne energy, the energy storage
componsut 13 may be elecirically coupled to the vehicle’s slectric system via a bus
19, For example, the bus 19 may enable the energy storage conponent 13 1o recetve
elecirical enerpy generated by the aliernastor 15 and/or the electric motor 17
Additionally, the bus 19 may enable the energy siorage component 13 to outpui
electrical energy to the ignition system 14 andior the wvehicle console 16.
Accordingly, when a 12 volt battery systemn 12 is used, the bus 19 may carry electiical

power typically between ¥-18 volts,

fatde]  Additionally, as depicted, the energy storage component 13 may mchude
multiple batterv modules. For example, w the depicted ambodiment, the energy
stovage component 13 inclodes a lithiom fon {(e.g, a first) battery wodule 20
accordance with present emibodiments, and a lead-acid (2.2, a second) battery module
22, where each battery module 20, 22 includes one or more hattery cells. In other
embodiments, the energy storage component 13 may include any number of battery
modules,  Additionally, alibough the hilvum ion battery module 20 and lead-acid
battery module 22 are depicted adiscent o one another, they may be positioned in
hifferent areas around the vehucle. For example, the lead-acid battery module 22 may
be posiioned 1 or sbout the intentor of the vehicle 10 while the lithivm ton battery

module 20 may be positioned under the hood of the vehicle 1.

{00471 In some cmbodiments, the energy storage component 13 may include
multiple battery modules o utiize multiple different baitery chemisiries, For
example, when the hithium ion battery module 26 is used, performance of the battery
system 12 may be improved since the hilwam ion battery chennstry generally has &
higher coulombic efficiency and/or a higher power charge scceptance rate {(e.g.,
higher maximum charge carrent or charge voltage) than the lead-acid batiery
chemistry. As such, the capture, storage, and/or distnbation efficiency of the battery

system 12 may be improved,

{0048]  To fucilitate conwrolling the capturing and storing of electrical energy, the
battery system 12 may additionally mclude a control module 24, More specifically,

the control module 24 may controf operations of components in the battery system 12,

19
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such as relays (.., swiiches} within energy storage component 13, the gliernator 15,
andior the slectric motor 17, For exampde, the control module 24 may regulate
amount of electrical enevgy capturedisupplied by each battery wodale 20 or 22 (a.g,,
to de-rate and re-rate the batlery system 12}, perform load balancing between the
battery modules 20 and 22, determing a state of charge of each battery module 20 or
22, determine temperatare of each hattery module 20 or 22, control voltage output by

ithe alternator 15 andfor the electvic motor 17, and the bhke.

{0049 Accordingly, the control wni 24 may include one or mwore processor 26 and
one or more memory 28, More specifically, the one or more processor 26 may
inchede one or more application specific mtegrated cirouits {ASICs), one or more field
progranunable gate arrays (FPGAS), one or more geperal purpose processors, or any
combination thereof. Additiomally, the one or more memory 28 may include volatile
memory, such as random access memory (RAM), and/or non-volatile memory, such
as read-only memory {ROM), optical drives, hard disc drives, or solid-state drives. In
some embodiments, the condrol unit 24 may include portions of & vehicle control untt

{¥VCL andfor a separate battery control module.

JOOS0]  In accordance with un aspect of the present disclosure, electrochemical
cells of the battery modale 20 may include a jelly roll having anode maoterial {e.g, o
positive electrode sheet), cathode material {e.g., a negative elecirode sheet), and a
separator {e.g., 9 separator sheet) disposed therebetween, The anode material, cathode
material, and the separator may be rolled info a jelly roll formung a cylindrical or
generally prismatic shape. Current collectors mav be crimped onto either end {eg.,
either open end) of the jelly roll. The curvent collectors may be crimped onto either
end of the jelly roll via paiterned crimping dies that securely fix the current collectors
to the ends of the jelly roll. In some embodiments, the patierned crimping process
may sufficiently sccure the current collectors to the ends of the ielly roll such that

welding of the current collectors to the jelly roll is not needed.

