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Abstrac® This paper introduces a fieldprogrammable pin- or_
Plate

constrained digital microfluidic biochip (FPPC-DMFB), which
offers generalpurpose assay execution at a lower cost than "*""’"'L':;K Droplet

generatlpurpose direct addressing DMFBs and highly optimized
application-specific pinconstrained DMFBs. The key cost driver
for is the number of printed circuit board (PCB) layers, onto
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Control Electrodes

which the deviceis mounted; we demonstrate a scalable single @ Q)

layer PCB wiring scheme for several FPPE€DMFB variations, for
PCB technology with orthogonal routing capacity of at least ~ Droplet ~ Droplet "~ Droplet
three; for PCB technologywith orthogonal capacity of two, more . | . I |
PCB layers are required, but the FPPGDMFB retains its cost TIME >
advantage. These results offer new insights on the relationship ©

between PCB layer count, pin count, and costdditionally, to
reduce the execution time of assays on the FPHOIMFB, we
present efficient algorithms for droplet routing, with and without
contamination removal via wash droplets.

Fig. 1. (a) A DMFB is a panar array of electrodes; (bjosssectional
view; (c) adroplet is transported from CE2 to CE2 by activating CE
and then deactivating CE2 (white: activated; blad#activated).
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|. INTRODUCTION Transporting

Fig. 2. Fundamental microfluidic operations form instruction set of
DMFB; these operations can be combined to form larger assays.
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A field-programmable, phtonstrained digital microfluidic
biochip FPPGDMFB), can execute anyassay(biochemical
protocol) afterthe devicehas been manufacturddl2]. Prior
generalpurpose DMFBswere based on direct addressing,A. DMFB Technology Overview
which provides independent control over each electrode in the Background: Physical Droplet Mapulation
device, at the cost of a high number of control pins, which pMFBs execute assays by manipulating nanclteed
requires expensive mulilayer printed circuit boards (PCBS). droplets of fluid. DMFBs are based on a phenomenon known
Prior pinconstrained DMFBsallow each control pin to drive as electrowetting31]. A DMFB, shownin Fig. 1, consists of
multiple electrode$36], reduchg the number of control pins top and bottom platecoated with a hydrophobitayer. The
and PCB layers; howevethey have all beempplication  pottom plate contains an array of droplesized control
specific [9][18][19][20][21][23][24][25][28][36][38][40][41]  electrodes, while the top plate hase conducting electrode
[42], which limits their Usabmty Incontl’astlhe FPPEDMFB that spans the entire arr%Fig_ 1(a)) Each drop'et is
is general purposandcan be implementeth one PCB layer. sandwiched between tieo platesandremains inplacewhen
We demonstratéhat the FPP@MFB is cheapetthan direct jts underlying electrodds activated. If a droplet is not
addressing andprior applicationspecific pirconstrained centeredon an activated electrogét will unpredictablydrift
DMFBs. Our resulteand analysiprovide new understanding across the DMFB in; thus, an electrogiederneath a droplet
into the relationship between pin courdyér count, and the must be activated to store it in plade.Fig. 1(b), a droplet
actual cost of the chip. We also demonstrate efficient droplgéntered on electrod€E2 overlapsneighboring electrodes
routing algorithms for the FPRDOMFB, and establish the CE1 and CE3In Fig. 1(c), activating CE3 pulls the droplet to
overhead otontamination removal via wash droplet routing. the right, and deactivating CE2 centers the droplet over CE3.

Fig. 2 depicts the indruction set of a DMFB: droplet
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Fig. 3. A typical microfluidic synthesis flow dictates that a microfluidic assay is represented in the form of a DAG; in Stagpetations arecheduled
and placed onto the DMFB array and droplets am@uted between operation locations. In StagepRi-mappingand wire routing are performed to
eliminate unused electrodes and connect the electrodes to an external edge of the device to be driven by a microcontroller.

Controller Signals
C1: Activate Pins 1, 4
IR|IR|IR IR{IR|IR|IR
IR R IR|1 IR
IR|IR|IR IR|IR[IR|IR

Cycle 1 Cycle 1
Direct Addressing Pin-Constrained

: : (@) . ®) P Fig. 5. Activating a pin on a (a)(égireaddressing(bl)DMFB activates
Fig. 4. The interference region (IR) for a droplet at (a) the beginning ¢ (Wh.itej exactly 1 electrode per pin; (b) gionstrained DMFB activates
(b) end of a droplesctuation cycle. 1+ electrodes per pin, depending on the pin layout.

