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.,l lstutcl-lllectroq etthr g+n-dielect ric { E\\'( )l) t is a rnechulris-
nr lhtt lllrrvs phlsicrl lrrrndling of lirlrrids uith rurlr ekctrie:rl
sigtlrls, such as cligilizing a liquid into tinl dn4rlcts alrd lnanip-
ullting thenr orr u chip. tlrus enabling "digital nricnrfluidics". A,s
ltr clcguntll sitrrple pl:rtlirrtn li'cc of punlps r)l' r'alves. Fl\1'()D
digifal rnicrofluidics hts been attracling high r.csear-ch interest in
the past lrrrr decades arrd has letenlll been tralrsitiolred tr a lt'rr
cotrtttret'citl prtdurts in displals iurtl birrchcrnistrr. I{orvevel lhc
nurnbet' ol labs utilizing lhis techlxrLrgr is rlill srnall. dtrc to the
dilficultl in trirnslating dcsign intrnt to lnlnul'actured dcrices.
Accot'dingl1. in this pirpcr. rvc pt1)pose ir ckrud-basetl open-
sourct Fl\l()D clbcnnanulircturing ecosrstenr thal elrables an
arttornatie tratrslation lirrrn user requircnrents lo tnanuf:lclut?al
digital nricrofluidics. 'Ilre itrcubation crher ecosvstenr is to he
accessiblc to a rvide range ol' ettd users. alhrs.ing researchers,
elrtrcllltneurs. studcnts. irnd hohlrrisls alikc to lircus rl) thcir (l\r'n
iclcas irnd ap;rlic:rtions u'ilhout haring lo nraster the sublleties
of E11'()I) errgincering and nranulireturing. 'l-his carr be llroughl
of as an "r4rcrtling s\slem" lirr E\\'OI) colnlnurrill. sirnilrr to
lVinelous and nrac()S lirr peoplc uith rro c{)nllruler lranlnarc
hlrckgrrnrnd. Tlrc prolrostd cvber ecoststettt irilrts lo c:rse lhc
llrocess of designing and elirrrirrate the burden of lirblicirting
li\\'()D chips so tlrlt llre user prxrl is increirsed lrrd rnort
applit'ations linurd lirr E\\-( )I) digilxl nrirrofl uitlit-s.

L lNt-Rot,rtit rtoN
Electrtxlcttinu. cspeciirlll in thr: firrnr of clectrorcttirrs{)ll

tlir'lc-etric (E\\iODt fl]. i: rr tersatile lctuatiorr rnechrrnisur [irr'
rnicrofluitlies since it cnlhlcs cr)ntrLrl orer lluiil shll-rc untl llori
by clectlicll si!rrals lrlone. ,A) iur clcgrultll' sirrrple platlbrnr
technologt. E\VOD hxs itttrncte(l rl-Lrch lttcnti()n tlulins the

ll:rst t\vo rlecitiles liu- nricrofl uitlic altpl icatitus irrclurling opti-
cal lerts lll and lellectivr' displar [-]1.

Prrrticularl\ in thr' fielil of rligital lticrofluiilics. E\\'( )D
has been lpl.rrcciaterl irs .r Ilr()nlisins lrrttratiorr rnecltirrti:rtt
to tleriari rnicrofluirlic chips [-l]. Suelr ehilts lre cupable of
ntanipulatint {int nanr/pieo-l iter sizcrl ilisurcte tlrol-rlets iurto-
lllitticxll\'on il t$() ilitntlrsiottal elcetrule itn'at'. riith viu'i()tls
i1(lllntlsc\ such us hish Plccisiorr. high ltcrihilitv. rnrl lox
p(lvcr constrtttptiort.

Fis. l(il) sholr's lhe schclr.rltic of an E\\'()[)-<h'ircn tligitirl
rnicrofluiclie chip {henceft:rrth lefcrretl to as EW()D chipr.

