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AbstractðThis paper introduces a field-programmable pin-

constrained digital microfluidic biochip (FPPC-DMFB), which 

offers general-purpose assay execution at a lower cost than 

general-purpose direct addressing DMFBs and highly optimized 

application-specific pin-constrained DMFBs. The key cost driver 

for is the number of printed circuit board (PCB) layers, onto 

which the device is mounted; we demonstrate a scalable single-

layer PCB wiring scheme for several FPPC-DMFB variations, for 

PCB technology with orthogonal routing capacity of at least 

three; for PCB technology with orthogonal capacity of two, more 

PCB layers are required, but the FPPC-DMFB retains its cost 

advantage. These results offer new insights on the relationship 

between PCB layer count, pin count, and cost. Additionally, t o 

reduce the execution time of assays on the FPPC-DMFB, we 

present efficient algorithms for droplet routing, with and without 

contamination removal via wash droplets.  

  

Index TermsðDigital Microfluidic Biochip (DMFB), Pin -

constrained DMFB, PCB escape routing  

I. INTRODUCTION 

A field-programmable, pin-constrained digital microfluidic 

biochip (FPPC-DMFB), can execute any assay (biochemical 

protocol) after the device has been manufactured [12]. Prior 

general-purpose DMFBs were based on direct addressing, 

which provides independent control over each electrode in the 

device, at the cost of a high number of control pins, which 

requires expensive multi-layer printed circuit boards (PCBs). 

Prior pin-constrained DMFBs, allow each control pin to drive 

multiple electrodes [36], reducing the number of control pins 

and PCB layers; however, they have all been application-

specific [9][18][19][20][21][23][24][25][28][36][38][40][41] 

[42], which limits their usability. In contrast, the FPPC-DMFB 

is general purpose and can be implemented in one PCB layer. 

We demonstrate that the FPPC-DMFB is cheaper than direct 

addressing and prior application-specific pin-constrained 

DMFBs. Our results and analysis provide new understanding 

into the relationship between pin count, layer count, and the 

actual cost of the chip. We also demonstrate efficient droplet 

routing algorithms for the FPPC-DMFB, and establish the 

overhead of contamination removal via wash droplet routing. 
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A. DMFB Technology Overview 

1) Background: Physical Droplet Manipulation 

DMFBs execute assays by manipulating nanoliter-sized 

droplets of fluid. DMFBs are based on a phenomenon known 

as electrowetting [31]. A DMFB, shown in Fig. 1, consists of 

top and bottom plates coated with a hydrophobic layer. The 

bottom plate contains an array of droplet-sized control 

electrodes, while the top plate has one conducting electrode 

that spans the entire array (Fig. 1(a)). Each droplet is 

sandwiched between the two plates and remains in place when 

its underlying electrode is activated. If a droplet is not 

centered on an activated electrode, it will  unpredictably drift 

across the DMFB in; thus, an electrode underneath a droplet 

must be activated to store it in place. In Fig. 1(b), a droplet 

centered on electrode CE2 overlaps neighboring electrodes 

CE1 and CE3. In Fig. 1(c), activating CE3 pulls the droplet to 

the right, and deactivating CE2 centers the droplet over CE3.  

Fig. 2 depicts the instruction set of a DMFB: droplet 

transport, splitting, merging, mixing, and storage. Sensor-

based detection operations execute by moving a droplet to a 

detector (placed above an electrode) and storing the droplet in-

place. Dispense and output operations are performed by I/O 

reservoirs on the perimeter of the DMFB.  
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Fig. 1. (a) A DMFB is a planar array of electrodes; (b) cross-sectional 

view; (c) a droplet is transported from CE2 to CE2 by activating CE3, 

and then deactivating CE2 (white: activated; black: deactivated). 

 
Fig. 2. Fundamental microfluidic operations form instruction set of a 
DMFB; these operations can be combined to form larger assays.  
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2) Background: High-level Assay Synthesis 

Synthesis is the process that maps a biochemical reaction 

(an assay), onto a DMFB, as shown in Fig. 3. An assay is 

specified as a directed acyclic graph (DAG), where vertices 

represent fluidic operations (e.g. mix, split, etc.) and edges 

represent precedence and droplet transfer between operations. 