2) Background: HigHevel Assay Synthesis 3
Synthesids the process that maps a biochemical reaction)
(an assay, onto a DMFB, asshown inFig. 3. An assayis

Background:Pin Mapping and®CB Wire Routing
Synthesigypically targets an existing DMFB that has been
o . . _ designed and fabricated; alternatively, it can be coupled with
specified asa directed acyclic graph (DAG), whexertices gin mapping and wire routing phases to produce an optimized

representfluidic operations (e.g. mix, split, etc.) and (_adge pplicationspecific clip. The default pin mapper instantiates a
represent precedenanddroplettransfer between operations direct addressing DMFBIin which each electrode is wired to

The DAG inFig. 3 depicts a simple assay that inputs WO external electrical control pin, as shown Fig. 5(a)).

dr(_)l_?]let]f’ mixes thfem, aer Qu_tpr;chg rlgsultn;]g Eroplgt. Direct addressable DMFBs offer the most flexibility in terms
e first step of synthesis seheduling whichassigns start of droplet coordination; dwever, the large number of control

and stopf tlme_to each ;)perjtlog_(eég.,Nthe m;]x olperarmﬂm, pins can increase the tvabmensional area, and thus cost, of
executs from timestepsl to 4in Fig. 3). Next, theplacement the PCB on which the DMFB is mounte@ig. 6(a)).

stepdecides which DMFB locations perform each operation. p, - mappingconverts a direeaddressing DMFB into pin-

For dispense (input) operations, reservoir containing & constrainedDMFEB, by tethering multiple electrodes together

apprqpriate fluid isrfh.osenﬁ Reconfigurable %o tr(i’apaesrin&et do Irﬂ)iﬁ cant &cfivite ther(Fig. 5(b)). In
as mixing and splitting can beerformed anywhere on the g 5 yhe pin-mapperremoves the 10 nemsed electrodes

chip; for example, irFig. 3, the mix operatiom1 is placed in and connects the remainirmgesin to reducethe number of

Lhe 2x2 z;;rlay ofdcglls iln m(;co_pright corner O.f (’;hg SMFB; ontrol pins from 15 to 7. Reducing the number of control pins
owever, V1 could be placed In any unoccupled 2x< amay Gl yces the overall cost of the de\fi2é][36][38][40][42].

cells on the DMFBThearray of cellsthatdenotsthe_locauon PCB wre routing establishegphysical connections within

of an operatioris calleda module Lastly, the routing S1P  the PCB from each external control input to the electrode(s)
computes paths for droplet transport between operatlon_s tQTét it drives, asletermined by the pin mappen Fig. 1(b)).
h;’;\ve bsendwedu]ed ar(ljd placegﬂ)f;l;hle router producles_a list Blectrodes reside on the lower substrate of the DMFB, while
c ect_ro es to activate during e plet actuatiorcycle 1.e., ;g routing is performed within the PCB (shown in green in
the time it takes to move a droplet from one electrode to ﬂl‘-‘?

. : g. 3 and Fig. 6(b)). PCB wire routing for pinconstrained
next. While computing droplet routes, the router must ENSUS\FBs is a multiterminalvariantof the PCB escapeaouting

rB;}oblem [71[26][37]. Effective escape routersan reduce the

the.dDMF:B u;irray [13;3[14][35]; to prevenF dr?plets from. number of PCB layerand thus the overall cost of the device
accidental cliisions, the router creates an interference region oo \work on this topic has focused on the number of

around a stationary droplet at the beginning of a drOpl%ntrol pins and/or the number BCB layers as a proxy for

actuation cycle, as seen fig. 4(a). As the droplet moves to PCB cost. In this work, we estimate the actual cost of the PCB

an adjacent electrode, the interference region StretChesle{gout in dollars and discuss thﬁ variogs tradeoffs involved. .
include alll the electrodes urrounding the ropletods i

final electrode [Kig. 4(b)). Collisions are prevented by
ensuring that no droplet enters the interference region of any
other droplet (unless they are about to merge).

ni f
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Fig. 6. A DMFB has PCBs (green layers) underneath the substrate containing the control electrodes that eenedasitior wirerouting. A
microcontroller sends signals to and interfaces with the DMFB via one or more integrated circuit (IC) clips. (a) A dessirgddMFBis thought to
require multiple layers of PCB, while (b) a ptonstrained DMFB performis thought to requirtewer PCB layers.