[..lnlike turdititual l]ou -based ntie:rofl uirlics. u hclr: tluicl con-
tlol is itchiered hv intcgratinr l largc nunrhcr ot'tlcrlicated
collrfoncnts suclt as purlrps xnd r.irh,es inkr thc chi1,r [-5]-tl0J.
Il\\()D chip is coniprtsctl ol- lr [)attcnled clcctro(lc an'ity. eon-
tluction r.r'iles. arrtl electricirl parls I ll. With these eleetrical
corlllxllrcnts. tinre-iartin{ aetuatiorr Ytrltlrse ctn bc xl)plie(l
k) tlle clectr()tl-: throush crtrrrutl control rler iccs. thcruby
q.cnerilti0g clrctk)hldro(l\nlrnic tbrcc tr.r rlrir,e [he trlovcutent
of tlrtplrts. frurtlrerrtiorc, since thoplets ori lrr E]VOD ehip
can be rriirnipulafetl irr parallel. r'arious ap1-llicatiorrs such as
print-ol-care rlia-rrrosis Ill llxl rL'ug iliscor.erl, [.31. cu he
intrgrated ltorv irrto tlie srnrr' chip anrl auktnratically contplcti-'rl
hasctl orr a plt-cusl()ntizc(l cxecution plitn. Becaurc of the
tdriuttu!t's abore. EW(X) tligitril ntichrlluidics has uftriicterl
high rtsealch intcrest unton- r'()nlpulcr rcirrrtistr ()\cr thc llxst
fcll t'c'arr lrnrl a nrtnther ol'conrJrulcr algorithrns ti:r tht-- design
atttonratiorr of E\YOIf chips hrivc hecu prqrosed |+l-l l9l.

l-hrttrgh itttpti:s:ive pro{l'c:s ltirs htc'rt niatlc in thc' r'eselrch
ol E\\'()D tligitll nricrofluiclies iluring the pust rlecarles. []-
W()D chips to htntlle ilrril\s ol'lirluid dnplcts diil not scc
an! cornnrercixlizxtion urrtil l()l-i u,hen Illunrinu lrnnoulrcetl
a tat-rlctrp DNA librrrr pleparatir.in s\'stent nlultc(l NeoPrel-r

[20]. Thereaftcr. scverxl other c{)lllpauies lrar.c clevelopeil their
osrr EWOD chips tirr :pecifit: ilppliciitions []ll. flll" but the
pr{}cl'sscs hlvc bcen paintirlll slos'. Thc situirtion is sinrilar irr
acltlenric/irrtlustrial lirhorlt(x-ie:. as thc bunlcn kr establish the
technologl' (lilcoilmqes rlrost norr-elrgincet's \\ho can benetit
fl'onr tlre use of E\\'OD chips. frig. l{h) illustrx{es ho\\'
thc EW()l) rligital nricrofluirlics has tuiled to lcach its lirll
prtertf ial u hile itlcrrtil-r,in-e tu'lr bottlenecks: tcchnical bar-rier
anil icliatrilitr is:ue..fcchnicirl 

birrrier is lhc ntost significlnr llctor that l]r'cvent\
the tlevelopntcnt ol E\\rOD contntunit\'. ('urrentll'. llnlo:t cr-
erv lirb \\'ho rvorks ou thc EW()D digitirl nriuxrfluirlics uiakcs
t:lcr\thiui: thentsehes. lrorn ehip tlesisrr lintl llbrieution tr,r

cotttrol r'ltetronics atttl solirvitre. irr lttltlition fo the altltlicltion
l.r\pect. \\,hich ntost |ths leltll! uant k) fbcus r)n. Lackirrs anv
basic chitssis ol stanrllrrl ctrInl:)oncnt\ to build the EW()D
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s)slcrlr Lll)()n" tlre u'irle l(l()pti{x oi EWOD chips har ltcen
stillctl bv the firllouirrg burclrrrs:

o ('ttntfti .\\'.\/c//r: Sinc.' EW'OD e hipr ule oper.tte(l [rt, elrctric
signals, lll) cbclrolric systrnt u'ith nlultiplc irr:trurttents suclr
iis l roltagc scllrlcc lll(l a softwafr. c()tltroller is lci;trircd to
reitlize iut irce uftte corrtrol ol' on-chip clectrrrles. N,loreovcl.
sincc rnt):I applications t'c(luirc to c()t]tr()l ltlentv ol'clectrrxlcs
( r., ll)ll) irrtlepende ntlr'. rDuking thc control systcnt \erY latse
lnrl cttnrl-rrrsorne. l-hc necrl rtl this elcclrrrrric contrtrller- is otien
lt tur-tior rlctct'rcncL' [r) nt()\l ()l' the ll()n-engirtecling lirLr:.
. (.lti1t litltrittrlirrr: The lirblication cd' E\\'()D chil-rs is usually
not sttiliehtfi)luartl rlue to the irrilrortuncc ol' rr]ilteriirl t;ualitics
as \\'ell lrs chip lxrckugirig. llti(l it takfs releral nronths lirr
lr technicilrrt to learn thc ctx-r'rsponrlirrl technirlui-.-. w ith a