The DAG in Fig. 3 depicts a simple assay that inputs two 

droplets, mixes them, and outputs the resulting droplet. 

The first step of synthesis is scheduling, which assigns start 

and stop time to each operation (e.g., the mix operation, M1, 

executes from time steps 1 to 4 in Fig. 3). Next, the placement 

step decides which DMFB locations perform each operation. 

For dispense (input) operations, a reservoir containing the 

appropriate fluid is chosen. ñReconfigurableò operations such 

as mixing and splitting can be performed anywhere on the 

chip; for example, in Fig. 3, the mix operation M1 is placed in 

the 2×2 array of cells in the top-right corner of the DMFB; 

however, M1 could be placed in any unoccupied 2×2 array of 

cells on the DMFB. The array of cells that denotes the location 

of an operation is called a module. Lastly, the routing step 

computes paths for droplet transport between operations that 

have been scheduled and placed. The router produces a list of 

electrodes to activate during each droplet actuation cycle, i.e., 

the time it takes to move a droplet from one electrode to the 

next. While computing droplet routes, the router must ensure 

that droplets do not interfere with one another while traversing 

the DMFB array [13][14][35]; to prevent droplets from 

accidental collisions, the router creates an interference region 

around a stationary droplet at the beginning of a droplet 

actuation cycle, as seen in Fig. 4(a). As the droplet moves to 

an adjacent electrode, the interference region stretches to 

include all the electrodes surrounding the dropletôs initial and 

final electrode (Fig. 4(b)). Collisions are prevented by 

ensuring that no droplet enters the interference region of any 

other droplet (unless they are about to merge). 

3) Background: Pin Mapping and PCB Wire Routing 

Synthesis typically targets an existing DMFB that has been 

designed and fabricated; alternatively, it can be coupled with 

pin mapping and wire routing phases to produce an optimized 

application-specific chip. The default pin mapper instantiates a 

direct addressing DMFB, in which each electrode is wired to 

an external electrical control pin, as shown in Fig. 5(a)). 

Direct addressable DMFBs offer the most flexibility in terms 

of droplet coordination; however, the large number of control 

pins can increase the two-dimensional area, and thus cost, of 

the PCB on which the DMFB is mounted. (Fig. 6(a)).  

Pin mapping converts a direct-addressing DMFB into a pin-

constrained DMFB by tethering multiple electrodes together 

so that a single control pin can activate them (Fig. 5(b)). In 

Fig. 3, the pin-mapper removes the 10 non-used electrodes 

and connects the remaining ones in to reduce the number of 

control pins from 15 to 7. Reducing the number of control pins 

reduces the overall cost of the device [24][36][38][40][42].  

PCB wire routing establishes physical connections within 

the PCB from each external control input to the electrode(s) 

that it drives, as determined by the pin mapper. In Fig. 1(b)), 

electrodes reside on the lower substrate of the DMFB, while 

wire routing is performed within the PCB (shown in green in 

Fig. 3 and Fig. 6(b)). PCB wire routing for pin-constrained 

DMFBs is a multi-terminal variant of the PCB escape routing 

problem [7][26][37]. Effective escape routers can reduce the 

number of PCB layers, and thus the overall cost of the device.  

Past work on this topic has focused on the number of 

control pins and/or the number of PCB layers as a proxy for 

PCB cost. In this work, we estimate the actual cost of the PCB 

layout in dollars and discuss the various tradeoffs involved. 

 

 

 
Fig. 3. A typical microfluidic synthesis flow dictates that a microfluidic assay is represented in the form of a DAG; in Stage 1, its operations are scheduled 

and placed onto the DMFB array and droplets are routed between operation locations. In Stage 2, pin-mapping and 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. 

     
                                 (a)                                          (b) 

Fig. 4. The interference region (IR) for a droplet at (a) the beginning and 
(b) end of a droplet-actuation cycle. 
 