{0051]  An overhead exploded fromt perspective view of an embodiment of the
battery module 20 for use in the vehicle 10 of FIG. 2 1 shown m FIG. 30 In the

illustrated embodiment, ihe baitery modude 20 {eg., hibhon<don [Liion] battery

i



WO 2017/105555 PCT/US2016/045248

module) inchudes a housing 30 and electrochenucsl cells 32 (g2, prsmatic htlvune-
ton {Li-ion} electrochemical cells) disposed inside the housing 30, each including a
jelly roll and corrent collectors orimped thereon in accordance with present
embodiments. In the Hlostrated embodiment, six prismatic Li-ion electrochemical
cells 32 are disposed in two stacks 34 within the housing 30, three glectrochemical
cells 32 m each stack 34, However, in other embodiments, the battery module 20 may
inclode any number of electrochemical cells 32 (g, 2,3, 4, 5, 6, 7. 8 9. 10, or more
electrochemical cells), any type of electrochemical cell 32 (eg., Lision, lithium
polymer, fead-acid, nickel cadmiwm, or nickel metal hydride, prismatic, andior
cylindrical), and any arrangement of the electrochemical cells 32 {e.g. stacked,

separated, or compartimentalized),

{00521  As shown, the electrochemical cells 32 miay include ternunals 36 (e.g., cell
termynals, minor terminals) extending upwardly {e.g., in direction 37} from terminal
ends 39 of the electrochemical cells. Accordingly, the terminals 36 may extend into
an opening 38 disposed ¥ an upper side 40 or face of the housing 30, For example,
the electrochemical cells 32 may be inserted nto the housiug 30 through the opening
38 in the upper side 40, and positioned within the housing 30 such that the terminals
36 of the electrochemical cells 32 are disposed in the opening 38, A bus bar carrier
42 may be disposed info the opening 38 and may retain bus bars 44 disposed thereon
and configured to interlice with the terminals 36 of the electrochenicsl cells 32, For
example, the bus bars 44 may ferface with the terminals 36 to electrically couple
adjacent electrochemical cells 32 together {e.g.. to form a group of electnically
mterconnected electrochenncal cells 323, The bus bars 44 may be mounted or
disposed on or proximate {0 a top or & botiom {ace or surface of the bus bar carrier 42
{e.g., facing away from the electrochemical cells 32 or facing the electrochemical
cells 32). However, in other embodiments, the battery module 20 mav pot inclode the

bus bar carrigr 42 and the bus bars 44 may be disposed directly onto ihe ternuinals 36,

{0083} Depending on the umbodiment, the bus bary 44 may couple the
electrochemical cells 32 i series, in parallel, or some of the electrochemical cells 32
in sevies and some of the electrochenucal cells 32 1o pavallel. In geveral, the bus bars

44 enable a group of elecirically intercomnected electrochencgl cells 32, Further,
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certain of the bus bars 44 may be configured 1o enable electrical coupling of the group
of glectrically terconnected glectrochemical cells 32 with major terminals 46 (e,
modole terminals) of the battery wodale 20, where the major ternunals 46 are
configured 1o be coupled to a load {e.g.. component(s} of the vehicle 10) to power the
foad. A cover 54 (which may be a part of the housing 38 or nwy be a separate
component) may be disposed over the bus bar carrier 42 to seal the opening 38 in the
housing 30 of the battery module 20 sudior to protect the bus bars 44, other
components disposed on the bus har carrier 42, andfor other components of the battery
module 20, Twrther, 3 panel 56 may be disposed over an adjacent side 37 of the
housing 30 to protect other components {e.g. electrical components) fixed o the

adjacent side 57 of the housing 30,

{0054]  As previously described, the electrochemical cells 32 of the battery module
20 may include a jelly roll having anode material {s.5., a positive elecrode sheet),
cathode material {e.g.. a negalive electrode sheet), and a separator disposed
therebetween. The anode material, cathode material, and the separator may be rolled
tnto ¢ jelly roll forming g cylindrical or generally prismatic shape, Current colleciors
may be crimped onio either end {e.g., either opan spiral end) of the jelly roll. The
current collectors may be crimped oute either end of the jelly roll via pattemed
crimping dies that securely fix the current collectors 10 the ends of the jelly rolll In
some embodiments, the pattemned crimping process may sufficiently securs the
current colleciors to the ends of the jelly roll such that welding of the current
coltectors 1o the jelly roll is no needed. These and other features will be described in