B. Contribution ) ) . . . In a directaddressing chip, virtual topologies limit the
The FPPEDMFB s the first piconstrained DMFB that is geyinility and reconfigurability of the device in order to

also generapurpose[12]. This paper introduces the FPPC tacijitate fastonline synthesis algorithms, which can respond
DMFB pin assignment scheme, describes a synthesis flow that sensory feedback provided by the device in -tiea
targets it, and presents a PCB wire routing solution thpf3y114] pinconstrained DMFBsexhibit limited flexibility
minimizes its overall cost. Our results establish the feasibility,q reconfigurabilityimposinga virtual topologyto achieve
of concurrent assay operations and droplet transport on t@?neralpurposeoperation is a favorable innovatigte].
FPPCDMFB, quantify the performance overhead of cross Chang et al[8] introduced a pirconstrained DMFB that
contamination elimination via wash droplet routing, and show,5ressomesimilarities with the FPPOMFB proposed here.
that a PCB designetbr an optimized FPPOMFB can be Tpejr device does not account for some of the finer ket
significantly cheaper tham PCB designed for both direct m,qyle/device synchronization and I/0 addressed in this paper
addressing and applicati@pecific pirconstrained DMFBS. (¢ ¢ the ability to independently load/unload droplets into
modules). It is also unclear if the layout and wiring solution is
Il. RELATED WORK scalable to larger devices. In contrast, this paper presents
Early pin mappersried to minimize thepin count,butdid  design variation of the FPPBMFB which can be routed in
not consider the impact of prountreduction orthe number one PCB layer, and can scale to arbitrary numbers of
of PCB layers Underarray partitioning [36], different groups operational and storage modules.
of control pinsare assigned to each partitjoreducing or
eliminating interferences among droplets that are transported . PINASSIGNMENT

concurrently Broadcast electrode addressijg2] examines  The FPPGDMFB employs a pin assignment scheme that
the electrodectivation sequence produced by a synthesis toghapjes all of the basic assay operatidiig. ) to execute in
and identifies electrodes that can share a control input. LyG:onfiictfree mannerFig. 7 shows two similar, but different,
and Chakrabartf25] introduced a pi assignment scheme thatqox16 FPPGDMFB layouts For simplicity we first focus on
facilitates interferencéree and deadlockree concurrent o pinoptimized version inFig. 7(a) to show tle general
transport of up to two dropletSeveral other papemptimize  characteristics of our FPPOMFB design.
pin a;signment in -conjunction with other synthesis tasks, gimilar to virtual topologie§11][13][14], the FPPEDMFB
especiallydropletrouting[9][18][23][24][28][41]. reservesspecific regions for assay operations and others for
Escape routing for PCBs rast known pins in a large array 14 ,ting. The FPPGDMFB contains a vertical column of
to thearray perimetef26][37]. For pinconstrained DMFBS, - mixing modules on théeft (blue/orange electrodeBjns 10-
the escape routing problanmusta_ccommo_date mukHierminal 20) and a vertical column of modules dhe right (orange
nets for control inputs that drive multiple electrod€®e gjgcirodes,Pins 31-36) that performsplitting, storage, and

paper has been published that focuses explicitly on escapgection (which requires an external detector affixed above
routing for DMFBs [7], while anotheroptimizes the PCB ¢ module); we call these moduBSD modules
layout for ml_JItipIe DMFBs that execute the same protocol \white electrodes define drgp routing regions, which
concurrently in a locistep[32]. Severapapers have sb been engyre full connectivity between all modulé reservoirs
published t-hat optimize pin assignment in conjunction Witkan be placed anywhere along tbp or bottom of the chims
escaperouting [19][20][21](38]; they optimize application  seen inFig. 7. The green electrodes,Pins 21-30, allow
specific,notthan generapurpose pirconstrainedMFBs. droplets to enteekit each module. Arinterference region
The FPPEDMFB is a pinconstrained virtual topology (gray) surrounds each module to isolate droplets witthirom
[11][13][14], which segregates th®MFB surface area into droplets in the routing region or adjacent modulg®se