 
                                                              (a)                     (b) 

Fig. 5. Activating a pin on a (a) direct-addressing DMFB activates 

(white) exactly 1 electrode per pin; (b) pin-constrained DMFB activates 

1+ electrodes per pin, depending on the pin layout. 
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B. Contribution 

The FPPC-DMFB is the first pin-constrained DMFB that is 

also general-purpose [12]. This paper introduces the FPPC-

DMFB pin assignment scheme, describes a synthesis flow that 

targets it, and presents a PCB wire routing solution that 

minimizes its overall cost. Our results establish the feasibility 

of concurrent assay operations and droplet transport on the 

FPPC-DMFB, quantify the performance overhead of cross-

contamination elimination via wash droplet routing, and show 

that a PCB designed for an optimized FPPC-DMFB can be 

significantly cheaper than a PCB designed for both direct-

addressing and application-specific pin-constrained DMFBs.  

II. RELATED WORK 

Early pin mappers tried to minimize the pin count, but did 

not consider the impact of pin count reduction on the number 

of PCB layers. Under array partitioning [36], different groups 

of control pins are assigned to each partition, reducing or 

eliminating interferences among droplets that are transported 

concurrently. Broadcast electrode addressing [42] examines 

the electrode activation sequence produced by a synthesis tool 

and identifies electrodes that can share a control input. Luo 

and Chakrabarty [25] introduced a pin assignment scheme that 

facilitates interference-free and deadlock-free concurrent 

transport of up to two droplets. Several other papers optimize 

pin assignment in conjunction with other synthesis tasks, 

especially droplet routing [9][18][23][24][28][41]. 

Escape routing for PCBs routes known pins in a large array 

to the array perimeter [26][37]. For pin-constrained DMFBs, 

the escape routing problem must accommodate multi-terminal 

nets for control inputs that drive multiple electrodes. One 

paper has been published that focuses explicitly on escape 

routing for DMFBs [7], while another optimizes the PCB 

layout for multiple DMFBs that execute the same protocol 

concurrently in a lock-step [32]. Several papers have also been 

published that optimize pin assignment in conjunction with 

escape routing [19][20][21][38]; they optimize application-

specific, not than general-purpose pin-constrained DMFBs.  

The FPPC-DMFB is a pin-constrained virtual topology 

[11][13][14], which segregates the DMFB surface area into 

modules that perform assay operations (mixing, splitting, 

storage, detection, etc.) and a network of streets that transport 

droplets between modules and I/O reservoirs.  

 

 

In a direct-addressing chip, virtual topologies limit the 

flexibility and reconfigurability of the device in order to 

facilitate fast online synthesis algorithms, which can respond 

to sensory feedback provided by the device in real-time 

[13][14]. Pin-constrained DMFBs exhibit limited flexibility 

and reconfigurability; imposing a virtual topology to achieve 

general-purpose operation is a favorable innovation [12].  

Chang et al. [8] introduced a pin-constrained DMFB that 

shares some similarities with the FPPC-DMFB proposed here. 

Their device does not account for some of the finer details of 

module/device synchronization and I/O addressed in this paper 

(e.g., the ability to independently load/unload droplets into 

modules). It is also unclear if the layout and wiring solution is 

scalable to larger devices. In contrast, this paper presents a 

design variation of the FPPC-DMFB which can be routed in 

one PCB layer, and can scale to arbitrary numbers of 

operational and storage modules.  

III.  PIN ASSIGNMENT 

The FPPC-DMFB employs a pin assignment scheme that 

enables all of the basic assay operations (Fig. 2) to execute in 

a conflict-free manner. Fig. 7 shows two similar, but different, 

10×16 FPPC-DMFB layouts. For simplicity we first focus on 

the pin-optimized version in Fig. 7(a) to show the general 

characteristics of our FPPC-DMFB design.  

Similar to virtual topologies [11][13][14], the FPPC-DMFB 

reserves specific regions for assay operations and others for 

routing. The FPPC-DMFB contains a vertical column of 

mixing modules on the left (blue/orange electrodes, Pins 10-

20) and a vertical column of modules on the right (orange 

electrodes, Pins 31-36) that perform splitting, storage, and 

detection (which requires an external detector affixed above 

the module); we call these modules SSD modules.  