detail below,

[RO55] FIG. 4 i3 a schematic front view of an embodiment of ong of the
etectrochemical cells 32 lustrated in FIG. 3. FIG. 5 13 a schematic side view of an
embodiment of a jelly roll 60 of the electrochemical cell 32 of FIG. 3. As shown m
FIG. 4, the electrochemical cell 32 includes the jelly roll 60 (e.g., within a wrapper 61
disposed arcund the jelly roll 60) confipured to be disposed in a casing 62 {eg.,
through an opening 64 i a bottom 66 of the casing 63). As shown in FIG. 5, the jelly
roll 60 may inclade, as previously described, a winding of anode material 70 (e.g., a

ositive electrode sheet), cathode material 72 (e, 8 negative electrode sheet), and a
P B B
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separator 74, where the separator 74 15 disposed batween the anode matertgl 70 and
the cathode muaterial 72, The jellv roll 60 may be submerged in, or soaked with,

electrolvte.  For example, the casing 62 illustrated jo FIG. 4 may yecenve the

electrolyte while the jelly roll 60 is disposed in the casing 62.

{00956] Focusing on the electrochemical cell 32 shown in F1G. 4, the ilusirated
jelly roll 60 includes a first end 76 (e.g., {irst open end) and a second end 78 (e.g.,
second open end} opposiie {o the first end 76, A first cuwrrent collecior 80 {eg.,
positive cwrrent collector having 8 first ternunal 81 {eg., positive terminal) is
configured to be coupled o the fivst end 76 {e.z., via a patterned crimping process),
and a second current collector 32 {e.g., negative current collectory having a second
ternunal 83 {e.g., negative ternunal) is configured to be coupled to the second end 78
{e.g.. via # patterned crimping processy. The first terminal 81 may be integrally
formed with the first current collector 80, welded 1o the frst current collector 88,
adhesively coupled to the first current collector 80, or otherwise attached or athxed to
the first cuovent collector 80, Likewise, the second terminal 83 may be mlegrally
fornmed with the second current collector 82, welded to the second current collector
32, adhesively coupled to the second current collector 82, or otherwise aitached or

affixed to the second current collector 82,

{0057} In accordance with present embodiments, the first current collector R0 i
configured to be coupled with the first end 76 of the jelly roll 60 vig 8 patterned
crimp. Further, the second current collecior 82 i3 configured to be coupled with the
second end 78 of the jelly roll 6 via a patterned crimyp. The patterned crimyp enables
a secure conhection befween the current collectors 80, 82 and the ends 76, 78 of the
jelly roll 60 {e.g., without having 1o weld the current collectors 80, 82 to the ends 76,
78), as described i detatl below with reference o later fgures. In some
embodiments, each end 76, 78 of the jelly roll 60 may be pinched together or secured
{e.¢., via welding, such as vlirasonic welding) prior to coupling of the corresponding
current collecior 8Q, B2 thersto, as described in detail below with reference to later
figures. For example, arroves 84 m FHG. § illustrate a divection in which the end 76 of
the jelly roll 60 may be pinched prior to (andfor during) coupling of the current

collector 80 {e.g., of FIG. 4) thereto.

14
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[O0S8]  Tumning now o FIGL 6, a top schematic view of an embodiment of 8
portion {&.i., cell eloment) of the electrochemical cell 32 of FIG. 3 is shown dwring &
patterned orimping process.  Further, FIG. 7 15 a top schematic view of an
embodiment of a portion {e.g., cell element) of the elecirochemical cell 32 of FIG. 3
after the patterned crimping process. As shown in FIG. 6, the end 76 of the jelly roll
60 may be pinched and retained together {e.g., via an vltvasonic weld 77, as shown, or
vig g laser weld, adhesive, elastic te, or some other pinching device or wechanism).
Thus, the sheets of anode material, cathode materigl, and separator may be welded
together (e.p., ulirasonically welded together) at the end 76 of the jelly rolll The
current collecior 8O disposed proximate to the end 76 of the jelly roll 60 includes the
terminal 81, a first leg 90, and a second leg 92. The termungl 81 may extend {e.g., i
the direction 37} from a porfion {e.g., an edge or a bridge) of the currant collector 80
between the first leg 90 and the sscond leg 92, The end 76 of the jellv roll 60 may be
positioned between the frst feg 90 and the second leg 92 of the corrent collector 8O,
such that the end 76 miay be sandwiched between the first and second legs 90, 92 via a