prolcssi(ual trairrine ptogl'xtu. Li lr trpieal lab. orre uould
s1:rcntl ntost of thc rcsources arrcl tilrrc drilt,ine tlre chilr
tnirnualit und Iirbriclting it u'ithout stlnrlalrlizetl dcsign l-rrlcs.
o Nt.lt-.ttrtrrtldtrli:.ct/ tlrst,qtt: \Vith caclr lirb buildirrg theil oli n
E\{'()D clrips lor specilic upplications usins dil'f cl'ent ntle} ll1(l
contlitions, tlrcle is rrr.r conrrccta[-rilitv t>r' itrtclopcrabilit] urrr,,rrg
tltese rlcvices un(l \\,stcnrr. tlicrel-rl irrhibiting thc srrrogi.trc
rlerclopnrent of thc rilrolr tiwOt) c(nlluurlit\'.

Rcliiihilitv is lnothcr issuc thut ln'c\cllt\ thc rriclc irrkrptirx
of E\\iOD chips. 'l'hc cur-rcnt lelklrse throirgh tliclectrir: l;rr,er'
(short-telll failure) lurl the electlit' churgilrg of hvilrophobic
lol)L()ilt (long-tcrnr dcslrdlltion) illc t$o nttior lailtu'e llcclta-
nistt.ts fhlrt :ttlcct the lifetirnc o1' E\['OD chips ll]. Nlorcorcr.
thc so*cilllerl electrou cttins :rturatiorr [2.]1. pc|hlps relatill to
thc tirilure nlcchxni\nrs ahor,e. i: a hotlt ilt'bltetl issue *ith no
cortclttsit,c erplirnation yrt, The lirnillrrnental issues urr,ntiorrerl
Ithore aLe intlortitnt te.l irtlrance the tlcrelopntent ol EWOI)
clrips. but iu relrlitt tlret' irrc being ni:uragctl bv: clroosing
Iti-th-qualin' iliclcctlic nlrrtcrials to irrclcuse the hr-eakrkxi'n
volllrse. usirrt A(l roltir{c kr alle",iltc thc polarin, issuc. tillinq
tlte EWOD clrip u'ith oil to nrrrke thc dri.rPlet uloventrtrts
eitsicr. ctc. ()tlrcr reliubilitl-r.elattl issues inelucle the size ol'
arrtl nrinin]rrrn gul) hct\\'ertr electrorles. tlte spncel thickrre:s
bet\\'ecn thc top ull(l lrottollt plates. etc. Thcsc rrulrrcrous
ritri:rhles irxlicate tlrr tlifliculn' of EW()D technoloer clcs;rit*
its apparent sinrPlicitr rurrl cxlrlain r,r'hr rlnlv ir tcu lab:
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Fig. l: (a) Schematic of an EW0D-driven digital mierofluidic chip [4] and (b] technical barier ancl reliabiliry issue are two
major bottlenecks that limit the development of EWOD rnicrofluidic comffiunity.

People v/ho beuelrt

succccLl irt utilizing this lccltnoloul'.
The lfirrcnrcntionerl bottlrrrt:ck 1-rrohlerns plclr,nt ntxt)\' po,

tcntial ttse ts/tcseirlchcrs li'orn .ioirrin-t thc' [:WOD r(]nlnunit\
lntl thus skl.r tlou n the conrntercillizatittrr lll-()cess ol' EWOI)
tccltnolog\'. lir ovi:rcorlle these problcrris arrtl arhanr:tr the de-
relopnrcrrl ol'tlrt' u holc cligital nricrofluitlic corrulunitl,. in this
l)illlr'1. \\'c llrop()-\c a e louil-bu:erl {.)p!'n-soUrcc EW()D cYhcr'-
ntanttfacturing ccr)\\'stcl11 that cnlhlc-. ilti airtollliltia tfiulslttion
tionr uscr r-crluireiltents t() lltaltrrlitcturL.tl tligititl nricrolluidics.
With starttlurtlizcd chip lirbrication irntl asrcnrblt' l)r()cess.
bv inteurating cornputer-airletl ilcsigu ((lAD; trxrls. ltrurrilrv
scrr.iec. corrlrol svrtrnrs. as u,ell as orrline corttrtttrrrit! firt trser
interaction t()gether'. thr:: cvbel ucos\'\teni ulk.ll s Lrscrs to li)cur
on t.hcir ou"n irleas rrrtl irpplicutiorrs u ithout uolrf ing al.rout the
cnsinecrin:: lrrtl ntiuulircturing teclrnolt.rgics r.rl' Il\\r( )D.