White electrodes define droplet routing regions, which 

ensure full connectivity between all modules. I/O reservoirs 

can be placed anywhere along the top or bottom of the chip, as 

seen in Fig. 7. The green electrodes, Pins 21-30, allow 

droplets to enter/exit each module. An interference region 

(gray) surrounds each module to isolate droplets within it from 

droplets in the routing region or adjacent modules; these 

regions are not functional and do not contain electrodes. 

 

 

 

         
                                                        (a)                                                                                                                         (b) 

Fig. 6. A DMFB has PCBs (green layers) underneath the substrate containing the control electrodes that serve as the medium for wire-routing. A 

microcontroller sends signals to and interfaces with the DMFB via one or more integrated circuit (IC) clips. (a) A direct addressing DMFB is thought to 
require multiple layers of PCB, while (b) a pin-constrained DMFB performs is thought to require fewer PCB layers. 
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The layout is designed for operation concurrency; mix and 

SSD modules can execute different operations that may start 

and stop at any time-step (i.e., droplets may enter/exit modules 

while other modules continue operating). The architecture is 

scalabile and can be vertically lengthened or shortened to 

produce a DMFB with any desired number of modules. 

A. DMFB Operations and Synchronization  

1) Droplet Transport 

The FPPC-DMFB facilitates droplet transfer between 

horizontal and vertical transport buses. Routable paths exist 

between all modules and I/O reservoirs on the chipôs 

perimeter. Chips of arbitrary height can be instantiated without 

altering the wire-routing pattern (see Section IV.B ). The mix 

and SSD module-hold electrodes (Fig. 7(a), Pins 17-20 and 

Pins 31-36, respectively) remain active during routing to 

ensure that droplets within the modules do not drift.  

Fig. 7 presents pin-mappings for pin-optimized and route-

optimized designs of the FPPC-DMFB, which share the same 

topology (white electrodes). The route-optimized design has a 

higher cost (more control pins), but offers more opportunities 

to transport multiple droplets concurrently (Section VII ).  

 

Pin-optimized FPPC-DMFB: Fig. 8 shows that at least 3 

pins are required to successfully transport a droplet along a 

straight path; this is called a 3-phase transport bus [33]. In Fig. 

7(a), Pins 1-3 and Pins 7-9 control two horizontal buses; Pins 

4-6 drive a vertical transport bus at the center of the array. 

3-phase transport buses cannot hold droplets in the routing 

area while other droplets enter/exit a module. For example, 

Fig. 9 shows two droplets in the vertical routing bus: for the 

lower droplet to enter the lower mixing module, the DMFB 

must activate Pin 20, while simultaneously deactivating Pin 4, 

as the electrode underneath a droplet must be activated to hold 

it in place. Activating Pins 4, 5, or 6 to transport or hold the 

upper droplet, will inadvertently split the lower droplet. The 

supplemental section of ref. [12] elaborates on the futility of 

concurrent droplet routing with the pin-optimized design.  

 

Route-optimized FPPC-DMFB: Replacing 3-phase transport 

buses with direct addressing buses rectifies the situation in 

Fig. 9. The route-optimized design increases the control pin 

count by 25 to facilitate concurrent droplet routing; the pin 

assignment for mixing and SSD modules is unchanged. 

 

2) Droplet Dispensing and Output 

I/O reservoirs are attached to the top and bottom horizontal 

transport buses, and have individually addressable electrodes, 

(red in Fig. 7) to allow droplets to enter/exit the chip.  

 

3) Merging/Mixing 

Fig. 10(a) shows a droplet (D2) entering and exiting a 

mixing module (M2) without conflicting with droplets in other 

modules (D1, D3). On top, D2 reaches the electrode adjacent 

to the mixing module (M2); D1 is in mixing module M1 and 

D3 is stored in SSD module SSD1. All SSD module electrodes 

are activated (Pins 24-26) to hold the stored droplets in place 

during mixing module I/O. Activating Pin 20 (M2ôs I/O cell) 

moves D2 adjacent to M2. Activating Pin 16 draws D2 into 

M2, while transporting D1 to an adjacent cell within M1. Next, 

all mixer hold cells (Pins 17 and 18) move D1 and D2 to 

identical positions within M1 and M2. The electrode sequence 

is reversed when a droplet exits a mixing module.  