modules that perform assay operations (mixing, splitting,regions are ndunctional and do not contain electrodes.
storage, detection, etc.) and a network of streets that transpor

droplets between modules and I/O reservaoirs.
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wq w wq w ¥ Cycle 1: ¥ Cycle 2:
1lz]sfa]z2]3]afz]3]1] [2]z]3]2]z2]3]2]2]3]2
2|31 4/5/6|7(/8|9]10

123 1/2(3/1 123 1 1
4 11 4 4
5 12 5 >
[10[11]1z]13] |6 [25]31] 35[36]37[38] |1350[56) 10[11]12[13]| [6[21]24) 10[11[12[13] [ [21]24]
|1a|15]17]16(21| 4 39)40]42]41[46[14 14|15 17|16 |19 14(15/17|16 /19| 4
5 |26[32] 15[51]57] 22|25 22/ 25|
[10/11]12/13| |6 35(36[37[38] |16 10/11(12[13| |6 10(11/1213
(1a]15]18]16[ 22| 4 |2733] 3940|4341/ 47/17]52] sg] 14|15 18|16 23|26 1415 18 4 23|26
5 18
1011]12[13| |6 |28[34] 3536/37(38| [19[53]s59] 2 2
1a]15)19|16|23| 4 39/40|44/41|48 20 7]8]s[7]s]s]7[s]e]7] [7]a]s]7]s]s]r]s]o]s
: 5 29|35| n 54|EO| One droplet cannot enter a module while another is being routed or a split will occur
[10]12]12[13] [& 3s[36[37[38] |22 Fig. 9. Multiple droplets moving througthe vertical bus will result in an
14H zuH 24| 4 [30] 36 39)40]a5/41[a9[23[55]61] unintentional split when one tries to enter a module.
5 24
E" E’ = asﬂ’ EZE”ES‘E”E“ Fig. 7 presents pirmappings for piroptimized and route
optimized designs of the FPHIMFB, which share the same
EtOmODE LotnD e RODE LreEnD topology (white electrodes). The routptimized design has a
Routing ) Routing ) higher cost (more control pins), but offers more opportunities
— — to transport multiple droplets concurrent§ectionVil ).
Mixer Hold (1) Mixer Hold (1)
2124 | wier 1/ 1) 4649 | Mixer o () Pin-optimized FPPC-DMFB: Fig. 8 shows that at least 3
St Store-Det.(s50) 10 (1 St Store-Det.(s50) 10 (1 pins arerequired to successfully transport a droplet along a
31-36 | split-store-Det. (55D] Hold () 56-61 | Split-Store-Det. (55D] Hold () straight path; this is called aghase transport b{i83]. In Fig.
e o) e o) 7(a), Pins 1-3 andPins 79 control two horizontal buse®ins
5. Shared Pin, | = indepandant in 5. Shared Pin, | = indepandant in 4-6 drive a vertical transport bus at the center of the array.
@) (b) 3-phase transpottusescannothold droplets in the routing
Fig. 7. Pin assignment scheme for a 10x16 FEMFB which can area whileother droples enter/exita module For example,

accommodate 4 mixing modules and 6 split/store/detect (SSD) modul : ; ; ; .
Mixing pins are shared; the interference regioenpty space and does Fig. 9 showstwo droplets in the verticalouting bus: ér the

not contain any electrodes. Holding and 1/O electrodes are independe  lower droplet to enter the lower mixing module, the DMFB

wired to sin_gle control pins for flexibility and progra_\mmabiIiFyuidic' must activatéPin 20, while simultaneously deactivatiigjn 4,
I/O reservoirs are connected to the top/bottom horizontal b(e9es pin asthe electode underneath a droplet must be activated to hold
optimizedFPRC-DMFB version with shared routing pin() a route . L .
optimizedFPPGDMFB version with independent routing pins. it in place Activating Pins 4 5, or 6 to transport or hold the
upper droplet, will inadvertently split the lower droplet. The
[ Desived Motion > [ Desiwed Motion > supplemental section gf re[fl?] elab(_)raFespn the fl_Jt|I|ty of
concurrent droplet routing with the paptimized design.
| 1]2 2f1 \ 3f1 K 3yt ‘
Route-optimized FPPC-DMFB: Replacing 3phase transport
<Actua'M°ﬁ°" (SP'itl:> [ Actual Motion > buseswith direct addressindpusesrectifies he situation in