fht' rcntlinilcr" ol'this pnprr is olgirnizerl as lbllori s. Seclion
Il presettts tlte ovclall l}arneurrrk tif the ploltosed cvbelrtrun-
Lrlactuling \\,str'nt. Srction Ill rliscusscs thc rlctlils ol'tuch
ttrotlule in thr prol-rosrtl systcnr. ['rirull1,. thr: coni:lu:ions utr:
rlrirsrr in Seetion [Vl

II. Itrtr.tltntrr)RK ()F THt: pt{()p()sF.ri EWOt)
( ]-[tERl\1,\ Nt I l--\('Tt i R tN(i sYriTt,\t

Irrsltirctl hr ltou corilpul('t o|1s11ti11" \\\tcnt\ ruclt as Wirt-
tkru s llourislieri the P(' irrtlu.try. flre E\V()D clbcl'lltilnulhctur-
ing svsterti uirls til brxrst tht disitaI ruicrofluirlic corrtrrrunrt\.
br [rLriltling lrr i:rclusirc uorking s\stenr of E.W()D chip
dcsign iinil f ahricltitrn. 1bl pctiplc rvho knor,r' littlc ubout
LIW()D cntirreeliug rud tnlrnulactrlrir1s.

]-ht EW()D i:r'hcl cco:,r.stent resi(lc\ on it cl()u(l \drvrJr'
tlrr<ttrqlr uhich elrd Llsct-| ciilt lrr. cortnectecl to \,lt ious ()nline
l'c:ollrce\. Fig- I slit.rws its iirerall tnuncr.vork. To stirrt u,ilh,
cnrl uscrs (c.g.. l []ioclteltiist,'1' rc\cxrcher) onll ncrrl to pltrr irlr
rutt applitatirrrr s1x'cilication inrlicirtirrg thc correslrtirtrlirru rr-
pe ri rnen t protocol/w orkl'l os'. Po lvnierirsc cllri n rt,action ( P( l R ).

tirr exlrrnple. is rr [.rirrchenrical lpplicutir'rrr usell in ntolccular
biologl' [o ruaki-- nuny copics of I :pecitic DN.\ rcsnrerrt

[]l]. 'Ilte protlrol ol' this as:lv usuallv inclutlcs 5e\,cl'ill \tcps
sttch irs rcagcnt ntirirrg. nilgnctic-bcr{l-hlrsetl clcrrr up, cvclic
herting. etc. I251. r-ole thirt thr lp;rlicltiorr plotoclrls can be
ultkrarled kr the cl.hernllrnrlhctrrring s\,\tent lhri]ugh ir :ofiulrc
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u izrlr(l that rt::i(lcs in eloucl. \loreover. through this stll'tuare
u'izitr(|. exprrilncntxl c()nditi()lls st.tch ils rcilgcnt \olullte. rc-
itclir)n tini!'. trnrperirture. ctc.. ciln lle arl.iustetl bv cntl users
dircctlv. ;\f tcr rcceir ing the a1rpliclrtiorr protoi-ols. ln ilutrlnliltic
EWOD chip tlesign Pr()cc\5 uill l-rc starlctl ilurncrlirtell olr tht
ct' [rerrnanutlrctuIin-g s!sttlni.

Oucr' thc- chip <le:itn is cornpletrtl. lhe resultins tbsiru
liles will be tlirnsfcn'ctl to firunrh'ics lirr vcrificrrtion anrl
l'abrication. nrcanshilc the ntanulircturing \tltus is uptlaterl
orrlirre so tlrat uscrs cltl qr'asl) thc real-tirrre statLrs ttf their
cltip ortlers. Note that orlers ol'all the enrl users slriuc tlre
sartte lirblic:rti()n pn)cess rr ith strnrlardizcrl rlesigrt rules anrl
ttlLtcrials in thc prol-rostd s\stL'tr. Frrltlterritore . Llsr"l'\ cillt itlso
llttrchasc EWOD contt()l sl-stetr-ls lrrti pcriphcral rrrrxlules.
sucli als heltting cleltterrt irrttl rtragrrctic ilcttrtltor. ba:crl ort
thcir ncetls thrrtugh the siurrt' cr.'hernranufactrrring slslctri. fhe
nlanufilctru'e(l E\\iOD chips. contl-()l s\slcnt\. krsethcr \\itll
pcril)heral nrorlulcs sill lre shipl^-rl tr) cntl user: onee tlrcv
are conrpletc(l. In p;u'tieular. tltc ct,berntanulilctutins systcnt
s ill itlso inclutle itn oolil)* cor.nntunit\, r,,ith rlli,ctir,e irrccntirc
rttecllrrtisnrs. tltrotrglt \\ hiuh users ilfc cncr)urrgr(l t() share
tlicir tlesign liles rtnd lo ltrrl,irlc li'*lbireks rtiel usint thc
chip. therehl'frcilitating l*girrncrs in the hekl rs u'ell us nscr:
nith sinrilar irltercsts to rlcal u,itlt their ilesi_rn retluilcrrrerrts.
Fig. .1 shous i1 prltentiitl crarriJrlc of thc portirl uetrsite of tl.rr