       

           
                               (a)                                              (b) 

Fig. 7. Pin assignment scheme for a 10×16 FPPC-DMFB which can 
accommodate 4 mixing modules and 6 split/store/detect (SSD) modules. 

Mixing pins are shared; the interference region is empty space and does 

not contain any electrodes. Holding and I/O electrodes are independently 
wired to single control pins for flexibility and programmability. Fluidic 

I/O reservoirs are connected to the top/bottom horizontal buses; (a) a pin-

optimized FPPC-DMFB version with shared routing pins; (b) a route-
optimized FPPC-DMFB version with independent routing pins. 

 

 
Fig. 8. At least 3 repeatable pins are needed to move a droplet along a 

straight path without causing the droplet to split. Electrodes with bold 
borders indicate electrodes being activated next cycle. 

 

 
Fig. 9. Multiple droplets moving through the vertical bus will result in an 

unintentional split when one tries to enter a module. 
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Two droplets must merge before mixing, as shown in Fig. 

11: droplet D4 merges with droplet D2 in M2 forming a new 

droplet, D5 (with twice the volume). Once merged, D5 is 

synced with D1 back to the mixersô hold locations (Cycle 4, 

Fig. 11). Mixing can then begin, presuming that D1 is merged. 

M1 and M2 perform concurrent synchronized mixing by 

activating Pins 10-16, in sequence, starting with Pin 15 and 

continuing counterclockwise (i.e., Pin 15, 14, 10, 11, 12, 13, 

16), followed by Pin 17 and 18 together. Mixing can pause if 

one droplet needs to enter or exit any mixing module. 

  

4) Storage, Detection, and Splitting 

SSD modules perform storage and detection (if equipped 

with an external detector). Both operations require a droplet to 

enter an SSD module and remain in place. Fig. 10(b) 

illustrates a droplet entering/exiting an SSD module (SSD3) 

without affecting droplets in other modules. All SSD hold 

electrodes are activated, except for SSD3ôs, which allows D2 

to enter. SSD3's I/O 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 splitting. Droplet D2, which will be 

split, starts on a vertical transport bus by an SSD moduleôs I/O 

cell; this cell remains activated throughout the split. Next, the 

I/O cell is activated, stretching D2. Then the SSD moduleôs 

hold cell is activated and the I/O cell is deactivated, splitting 

D2 between the hold cell (D2), and the bus (D4). D4 can then 

be routed to an available SSD module for storage (Fig. 12(d)). 

IV.  HARDWARE LAYOUT OPTIMIZATION  

A. Problem Formulation 

This section introduces a deterministic and scalable co-

optimized pin assignment and single-layer PCB wire routing 

solution for the FPPC-DMFB. The input is an architecture 

description, which includes the XY-dimensions of the chip, 

locations of I/O ports on the periphery of the horizontal buses, 

PCB feature sizes and a flag that indicates whether the user 

wants a pin-optimized or route-optimized FPPC-DMFB. The 

output is a programmable pin-mapping solution, which fits the 

user-provided dimensions, and a valid single-layer PCB wire 

routing solution, which adheres to the pin mapping solution.  

 
                           (a)                                                         (b) 

Fig. 10. Pin-activation sequence showing how a single droplet (D2) can 

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

adversely affecting droplets (D1, D3) in other modules. 

 

 
Fig. 11. The electrode/pin activation sequence (from Cycle 1 to 4) that 
merges D4 with D2 (in M2) to become D5 (twice the volume) and re-

sync with any other droplets in mix modules (i.e., D1 in M1).  