Fig. 9. The routeoptimized designincreases the control pin
2-Phase Transport Bus 3-Phase Transport Bus count by 25 to facilitate concurredroplet routing; the pin

Fig. 8. At least 3 repeatable pins are needed to move a droplet alol assignment for mixing and SSD modules is unchanged.
straight path without causing the droptet split. Electrodes with bold

borders indicate electrodes being activated next cycle. . .
2) Droplet Dispensing an@utput

The layout is designed for opemat concurrencymix and I/O reservoirs arattached tdhe top and bitom horizontal
SSD moduls can execute different operatiottsat may start ~ transport busesand havendividually addressablelectrods,
and stop at any timstep (i.e.droplets may enter/exit modules (red in Fig. 7) to allovdroplesto enter/exit the chip.
while other modules continueperating).The architectures
scalabileand canbe vertically lengthened or shortened to3) Merging/Mixing

produce a DMFB with any desired number of modules. Fig. 10(a) showsa droplet D2) entering and exiting a
) o mixing module M2) without conflicting with droplets in other

A. DMFB Operations and Synchronization modules D1, D3). On top, D2 reacheghe electrode adjacent

1) Droplet Transport to the mixing moduleNi2); D1 is in mixing moduleM1 and

The FPPGDMFB facilitates droplet transfer betweenD3is stored in SSD modu®SD1 All SSD module electrodes
horizortal and vertical transport buses. Routable paths existe activatedRins 2426) to hold the stored droplets in place
bet ween all modul es and | dufg mixiags neodule 0/O. rA&ivatiaghin 20(M2edl/© edi)i p 6 s
perimeter. Chips of arbitrary height can be instantiated withoriovesD2 adjacent toM2. Activating Pin 16 draws D2 into
altering the wirerouting pattern (se€ectionIV.B). The mix M2, while transportind1 to an adjacent cell withim1. Next,
and SSD modukpold electrodesHig. 7(a), Pins 1720 and  all mixer hold cells Rins 17 and 1B move D1 and D2 to
Pins 31-36, respectively) remain active during routing toidentical positions withirM1 andM2. The electrode sequence
ensure that droplets within the modules do not drift. is reversedvhena dropletexitsa mixing module.
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Fig. 10. Pin-activation sequence showing how a single drof&) can

enter/exit (a) mix modules and (b) split/store/detect modules. Sequenc
are designed to allow a droplet to enter/exit any module without

adversely affecting droplet®{, D3) in other modules.

1l23f1]2[3]a]2]3]2]1]2]3]2]2]3]1]2]3]1
3 4 |
5 5
w0[uf12[13] [¢]2f3] [10[12]12]13] |6 [21[3]
14/15[1 J16[19] 4 |14]15[1]16]19] 4
agm| s m[]
10[11]12[13| |e 10[11]12]13] |
HETE;T 14(15[2 16 4T
5 5
7]8lo[7]8]a 7|8]a|7|7]8]9]7]8]0]7]8]0]7
Cycle 1 Cycle 2
1fz2]3[1z2]3]1]z2]3]1]2]2]3]2]2]3]2]z2]3]1
4 a
5| B
10]u1[12[13] |6 [21[3] [10[11]12]13] |6 [21[3]
14]15(17[1]19 4 |14[15[1 J16|19] 4
s |22[as] s |22[2s]
10]11]12[13| |6 [10]11]12]13] |6
14]15[18[5J20] 4 [23[z¢] [14[15[5 )16 ]20] 4 [23]z8]
5 5
7]8lo[7][8]9[7]8]o[7]|7[8]o][7]8]o]7]8]0]7

Fig. 11. The electrode/pin activiah sequence (from Cycle 1 to 4) that

Cycle 3

Cycle 4

mergesD4 with D2 (in M2) to becomeD5 (twice the volume) and re
sync with any other droplets in mix modules (i1,in M1).