l ll'()Jx)s!-(l r'Cr)sY stctIt,

Ill. Dl'r.rtrs ()F Tlltr pRop()sEi) ti\\'OD
('\' u IrR l{.\\ I.r i:.\( 1-t iR INii s)'sT E\l

In this section, tlre tletails oi cxch nl(xlule irr the proltosrtl
sYstclli rlt'c discusserl svstdnluticnll\'" ini" lutling uut()lilittie E,-

W()D chip tlesi:rn. liruntlry srr\ icc. E\\{)D ope-r'utirr-r s\.:tent.
rs sell as turlir.tc corttrntrnitl.-il.rcse ntoelules irrc coolrlinatcrl
arrrl crrr;rer:rted u'ith elch othcr lrrtl thtts lix'rnilrg :rrr "urlrrrric
n,htrle". so thtt uscls u,ithout EWOD technicat hnckslounrl

Cybermanufacturing cloud Providers

Module developer A
tvlodule developer B

can rlcsigrr irnd lirhlicate rlisital rnict'olluidies lirr their ou,n
necrls dircetll,.

,\. Atrtrrrrtrrit. E\\'OD ('lti1t [)a.si.qrr

As tliscrrsscrl prer,iouslr'. irficr ultloatling tlrt' irplrlic:rtion
Protocol to the cYbenttanul:luttrritlg \\istlrllt. xn aulontirtic E-
W{)D chip tlesirn pr-occss rvill he pellbrnred r() getlerirtc .ul
<.rptinrizccl chil: architecturc. As illustlatetl in frig. ]. the tlcsisn
flo* consists of thc fbllorl inl steps: rcsourcc birxlin!r and
schc(lul ing. nio(lule l)li.tccntcnt. rlroplct nrrrtinr:. arrd clrctrqle
lulrlrcss ing.

I ) llastttrrt t hitrliu.l; trrrtl .:t'ltritt!itr,q: With thr: application
Protr.rcol Proliclerl hv cnrl users. this :te1r rrints to linrl urr

el'licierit task st'herlulinr schrnlr. so that each oltration dc-
linerl in the plotor.:ol such as rexgetlt ntiring irntl )cprtatins
can bc trottntl to sltccific rlevice to excclttrl. u,hilc the ovc.rall
erecution tinte rl1'the ryplication cln he ntirriniizecl. N,'loreo.o'er.
thc cvbcrnuuruflctuting \),strnt illso prrlr,iiles a contJx.)nettt
libr-ar-r' lirl openrtiort L'\L:cution. inclurling lcselvoirs/rlis1:rensinr:

[,()rt\. opticirl tletcctor. nilgrretic bcrtl aetiutor. rilixer. sfo|irgc.
etc- N()te thirt \cveritl i.rpreftrtions nir], lrc e-recutcrl in prrallel
ls k.rrtg ls therc is rru resotuec corrllict lrnong thcnr. Firr
L:\ilnrllle. the protocol ol PCR usullll\, contilins n'rlrrr lriixing
operrtiolrs l2{J. sonte of thertr cun be executctl sin.urltane-
ouslr, if thc tbllorvina conclitions lire satisticrl: I t the inl.rut
slttttltlcs/rel9r'r.tts o1' lhese opL-l'ilti()l)s are le:rtl! kt usc arrd
l) thcre iire enorrgh ntiters in thc corrrponcnt libl'alY thirt
uln he ;rllrrittctl to cxcctrtc tlrese operatiorrs. ln thc prurlrosccl
cybcnliantttrlcttrring s\,stern. e.r.istinc CA D tools ti.rr rcsource
bindint irnrl scheilulirrs Il6l. [17] are adoltted tlilectll'tcr
.!('llL.lill(' lrtt 0rlitttiZr'rl srrlttlirrtt

2 t it'linlrrlt l,l(( rtttt'ttl: ,'\ticr generlrting tftc resotllcc Sirttl-
ing anrl schcdrrling schcrnc. placerncnt stlgr iissigns c\itct
krlrtir-rus krr thc rlloclterl dcr,iccs orr the [:]W()D chip [28].
[1t)]. u hile urrrsiderinq rryrtirrrizlttion goals suclr as chip rreri.