 
Fig. 12. Pin-activation sequence for droplet splitting and storage using 

SSD modules: operations sequences are allow droplet D2 to split and 

store without adversely affecting droplets D1, D3 in other modules. 
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B. Co-optimizing Pin Assignment and Wire Routing 

As a motivating example, consider a pin assignment for a 

pin-constrained 15x15 assay-specific DMFB designed for the 

PCR assay [42]. Fig. 13(a) shows a 14-pin layout and 

highlights the wire routing solution for Pin 1; Pin 1 drives 9 

electrodes, many of which are on the perimeter of the chip. 

The wire routing solution for this one pin effectively blocks 

the ability to route additional wires into the chip on the same 

PCB layer. Fig. 13(b) shows a complete wire routing solution 

for all 14 pins; a total of four PCB layers are required.  

Fig. 14 presents two pin mapping and wire routing solutions 

for two FPPC-DMFB variants. Fig. 14(a) presents the original 

pin mapping architecture [12], and Fig. 14(b) shows the wire-

routing solution obtained by the negotiated-congestion escape 

router [26]. This particular variant has three vertical buses (as 

opposed to the one central vertical bus shown in Fig. 7. Four 

PCB layers are required for routing, as shown in Fig. 14(b).  

Fig. 14(c-d) depicts two of these four wire-routing layers. 

Wires that connect to electrodes on the 3-phase buses must 

span the entire array, essentially blocking the ability of other 

wires to escape from the perimeter on the same PCB layer. To 

eliminate this problem for the pin-optimized version, we 

removed the two side buses and use separate three-phase buses 

(Pins 1-3, 4-6, 7-9) to control the three remaining buses, as 

shown in Fig. 7(a). This yielded a single-PCB layer wire 

routing solution, shown in Fig. 15(a). The route-optimized 

version also removes the periphery vertical buses, but uses 

individually addressable electrodes, as seen in Fig. 7(b). Fig. 

15(b) reveals the single-layer wire-routing solution, showing 

that the individually addressable bus electrodes are easily 

escapable and do not create large obstacles for other pins. We 

have implemented an algorithm to generate these escape 

routes for FPPC-DMFBs of varying vertical length. 

Removing the left and right vertical buses may reduce the 

number of potential I/O locations; however, if extra I/O is 

required, the horizontal buses at the top and/or bottom can be 

extended; alternatively, mixing or SSD modules in the center 

of the chip could be replaced with an I/O reservoir attached to 

the central vertical bus. Another subtle detail is that an extra 

horizontal row is added between the top vertical bus and the 

topmost mixing and SSD modules; this extra space is needed 

to provide access for control wires that drive electrodes in the 

center of the chip to escape, as shown in Fig. 15. 

The original design assumed that Pins 7-13 (see Fig. 14(a)) 

could be shared by an arbitrary number of mixing modules, 

regardless of the height of the chip; however, because of the 

independently controlled module hold and I/O pins (Pins 14-

21 in Fig. 14(a)), there is not enough room to extend the 

shared pins indefinitely without introducing additional PCB 

layers to facilitate wire routing to these shared electrodes. 

 
                            (a)                                                      (b) 

Fig. 13. (a) The pin-mapping for a pin-constrained DMFB for a PCR 

assay [42] detailing a wire-routing solution for Pin 1; (b) A complete 4-
layer, wire-routing solution (each layer is represented by a different 

color). NOTE: Gray cells do not contain electrodes. 
 

 

   
                            (a)        Original Pin-mapping       (b) 

 

 
                (c)    Layers 2 and 3 of Original Pin-mapping   (d) 

 

Fig. 14. The original FPPC-DMFB [12] detailing the (a) pin-mapping and 

(b) 4-layer wire-routing solution (each color represents a separate layer); 
(c) layer 2 from (b) illustrates that Pins 2 and 3 from the horizontal buses 

and Pin 4 from the vertical buses prevent other pins from escaping; (d) 

layer 3 from (b) shows that  Pin 1 from the horizontal bus and Pin 5 from 
the vertical bus prevent other pins from escaping.  