patterned crimping process, as described below,

{8059]  For example, as shown, a first patterned cnimping die 94 may be disposed
proximate to the first leg 90 of the curmrent collector 80, and a second patterned
crimping die 96 mav be disposed proximate 1o the second leg 92 of the current
collector 80, The first and second patterned crimping dies 94, 96 may together exert @
compressive foree {e.g., as indicated by arrows 98) against the end 76 of the jelly roll
jelly roll 60}, Each patterned crimping dic 94, 96 may mclude a pattern disposed
thereon, where the pattern leaves an impression o the corresponding leg 90, 92 of the
current collector 80, and where the impression may extend tnto the end 76 of the jelly

roll 60,

{0060]  For example, as shown, the first patterned crimping die %4 and the second
patterned crimping die 96 may each include a lateral face 100 (indicated by dashed
lines) extending along direction 102, The {irst patterned crimping die 94 inclades one
or more ridges 104 extending opposiie to divection 106 {e.g., from the lateral face 100

of the first patterned crimping die 94), and the second patterned crimpmg die 94

p—
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includes one or more nidges 104 extending in divection Hi6 (e.g., from the Interal hee
100 of the sevond patterned grimping dig 96). Although both the first and second
patterned crimping dies 94, 96 include the nidges 104 extending toward the current
collector 80, 1t should be noted that the ridges 104 of the first patterned crimping die
24 may not align with the nidges 104 of the second patterned crimyping die 96 along
the direction 37. For example, the ndges 104 of the first patterned crimping die 94
may be offset rom the ridges 104 of the second patterned comping dic 96 along the
divection 37, However, in some embodunents, the ridges 104 of the first pattemed
crimping die 94 may align with the ridges 104 of the second patterned crimping die
96 along the direction 37, Further, patierns other than the ilastrated ridges 104 may

also be possible, and will be described in detall with reference to later figures.

{0061}  To crimp the awrrent collector 80 onto the end 76 of the jelly roll 60, the
first and second patierned crimping dies 94, 96 may exert the compressive foree 98
mwardly agamst the fust and second legs 90, 92 of the cumrent collector 80,
respectively.  As shown i FIG. 7, the nidges 104 of the first and second patierned
crimping dies 94, 96 may leave comesponding ndge impressions 108 n the Hst and
second legs 90, 92 of the cwrrent collecior 80 {and extending mto the end 76 of the
jelly voll 60 of the electrochermcal cell 32). The ridge impressions 108 left in the
current collector 80 and the end 76 of the jelly voll 60 facilitate secure coupling of the
current collector 80 to the end 76 of the jelly roll 0. In some embodiments, the
current collector 30 15 not welded to the end 76 of the jelly roll 60 {e.g. no welding i
needed). It should be noted that, in some embodiments, only one of the two patterned
croumping dies 94, 96 may be used, and may sandwich the current collector 80 {and the
end 76 of the jelly roll 60) between the one patterned crimping dig {e.g., die %4d) and a

sabstrate {e.g., a flat surface).

{06621 A front schematic view of an embodiment of a cell eloment 110 of the
electrochenucal cell 32 of FIG, 3 {e.g.. afier the patierned crimping process) is shown
in FIG. &, and & side schamatic view of an embodiment of the cell element 110 of the
electrochemical cell 32 of FIG. 3 {e.g., after the patterned crimping process) is shown
in FIG. 9. In the illustrated embodiments, the cell element 110 inclodes the jelly roll

60 and the current collectors 80, 82, As previously described, the jelly roll 60 may be
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disposed in the wrapper 61, The wrapper 61 may be a sheet that receives g portion of
the jelly roll 60 (o st least temporarily maintain the spiral shape of the jelly roll 60
wnti the jelly roll 60 is disposed m a foll casing. The wrapper 61 may be a part of the
cell element 110, or may be a separate component.  Further, the wrapper 61 may not
be mcluded in all embodiments. Generally, the casing {e.g., rigid <asing}, which s
not shown, may not be an mtegral part of the cell element 118 Rather, the casing

recetves the cell element 110 {and, n somwe embodiuents, the electrolyie).