Two droplets must merge before mixing, as showirim
11 dropletD4 merges withdropletD2 in M2 forming a new
droplet, D5 (with twice the volume).Once mergedD5 is
Xers

synced withD1 b a ¢ k

Fig. 11). Mixing can then begin, presuming that is merged.

t

o the mi

1]2]3]1]2]3 123 a][a]2]3]1]2]3]1[2]3]1
2 14
5 5
10|11 12E 6 11!3’ 10(11)12|13 6 21I3|
[14]15['1 J16]10] 4 |14]15[1 )16[20] 4
s |22[es] s |22[zs]
[10]11]12]13] |6 [10]11]1213] |6
[14]15]18]16]20[ 2 23] 26] [1a]15[18)16[20[ 2 J26]
5 5
7|8/o|7[8]9o 7]8[a]7]|7]8[9]7]8]9[7]8]0]7
(a) Cycle 1 (b) Cycle 2
[1]2]3]a]2]3 72 231 ]1]23]1]2]3]1]2]3]2
14 14
5 5
[10]1]12[13] 6 |21[3] || [w0]u1]12]13] [6]21[3]
|14]15{'1]16|10[ 4 |1a15[1 )16 19/ 4
5 [22[2s] —12]
[10/11]12]13] 6 [10]1112]13] J&_;
|14]15]18]16|20[ 4 ]23[2] |1a]15[18]16|20[ 4 [23[2]
5 5
[7]8]e]7][8]e 7 8[e][7]7]s]o]7]s][s]7]8]0]7
(c) Cycle 3 (d)Cycle 4-7

Fig. 12. Pin-activation sequence for droplet splitting and storage using
SSD modules: operations sequences are allow dibgltg split and
store without adversely affecting dropl&$, D3 in other modules.

M1 and M2 perform concurrensynchronized mixing by
activatingPins 1016, in sequence, starting within 15 and
continuing counterclockwise (i.eRPin 15, 14, 10, 11, 12, 13,
16), followed byPin 17 and 18ogether Mixing canpauseif
one droplet needs to entaraxit any mixing module.

4) Storage, Detection, and Splitting

SSD modules perform storage and detection (if equipped
with an external detector). Both eqations require a droplet to
enter an SSD module and remain in plaédg. 10(b)
illustratesa droplet entering/exitinggn SSD module§SD3J
without affecting droplets in other modules. All SSD hold
electrodes are activated, except 6 D 3whish allowsD2
to enter.SSD3'd/0 electrode is then activated, followed by its
hold electrode, to complete the entrance. This sequence is
reversed to let a droplet exit an SSD module.

Fig. 12(a)-(c) illustrates splittingDropletD2, which will be

split, startson a vertical transportbiiyan SSD modul e ¢
cell; this cell remainsactivated throughout the spliklext, the
I/O cell is activatedstretchingD2. Thenthe S D modul e 6

hold cell is activatedrad the 1/0O cell is deactivated, splitting
D2 betweerthe hold cell(D2), and the bu¢D4). D4 can then
be routed to an available SSD modidestorage ig. 12(d)).

IV. HARDWARE LAYOUT OPTIMIZATION

A. Problem Formulation

This sectionintroduces a deterministic and scalable co
optimized pin assignment and sindggyer PCB wire routing
solution for the FPPOMFB. The input is an architecture
description, which includes the X¥imensions of the chip,
locations of 1/0O ports on the periplyesf the horizontal buses,
PCB feature sizes and a flag that indicates whether the user
wants a piroptimized or routeoptimized FPPEDMFB. The
output is a programmable pimapping solution, which fits the
userprovided dimensions, and a valid sindggger PCB wire