 

  
                          (a)         Enhanced Pin-mapping        (b)                           

Fig. 15. The single-layer wire-routing solutions for the enhanced FPPC-

DMFB designs in this paper for the (a) pin-optimized version (Fig. 7(a)) 

and (b) route-optimized pin-mapping (Fig. 7(b)). 
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The solution is to limit the number of shared electrodes to 

groups of four continuous mixing modules (Fig. 15). For chips 

with more than four mixing modules (e.g., Fig. 16) the same 

layout and wiring pattern as in Fig. 15 is repeated. Fig. 16(a) 

shows two groups of four mixing modules, while Fig. 16(b) 

generalizes the scheme to an arbitrary number. This approach 

generalizes to the route-optimized design as well. 

C. Escape Routing Details 

The orthogonal capacity of a PCB is the number of wires 

that can route between two orthogonally adjacent electrodes. 

We have assumed an orthogonal capacity of 3 throughout this 

section [21][38]; this allows for a diagonal capacity of 6 (i.e., 

at most 6 wires can be routed between diagonally adjacent 

electrodes); ref. [37] provides more details on modeling these 

capacities. All escape routing results for architectures other 

than the FPPC-DMFB presented in this paper were obtained 

using an internally implemented multi-terminal variant of an 

escape routing algorithm based on negotiated congestion [26].  

V. HIGH-LEVEL SYNTHESIS 

A. Problem Formulation 

The input to the high-level synthesis stage is an architecture 

description (array dimensions, I/O location, pin assignment), 

and a DAG representing an assay. After scheduling, placing, 

and routing the DAG, the output is a valid electrode activation 

sequence that executes all steps of the assay on the device.  

B. Scheduling 

Schedulers targeting direct addressing DMFBs treat the 

device as being reconfigurable, where any operation other than 

I/O or detection can be performed anywhere. When targeting 

the FPPC-DMFB, the number of mixing and SSD modules 

impose a resource limit. We modified list scheduling [15][34] 

and path scheduling [16] to target the FPPC-DMFB.  

Modules in direct-addressing DMFBs can perform mixing 

and storage, and may store multiple droplets. Schedulers 

targeting direct-addressing DMFBs may route stored droplets 

from one module to another in order to free up modules to 

perform other operations [15][16][30]. Since SSD modules 

store at most one droplet, a scheduler targeting the FPPC-

DMFB can be eliminate these unnecessary routing transfers. 

The scheduler reserves one SSD module to address routing 

deadlocks, as explained later in Section D. Thus, in Fig. 7, 

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

C. Placement/Binding 

Similar to placement algorithms targeting direct-addressing 

virtual topologies [13][15], we reduce placement to a binding 

problem, which is solved using the left-edge algorithm [22]. 

Synthesis software targeting the FPPC-DMFB does not bind a 

split operation to a module, as the split yields two immediate 

storage operations (Fig. 17). Instead, the software binds the 

children to the SSD modules directly.  

D. Droplet Routing 

A routing sub-problem refers to the set of droplets that must 

be routed just before each time-step begins [35][39]. We refer 

to the routes that transport droplets between operations in the 

original assay specification as functional routes. Routes are 

computed one-at-a-time, ignoring, for the moment, other 

droplets that also need to be routed during the same time-step: 

(1) to route a droplet from an input reservoir to module, the 

router computes a deterministic path over the horizontal and 

vertical buses, and applies the appropriate module input 

sequence when the droplet arrives (Section III.A ); (2) a 

similar approach is taken to route droplets from modules to 

output reservoirs; 3) module-to-module routing uses the 

vertical column in the center of the chip, applying appropriate 

input/output sequences at the start/end of the route. 

      
                           (a)                                                       (b) 

Fig. 16. The wire-routing model for the FPPC-DMFB (pin-optimized 

version shown) generalizes to an unlimited number of modules; each 
group of up to four mixing modules shares seven common pins as seen in 

FPPC-DMFBs with (a) eight mixing modules and (b) 5 mixing modules. 

 
Fig. 17. Split operations are converted to a split and two stores for synthesis. 

 

 
Fig. 18. Cyclic routing dependencies can be broken by routing a droplet in 
the cycle to an SSD module, dedicated as a buffer. Arrows indicate that the 

droplet at the tail end is about to travel to the module at the head end. 
 

 
