18863]  Asshown in the dhstrated ambodiments, each of the corent colleciors 50,
82 is attached 1o the corresponding end 76, 78 of the jelly roll 60 via a patierned
crimp. For example, as shown, ridge mmpressions 108 cnmped into the current
collectors 80, 82 (and nto the ends 76, 78 of the jelly roll 60} enhance coupling of the
current collectors R0, 82 o the ends 76, 78, respectively. In the embodiment
ilastrated m FIG. 8, the ridge unpressions 108 on the first cuwrrent collector 80 are
ahgned, along the divection 37, with the ridge impressions 18 on the second current
collector 82, However, W shonld be noted that the ridge smpressions 108 on the first
current collector 80 may ot align with the ridge impressions 108 on the second
current collector 82 in another smbodiment. Further, as shown i the embodiment i
FIG. 9, the ridge nmpressions 108 left on the first leg 90 of the first current collector
80 gre offset, along the direction 37, from the ridge mpressions 108 left on the second
feg 92 of the first current collector 80, Indesd, ss shown, the ridges 14 of the first
patterned crimping die 94 {corresponding with the nidge impressions 108 on the fisst
leg 90 of the first current collector 80) are offset, along the divection 37, from the
ricdges 104 of the second patterned ctimping die 96 {corresponding with the ridge
impressions 108 on the second lep 92 of the first current collectior 34y, However, i
other embodiments, the ridges 104 on the first feg 90 may not shige with the ridges

164 of the second leg 92,

{0064]  The pattern {e.z., the ridges 104 in the embodiment lustrated in FIG. 93 on
the patterned crimping dies 94, 96 may extend (e.g., protrude} a distance 109 from the
lateral surface 100 of the corresponding patterned crimping die 94 or 96, For
example, as shown, the patierned crimping die 94 wncludes a pattemn having ridges

104, where each ridge 104 includes a flat distal end 111, The flat distal end 111 1n the
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iustrated embodiment ts the urthest point on the ndge 104 from the lateral surface
100, and the distance 109 {s measured from the lateral surface 100 to the farthest pomt
{e.e., the flat distal end 111} on the patiern {e.g., nidee 104) Fom the Interal swrface

14,

{0065]  In gecordance with certain embodiments, the distance 109 mav be within a
range of (.5 millimeters and 1.5 millimeters {0.02 mnches and 0.06 inches). In
enthodiments where the ridges 104 of the first dye 94 are offset from those of the
second dyve 96, as shown, the distance 109 may be greater than the distance 109 in
embodiments where the ridges 104 of the first dyve 94 are aligned with those of the
second dve 96, Further, the ridge impressions 108 may each mclude a depth 113
within & range of 0.5 millimeters and 1.5 millimeters (0.02 inches and 0.06 inches)
{e.¢., generally corrgsponding with the distance 109 of the ridges 104), although the
depth 113 of each ridge impression 108 may be shightly less than the distance 109 of
the ridge 104 that leave the ridpe unpression 108, Further still, the current collector
R0 may inchude a thickaess 115 within a range of 1.2 nallimeters and 3.6 millimeters
{0.08 inches and 0.14).  Accordingly, the current collector 80 may include a ratio of
thickness 115 of the cwrrent collecior 80 o depth 113 of the ridge mmpressions 108
within a range of 2 {e.g., such that the combined depths 113 of two ridge impresstons
108, one on either leg 90, 92 of the current collector 80, 15 equal to the thickness 15
of the current collector 80) and 7.2 {e.g., the maximum thickoess 115 of the current
collector B, or 3.6 millimeters, divided by the munimuun depth 113 of the nidge
tmpression 108, or (.5 nullimeters). Likewise, the system may include a ratio of the
thickness 115 of the current collector 80 to the distance 109 of each of the ridges 104
of each of the dies 24, 96 within a range of 2 {&.2., such that the combined distances
109 of two ridges 104, one on either die 94, 96, is equal to the thickness 115 of the
current collector 80} and 7.2 (e g., the maxinnan thickness 115 of the current collector
%0, or 3.6 millimeters, divided by the muinimun: distance 109 of the ridges 104, or 0.8
mithimeters). It should be noted that, v accordance with the description of later
figures below, the pattern on the patierned crimaping die 94 may be different than the
ridges 104 in the ilustrated embodiment (and, thus, the ridge inpressions 108 may be

different than in the iHustrsted embodimenty, but that the distance 1% {and the depth
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113} for each embodiment 15 measured by the same criteria described above {e.g.,
from the lateral surface 1} (o the farthest point of the pattern from the lateral swrisce
1h.