rayigng selutipnovehightaphgrasgo the pig reapping sglytion.
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Fig. 13. (a) The pirmapping for a pirconstrained DMFB for a PCR LR [ ] LI [
assay[42] detailing a wirerouting solution foiPin 1; (b) A complete 4 = I
layer, wirerouting solution (each layer is represented by a different ainEUnEInEUSinnnRRnnnnr
color). NOTE: Gray cells do not contain electrodes. T T T T T
- , , (a) Enhanced Pirmapping (b)
l2]a]1]z]e|1]2]a]1]2]= e ST Fig. 15. The singldlayer wirerouting solutions for the enhanced FRPC
4 4 a FT q DMFB designs in this paper for the (a) fptimized versionKig. 7(a))
5 718 ]s 0| [5|zz]zs] |5 N N [ and (b) routeoptimized pinmapping Fig. 7(b)).
] 1112 (14 |13 |15 | 6 & \ 24007 i i . i . .
a azalzs] o] [ )5 ] Fig. 14 presents two pin mapping and wire routing solutions
s| [7]a]s ]l s s =4 ji [AUG By for two FPPGDMFB variants Fig. 14(a) presents the original
I R e e f ),f = B pin mapping architecturd 2], andFig. 14(b) shows the wire
s| |7|a]s [10] |5|e|]| |= ([ = routing solution obtained by the negotiatsahgestion escape
8| |itfiz]ielia)is)e 5 L ICr router[26]. This particular variant Isathree verticabusegqas
o P P P B o AN =il opposed to the one central vertical bus showfign7. Four
T Tilalmale e el T2 SR B, PCB layers are required for routing, as sh(_)wﬁity_ 14(b).
) ) 2| A Fig. 14(c-d) depictstwo of these four wirgouting layers.
A B I L i N e Zai : ’*T j\“ Wires that connect to electrodes on thphZisebusesmust
(a) Original Pinmapping  (b) span the entire arragssentially blocking the ability of other
— ) wires to escape from the perimeter on the same PCB [&ger.
= ) ik ; ! ; eliminate this problemfor the piroptimized version we
. ‘i . - removael the two sidebusesand use separate thrpbase buses
(Pins 1-3, 4-6, 7-9) to control he three remainindpuses as
_ : ; shown inFig. 7(a). This yielded a sing®CB layer wire
J e : routing solution, shown irFig. 15(a). The routeoptimized
{ version also removes the periphery vertical buses, but uses
d ; ? individually addressable electrodes, as seehign 7(b). Fig.
)Y N 15(b) reveals the singlayer wirerouting solution, showing
3 g 5 that the individually adarssable bus electrodes are easily
| = escapable and do not create large obstacles for otheVp@ns.
e Sl [ y ; , have implemented an algorithm to gener#tese escape

routesfor FPPGDMFBs of varying vertical length.

Removing the left and right vertichusesmay reduce the
Fig. 14. The original FPP@OMFB [12] detailing the (a) pimapping and number of potential 1/0 locationdjowever,if extra 1/O is
(b) 4-layer wirerouting solution (each color represents a separate laye required, the horizontdusesat the top and/or bottom can be

(c) layer 2 from (b) illustrates th&ins 2and3 from the horizontal buses . . . .
andPin 4from the vertical buses prevent other pins from escaping: (d)  €xtended; alternatively, mixing or SSD modules in the center

1
(c) Layers 2 and 3 of Original Pinmapping (d)

layer 3 from (b) shows tha®in 1from the horizontal bus arfein 5from of the chip could be replaced with an I/O reservoir attached to
the vertical bus prevent other pins from escaping. the central vertical busAnother subtle detail is that an extra
horizontal row is added betweemettop vertical bus and the