Users

EWOD chips are shlpped to user along r,vith hardr,ruare modules

Fig. 1: The orerlll fl'urncu,ork ol'the prr4rosc.tl IIW()D avbr,nlrlnufilcturirr-9 sYstrln.
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l'.\tll"-t- l: Contpiu'isou antortg LiW()l) chips rrtlrtlc "r'ith clif:
Icrr'rrt rrrrtrrullrclurirrS lc\'llili(1ilt'.

dloplct routabilitv. lault tolcranct. ctc. \{orcorer. ptlsitions o1'

clcctrules irrc ulso rletcrntined in tlris step so thnt (lr()plets clrl
bc rtrutetl ctlicienth' on the chip snrllice. Note thitt elccttotlcs
nltr! hc tinre rnulfi;llexcd lr.rr a nrUlti-liurctionlll EWt)t) chip
liol

-t ; l)tzrltltt ttttttirt,g'. With eriict Lrcationr tlf alkrcatetl tlevices
rnd eh:ctlorles. rh'oplet routing constructs puth$il)'s (ln tltc
EW()D chip so thilt rcascrrts antl sarn;rles carr bc trarts-
portc(l betr|een {levices uithout unr' crtutiie t. n'hile ohc'r'irtg
the previouslv generilte{l scheduling schcnrc [3ll.1'he nia.ior
optirriizatit'ru goal ol-this str'p is to nrininrize the nurttber of
electro(lcs ttserl in eitch pathrilN'. rtt thitt the ttiu\Prrltitti{)rl
Iafcnc)' crn be nrininrizerl irccorclingly.

1) lllttrntk' trtkl*'.t.sitt.q'. To cu'lrctl) rlrir.c the electto(lrs.
elLttr()(lc utltlressirrt: is irrtrotlueerl in tltis step. tlrrotrgh u'hich
dk'ctro(lcs trrL' tssigne(l l() c()rltfi.)l pins to ith:ntifi input sitnals
[-ll {scc Fig. l(a}}. 'lrailitional EW()D chip rlcsign. hou'cter.
lelies on tlirrct ttklressing [.]{}1. ulrcre eirch electrork i:
lssigned to a rlerlicittetl contlol pin rlireutlr illl(l in(lcl)en(lcntl\.
-['hough this rrrcthorl nrl\inrizes the flcribilitl' ()f electr()(le c(]n-
trols. ltrr lalge-sclle electrqle arrir)'s. u llrgc nurnbrr of control
pirrs crn hc intrrxlur:ctl t() thc chip" learlirts t() \ierl cr.rtttplex
e L'ctrical corrnectiorrs and hi gh I'itbrication e:osts. Accrx'dinsl\.
in the propr'rsetl cvhelrnanttfrrclurirrg \vstcul. l pin-coustrrrinctl
design tnetltotl. rlso rr,'ferretl k.r as htuliilcast rir/t/r'r'rriitS. is

a(loptr(l to rrchicve a lou,-cosl electrtxlc-lddrcssinc schcnt [-l].
Irr this nrctlrocl. to rerlucc the nuruber'ol'contl-ol pins u:etl in the

chip, rkctrotlcs tltat cutr be rctr.titteil in it conllttilrle trtatrner
iu'e corlnecte(l t0 a single control pirt. Itt other u'trrtls. nrultiple'
electrodcs lre t:orrtrollrtl by thc sitrtre cotttt'ol rigttal :tttrl itrr'
tlrrt. rllirerr :irnttllirr)eou.lt.