[366]  Ax shown i both embodiments Hlostrated 10 FIGS. 8 and 9, a poka-yoke
featwre may be included on the cument collectors 88, 82. For example, the first
current collector 80 may include a different material than the second current collector
&2, in accordance with electrical and welding constderations with respect to the
electrochemical cell 32 Thus, 3t may be important to ensure that the first curvent
collector 80 (.., having a first material) is aflixed to the first end 76 of the jelly roll
64, and the second current collector 82 (e.g., having a second material different than
the first matenab) is affixed to the second end 78 of the jelly roll, Thas, the first
current collector 80 may be formed with a first distinguishing feature {e.g., two
openings 112}, and the second current collector 32 may be formed with a second
distinguishing featwre {e.g., one opening 114} different than the first distinguishing
feature.  Accordingly, during manpfaciunng andfor assembling {eg., of the cell
elements 110}, appropriate current collectors 80, 82 will be patred with appropriate

ends 76, 78 of the jelly rolls 60,

j0067]  In some embodiments, pairing of the appropriate currert collectors 80, 82
with the appropriate ends 76, 78 of the jellv rolls 60 may be done automatically. For
example, an optical sensor may detect the two openings 112, and may automatically
pair the first current collector 80 with the first end 76 of the jelly roll 60. The optical
sensor may detect the one opening 114, and may avtomatically pair the second current
collector 82 with the second end 78 of the jelly roll 60, Further stll, during
manufacturing and/or assembly of the current collectors 80, 82 {eg., during
attachment of the terminals 31, &3 to the current collectors B0, &2), the same {or a
similar}) poks-voke process described above may be wtilized to consure that the

appropriate terminals 81, 83 are paired with the appropriate current collectors 80, 82,

{0068]  As previously described, patterned criraping dies in pecordance with the
present disclosure may include any suitable pattern configured to leave an inywession

on the cwrent colleciors 80, 32 andior the ends 76, 78 of the jeilv roll 60. For
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example, FIGS. 10, 12, 14, 16, and I8 illustrate perspective views of various
embodiments of patlerned crimping dies i sccordance with the present disclosure,
Farther, FIGS. 11, 13, 15, 17, and 19 each illustrate o perspective view of an
embodiment of a current collector attached to a jelly voll, where the cwrrent collector
{and a portion of the jelly roll} includes impressions impressed thereomt by the

patterned crimping die illostrated i the immediately preceding figure.

{8069]  For example, the patterned crimping die 94 in FIG. 10 inchudes the nidpes
104 extending from the lateral swrface 100 of the patterned orimping die 94, as
previousty described.  Any number of the ridges 104 may be included on the lateral
surface 100, Further, the ridges 104 may run parallel to one another, or the ridges 104
may not run paraliel to one another. As shown, the ridges 104 are flat on distal ends
of the ridges. The curent collector 80 having the ridge imipressions 108 impressed
thercon via the paiterned crimping die 94 of FIG. 10 is shown in FIG. 11, As shown
m FIG. 10, the nidge impressions 108 include flat floors corresponding with the flat

distal ends ofthe ndges 104 shownm FIG. 11

8701 The patterned crimping die 94 i FIG. 12 includes pointed nidges 150
extending from the lateral surface 100 of the patterned crimping die 94, where each
pointed ridge 150 includes an edge 152 at a distal end of the pointed ridge 150, Any
nummber of the pointed nidges 150 may be meluded on the lateral surface 100, Further,
the pointed ridges 150 may run parallel to one another, or the pointed nidges 150 may
ot ran paraliel to one another. The current collector 30 having poimted ridge
mpressions 154 impressed thereon via the patterned crimping die 94 of FIG. 12 i

shown in FIG. 13

{8871}  The pattemed crimping die 94 in FIG. 14 includes cones 136 extending
from the lateral surface 1} of the patterned crimping die 94, where each cone 156
mehudes a point 158 {e.g., tip} at a distal end of the cone 156, Any namber of the
cones 156 may be included on the lateral surface 100, Further, the cones 156 may be
disposed 1 a line {as indicated by dashed hine 1603, or the cones 156 may not be
disposed in the line 160, For example, four or more conas 156 may be included, one

i gach corner 162 of the die 94, The current collector B0 having cone impressions
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164 impressed thereon via the patterned crimping die 94 of FIG. 14 15 shown in FIG.
»