B. Co-optimizing Pin Assignment and Wire Routing topmost mixing and SSD modules; this extra space is needed

As a motivating exampleconsider a pin assignment for ato provide access for control wires that drive electrodes in the
pin-constrained 15x15 assapecific DMFB designed for the center of the chip to escape, as showfig 15.
PCR assay[42]. Fig. 13(@) shows a 14in layout and The original design assumed thihs 713 (seeFig. 14(a))
highlights he wire routing solution foPin 1; Pin 1drives 9 could be shared by an arbitrary numloérmixing modules,
electrodes, many of which are on the perimeter of the chigggardless of the height of the chip; however, because of the
The wire routing solution for this one pin effectively blocksndependently controlled module hold and I/O piR:n§ 14
the ability to route additional wires into the chip on the samgl in Fig. 14(a)), there is not enough room to extend the
PCB layer.Fig. 13(b) shows a complete wire routing solutionshared pins indefinitely without introducing additional PCB
for all 14 pins; a total of four PCB layers are required. layers to facilitate wire routing to these shared electrodes.
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'r = S Fig. 18. Cyclic routing dependencies can be broken by routing a drople
I EHEIEIE _ the cycle toan SSD module, dedicated as a buffarows indicate that the
N CHETETENE= TE T drople at the tail end is about to travel to the module at the head end.
S 414 _j ) _:|
AT T B. Scheduling
| 2 . = Schedulerstargeting direct addressinpMFBs treat the
-l — r' - deviceas being reconfigurable, whesay operatiomther than
AT &1 F iy I/O or detection can be performed anywhere hén targeting
FITFLELETE 114 Bl the FPPEDMFB, the number of mixing and SSD modules
| =] J| C imposea resource limitWe modified list schedulingl5][34]
ol el 2 e 1 |_:_' and path schedulind.6] to target the FPPOMFB.
== C Modules in direcaddressing DMBs can perform mixing
INELmasilinsils IR nEUnElE and storage, and may store multiple droplets. Schedulers
@) (b) targeting direcaddressing DMFBs may route stored droplets

Fig. 16. The wirerouting model for the FPROMFB (pin-optimized :
version shown) generalizes to an unlimited number of modules; each from one module to another in order to free up modules to

group of p to four mixing modules shares seven common pins as see ~ Perform other operationfl5][16][30]. Since SSD modules
FPPGDMFBs with (a) eight mixing modules and (b) 5 mixing modules ~ store at most one droplet, a scheduler targeting the FPPC
DMFB can be eliminate these unnecessary routing transfers.

0 The scheduler reserves one SSD module to address routing
deadlocks, agxplained later inSection D. Thus, inFig. 7,

only 5 of the 6 SSD modules are available for general use.

The solution is to limit the number of shared electrodes
groups offour continuous rixing modules(Fig. 15). For chips
with more than four mixing modules (e.§ig. 16) the same
layout and wiring patterasin Fig. 15is repeatedFig. 16(a)
shows two groups of four mixing modules, whitey. 16(b) C. Placement/Binding
generalizes the schern® an arbitrary numbefThis approach Similar to placement algorithms targeting directdressing
generalizes to theoute-optimizeddesign as well virtual topologieqg13][15], we reduce placement to a binding
problem, which is solved using the leftige algorithn{22].

i i i Synthesis software targeting the FRBMFB does not bind a
The orthogonal capacityof a PCB is the number of wires gyt gneration to a module, as the split yields two immediate

that canroute betweentwo orthogonally adjacent electrodes.Storage operationsFig. 17). Instead, the software binds the
We haveassumd an orthogonal capacity of 3 throughout this.hiigren to the SSD modules directly.

section[21][38]; this allows for a diagonal capacity of 6 (i.e.,
at most 6 wires can be routed between diagonally adjacéht DropletRouting
electrode} ref. [37] provides more details on modeling these A routing sub-problemrefers to the set of droplets that must
capacities.All escaperouting results for architectures otherbe routed just before each tirstep begin$35][39]. We refer
than the FPPOMFB presented in this paper were obtainedo the routes that transport droplets between operations in the
using an internally implemented mutérminal variant of an original assay specification danctional routes Routes are
escape routing atgithm based on negotiated conges{®®]. = computed oneatatime, ignoring, for the momentother
droplets thatlso needo be routed during the same tistep

V. HIGH-LEVEL SYNTHESIS (1) to route a droplet from an input reservoir to module, the

router computes deterministic path over the horizontal and

) i ) i i vertical buses, and applies the appropriate module input
The input tothe high-level synthesistageis an architecture sequencewhen the droplet arrivegSection IILA ); (2) a

description (array dimensien /O location, pin ass_ignment)_, similar approach is taken to route dropletsnir modules to
anda DAG representing an assay. After scheduling, placmgutput reservoirs; 3) oduleto-module routing uses the

and routinghe DAG  the output is a valid electrode aCt'Va_t'onverticaI column in the center of the chip, applying appropriate
sequence that executes all steps of the assay on the dev'ce'input/output sequences at the start/end of the route

C. Escape Routing Details

A. Problem Formulation
