ll. llttrrrrIr.t .lr'r't ttz

i\ftcr completirrg lhe chil-r design. :r eertlirt cltip architectttre
u'ith high execLrtiort eflicicncv lud lou, totrl er)st is gtttt'rittctl.
'I'herr. use'rs lrre irble to tlor.r'nklarl flre eorteslxrrttling tlesign
liles. pllcc' ln ordr[. lrnrl rtrtkc [)ulnrent ortline. Ilte ilesign
liles as ucll ls tlt orrler irrtolnration u'ill thcn lrc transli'r'rttl
to thc lbLrnill')' fi,rr' 11',anrr',,cturiug. N,lorcover. the itncillar'1'
r.notluh:s u:cd tirr clrip control cut itlst'r bc orrlerccl txrlinc h1'

crrtl users. Once the tiihricltiort is ctutplc'terl, thr chip erttities
ls uell rts the corlcspondin!r ancillar-t' rtrodules n ill trc ihippetl
to the arklress specitietl b1, user-s. I)ut'ing this lrerio(1. en(l uscrs
carr krg irrlo thr slstcl)l to triick tlrt nrlnufacturirtg. tc:tittg. ittttl
sh ippi rrr \tirtus. ln purtictllilr. the pr opo:r:tl c\.beillliillul ilcttlring
s\')itL'nl is cxllectc(l ttl pror irlt'thrcc rlistinctile littndt'r scrr ir.cs
assisrrurl to rlillcrent nttnutitcturing tircilities. inclutlirrg li thc
slass-trascrl E\\OD chip. lt thc llinted cirr:uit board {PCII}-
baseil EWOD chip. and .lr rhe papcr-basr'd EWOD chip. The
tt.lrrle-ofts unong thcsc nranuiicturing tr'chnicpres nr-e listcrl in
Tirble l.

'I"lte glass-hase(l E\\i()l) chips are tjrblicufetl irtsicle a clcart-
roour lrrlrl such uhips takc full ar(lVantage ()f the nricrollhr'iclr-
tiorr tteilities. Thc llatness ol chip sttrtlrcrr. the gnp betu'crn
electrodes (r- l{)un1). as rvcll as the cluitlitv of the diclcc(ric
laycr itre tlrr' hcst iln)ong the tltlcc tccltnitlttcs. Thcse ldvtll-
tages ertitble i'ulious cLerplet nriinil)ulatiorts suclt lls nl{)\in!
lurrtl rriixing can he perlirrnrttl tlircctll,in air cnvrlurrnicrtt.
ln particLtlar. sirrce glitss nurterials havr: the ir(lliurtrllc nl'
trilnspiucnc)'. ustjf) ci[r ohscl've the on-etring hiochentical
ol)emtions conlir)uouslv u'lreu usinq lr glass-trasecl E\\:OD
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Fig. 1: lllrtstlltiorr r.rf the harilriitrc-sol'trvurc co-rlcsigrrccl gatc\\,ay.

US8

EWOD device
made on a 4,, EWOD control
wafer circuits

Fig. .i: An rsseurhlt'rl tligital nricnrfluirlic rlevicr'. *'hclc the
EW()D control circuits. thc EW()D ilevice irrtcrlhcc. lrrxl the
erapliic rtscr ittterlitce titrrrr irn o;'rrlrlirig \\\tr'nt e\\L'nliarll\.

chip. thus trrirsl.rirrg the overlll cttrc{1lion proceilure of lppli-
cittions. In cornl.riu'ison. PCB-baserl EW()D ehips rcc;uile oil
e'rtvironnierrt to urirltipulirtr the lnovcnleltt ol'rlroltlets. brrt tlte
flrhl'icirtiorr cost is kxler thiln thilt ol'thc !'lilss-bilserl E\\jOD
chil'rs. l\'loreovcr'. paper-baserl EW()D chips hare tht lou'est
tlrbricltiorr cost lnrl the shor-test nllnulacturing cy,cle. brrt thc

;rer-tirrrnunce of such chips is LrsLralli inleriol to the other'
two t\.'pes of chi1.rs. lt earr be seen tlritl llrr' rfblerlrcrrtiorrerl
nurnulitcturing techniquer eilch hil\.r tlreir own aclvlrntlges and
shorteontings. Correspnrlinrlt'. rrrrl usrrs crrn seli:ct an\ or)c
ol' thcnt tirr chigr llbriciitir.rn lccorrlinq to their hutlects autl
prorluut I cqrrirentents-

('. Tlra Ell'()D ()ltcnrfll.q .Sr',rtcrr

Aftcr r-eceir,ins the fubricirted E\V(.)D chip anil lhe corr-c-
s1:onding itncillart, nlululcs. thesc conrporrc-rrts can lre irssenr-
lrlctl to ltrrnr a cornplete irrrrl reurlr'-trr,use digital niicrolluirlic
elevice. To ctxrrilirrate thc r4u'rtiorr ol' thrse motlulcs. as
shorvri in Fig. -1, a hirrrlutrre/sol'trarc co-desisned girteu,av
is integrlterl inkr the ptoposcd cvberntllnulileturins svstcni.