{80721  The patternad crimping die 94 in FIG. 16 includes frustrocomical extensions
17} extending from the lateral surface 100 of the patterned crimping die 94, where
each frustroconical extension 170 includes & flat surface 172 at & distal end of the
frustroconical extension 170, Any sumber of the frustroconical extensions 170 may
be mcluded on the {ateral surface 100. Further, the frustroconieal extensions 170 may
be disposed i a line (as indicated by dashed hine 174), or the fustroconical
extensions 170 may not be disposed in the hine 174 For example, {our or more
frustroconical extensions 170 may be siwluded, ove wy each comer 162 of the die 94
The current collector 80 having frustroconical impressions 176 bmpressed thereon via

the patterned crimping die 94 of FIG. 16 1s shown in FIG. 17.

{00731 The patterned crimping die 94 in FIG. 18 includes a mesh extension 180
extending from the lateral surface 100 of the patterned crimping die 94, The mesh
extension 180 may include a number of nidge extensions that intersect with each
other. The carrent collector 80 having a mesh bupression 182 impressed thereon vig

the patterned crimping die 94 of FIG. 18 is shown in FIG. 14

[0874]  FIG, 20 illystrates a bottom schematic view of vanous embodiments of
patterned orimping dies 94, each having a different pattern (e, ridges 104)
extending from the lateral cwrface 100 {eg, in direction 200, or generally
perpendicuiar to a plane of the Iateral surface 100) of the patterned crimping die 94
FIG. 21 ilhustrates a side schematic view of varicus embodiments of patierned
crimping dies 94, each having a different patiern extending from the lateral surface
100, It should be noted that, in some embodiments, the pattern may include recessed
areas 202 extending into the lateral surface 100, as opposed 1o extensions extending
from the lateral surface. In such embodiments, the distance described with respect to
FIG. ¢ {e.g., distance 10Y) may be measured m the same manner as previously
described:; from the lateral surface 100 1o the farthest point {e.g., a floor 203 of the

recessed area 202) of the pattern from the lateral surface 100,
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[O075]  Tumning now to FIG. 22, a process flow diagram illustrating an embodiment
of & method 210 of sgeuring a current collector 1o an end of a jelly roll of an
glectrochenncal cell is shown,  In the illusieated embodiment, the methed 210
includes pinching or welding (block 212} sheets of the jelly roll at the end of the jelly
roll. For example, the cathode sheet, anode shest, and separator, which may form the
jelly roll, may be welded at an end of the jelly roll. Specifically, the shests may be
rolled mto 8 cylindnical or prismanic shape having open ends of the jelly roll, where
the open ends may optioually be welded {or otherwise pinched or gathered) together

at the open ends {e.g., to at {east partially close the ends}.

{0076]  The mathod 210 alse includes dispusing (block 214) the end of the jelly roll
between a first leg of a cwrent collector and o second lep of 3 cwevent collector. For
example, the current collector may form a U or 8 'V shape having two legs. The end
of the jelly roll may be disposed between the two legs o {acilitate coupling of the

current collector with the end of the jellv roll.

{0077 The method 210 also includes exerting (block 216) a compressive force via
at least one patterned crimping die against the qwrest collector to sandwich the end of
the jelly roll between the two legs of the current collector. For example, two
patterned crimping dies may be used, with one of the patterned crimping die
proximate to the [irst leg of the current collector and the other of the patterned
crimping die proximate 1o the second leg of the current collector. The two patterned
crimping die may exert respective compressive forces agamst the legs of the current
collecior to sandwich the end of the jelly roll betwesn the legs of the current collector.
As previousty described, the pattern of each patterned crimping die may be impressed
onto the corresponding leg of the current collecior. In somie embodiments, the
impressions may extend nto and impress onio the end of the jelly roll.  The
ympressions may generally enhance coupling of the current collector with the jelly
roll. In some embodiments, the current collector may not be welded 1o the jelly roll
In other words, the method 210 may not include welding of the current collector to the

jelly roll.

T2
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[e78]  One or more of the disclosed entbodiments, alone or i combination, may
provide ong or more technical effects useful m the manufacture of battery modules,
and portions of battery modules. In general, embodiments of the present disclosure
mclude 8 current collector crimped, via at least one patterned crimping die, onto an
end of a jelly roll of a cell element of an electrochemical cell. The patterned crimping
die(s} may inclade a patiern which impresses onto the carrent collector {and onto the
end of the jelly rolly an impression of the pattemn. The iropression may enhance g
coupling between the current collector and the end of the jelly roll. Further, the
enhanced coupling between the current collector and the end of the jelly roll may
obvigte the need 1o weld the current collector to the end of the jelly roll, thereby
reducing manufacturing costs and time. The technical effects and technical problems
in the specification are exemplary and are not hiniting. [t should be noted that the
embodiments described i the specification may have other techuical effects and can

sotve other techuical problems.

[0079]  The specific ombodiments described above have been shown by way of
example, and it should be understood that these embodiments may be susceptible fo
vartous modifications and alternative forms. I should be further undersiood that the
claims are not intended to be linuted to the particular forms disclosed, but rather to
cover all modifications, equivalents, and aliernatives falling within the spirit and

svope of this disclosure
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CLAIMS:

1. A battery module, comprising:

ancelectrochemical eell;

a jelly roll of the electrochenucal cell including an anode sheet, a
cathode sheet, and a separator rolled together to form the jelly roll; and

a current collector, wherein the cwrent collector comprises a patterned crimp
impression therein extends o and fixes the current collector to an end of the jelly

roll.

2. The battery medale of claitm 1, wherein {he patterned crimp impression

comprises pavallel ridee tmpressions.

3. The battery module of claim 2, wherain the parallel nidge impressions

comprise Hat flooss or pointed edges.

4. The battery module of claam 1, wherein the patterned ¢rimp impression

comprises comcal impressions.

S. The battery module of claim 4, wherein the conical frapressions comyprise

frustroconical imprassions or pointed tips,

&, The battery module of claim 1, wherein the patterned crimp impression
comprises a fist smpression on a first leg of the current collector and a second
nnpression on a second leg of the current collector opposite to the first side, wherein
the second impression is offset frovs the first impression slong 8 longitudinal axs of
the current collector,

7. The hattery module of claim 1, wherein the current collecior comprises a

terminal fixed thereto.
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8. The battery module of claim 7, wheretn the ternnnal is welded 1o the

current collector,

9. The battery modale of claim 1, wherein the current collector is not welded

to the jaliv roll.

10 The battery module of claim 1, wherein the current collector comprises a
poka-voke design configured to facilitate identification of the current collector g5 8

positive curent collector or a negative current collector

11, The batiery woodule of claim 1, wherein the end of the jelly roll is pinched
together at 8 weld point, and the current collector s fixed 1o the end of the jelly roll

proximate to the weld point.

12, An electrochemical cell, comprising:

anode matenial, cathode material, and a separator rolled together to form a
jelly roll; and

acurrent collector fixed to an end of the jelly roll via a patterned crimp
mpression on the current collector, wherein the current collector is not welded 1o the

ielly roll.

13. The electrochemical cell of clatr 12, wherein the corvent collecior

comptises a terminal attached thersto.

14, The electrochenvoal celi of clum 12, wherew the end of the jelly roll

comprises 3 weld configured to define 3 region which receives the current collector.

15, The electrochemical cell of claim 12, whevein the patterned crimp

tnipression comprises parallel ridge wmpressions, contead iimpressious, or mesh hnes.

I6. The electrochemical cell of claim 12, wheretn the patterned crimyp

impression comprises at least one flat floor,
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17, The electrochemical cell of claim 12, wherein the patterned crimp

tmpression comprises ot least one edge or gt least one tip.

18, A system, comprising:

an electrochenucal cell having a jelly roll and a crrrent collector coupled 1o an
end of the jelly roll

& crimp press comprising a first die having & first patiern and a second dig
having a second pattern, wherein the first die and the second die are configured to
press o first and second opposing legs, respectively, of the current collector to
impress the first pattern and the second pattern onto the first and second opposing

fews, respectively, to crimp the current collector onto the end of the jelly roll.

14, The system of claim 18, whevein the system does not comprise a welded

comection between the current collector and the end of the jelly roll.

20. The system of claim 18, wherein the first patterned impression is offset
along o longitwdingl axis of the cument collector from the second pattemned

mpression.
21. The system of claim 18, wherein the first patierned iropression i3 aligned
along a longuudionl axis of the cumrent collector with the second patiemed

mpression.

22, The system of claim 18, wherein at least the first patterned mmpression

comprises ridges or conical extensions extending from a lateral surface of the first die.

26
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