throrrglr shiuh ntr-rltiple EWOD niorlulcs can he sr,ncllonizcd
fii r.rork in a collahr.rrative It]ltlter. lrulthcrtt]tlrc. gltL.\\'a\ tl\o
allorvr ctkl uscrs k.) rcrtrotely control thest nreirlLrli:r It rlillrrcnt
Iocations throu,qh u graphie uscL interflce (Ct-llr resirlctl irr
elotul. -Ihe onlint C[.,]l rrlso r.nables usel's to sar,e trtrl shirrc
tlttir operation scalucncc o1' thc [:\\'O[) ehip. so tlrat othe-r
tu:ers lvho \\'iut k) rluplicatr the cx1;erintent can orrlcr the
sanrc E\\r()D ehip r.lircctN anrl r"eplu1, tlrt tllcratiorr se(lucne L-

i[rtornaticillll.
Fig..5 511111'5 ln assgr.rblul rligita[ rricrerfluitlic tlevice.

ri hich irrclurlcs r.rn EW()D chip rnlclc on ir -tr" ualer. an EW()I)
c()ntrol circuil. unrl urr E\\()D iler icr intrrllce . N,loreolcr.
tltrou-gh a USB c:rble. the IIWOD corrtrol circLrif is conlrcctcrl
to an onlirrc (iLll. essentilrllr lirrnrin-q an EWOD opcratin-t
s\'stcnr, 1'hi: t4rraring sr,stcrr-r prrrr,irles cntl nscrs u'ith the
ti)llouirr:l liurctions: l) drivr thc olrration of EW()t) ehips irr
tliltcre nt tYpes. sizts. artr-l ll.rplieatir.rtt goals. I ) r,nter r)[rtltnl_!
cotlintan(ls in a lirre-br'-line rllllnner. anrl -3 t dehug lntl pcrfirrni
stres5 [c:t on rn)I l(ral rcgion t:rf thc EW()D chip.

D. Oxiine Conmwtiry

As tliscLrssed irr Scction II. the pnrposed c],benltanufrrcturing
st'stent rr ill also establislres an onlirre cornrnunit\, ti.rr cnd usels
to sltirre uutl rliscuss theil'erlrriurerrts lrs rvcll as EWOD chip
cxl.reliener. Inccntire rnccharrisnrs such as rlircounts l'itr orrlers
and t'artking of users' ltrofilc ale ltloltterl to errcourlge errcl
tuscrs t() slrare their ilcsiln tiles arrtl to provirle fcedblcks
on tlteir chips. l lr this ri irr'. othcr uscrs ciur ntotlil't. ancl
corttbinr c\isting c\pcrintcnt protoct)ls irnd designs [{] creltle
E\\t()D ehips u,ith ntr)rc colllplc\ 1'uuctions. Furtlrr:l'more.
usels iu'e :ilso errcouragcrl to ask/;rrtstcr quc:tiotrs thlrrugh ln
orrline lbrunr. rrid scnit'rr user"s lvill he invited t() sivc tiilks
lrliotlir'lrllr irt the onlirre eorrrrlrtrrritr.

EWOD device
i nterface

Graphic user
interface (GUl)
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IV. C()NCLTJSION

In this prrper. ue hurc lrrolxrsetl a elqrurl-birsrtl EW()l)
c)'tlenltirnLtlilcturing ccos\'\tent to itllo$i lr u,iile riin_uc of rrsers
usirte tligital nricrofluidics rr ith littlc trliuing. 'f his u,'trer'
ecosli stcllr intcslxtes chip design. lirunrlrV serr,ice, (rpclirtitlg
systcnr, and orrline conlnlunitY lis iln '1)lgiu)ic u'h0le". Sittirtg
in I'ri.rnt a contputer irutl perti'rrrning lnousc clicks, uscrs
ciut Itar,r thcir diqifarl nticlolluiclics t['sicncil. flbrie ittcrl. arrrl
ile lircrcrl. The FjW()D clbelntanutlrcturillg s\,stcnt i: prt.rPoscrl
to scrvc as an accelerator in iqtplication cxltlorurtiorr iurrl nerr
prorluct (lc!el(lpnlent o1' digitirl uticrofluidies. thus arllrncing
thc dercloprlent rn(l pl'osression ol' thc u,holc nriclolluirlic
conrrtr Lrrt i[1'-
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