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Design Tools for Microfluidic Devices 
Brian Crites, Jeffrey McDaniel, Heran Bhakta, William Grover, Philip Brisk 

(University of California, Riverside)

Microfluidics and Lab-on-a-Chip Automated Design for Microfluidic LoCs

Computer Aided Design for Microfluidic LoCs

The Case for Semi-Automated Design

Modeling and Simulation for Microfluidic LoCs
COMSOL and ANSYS are the current standard for modeling and simulating 
LoC designs. These systems are very labor intensive for modeling even a 
single LoC component, and the results may not be correct for all microfluidic 
properties. For example, COMSOL models particles in a fluid as a single 
point such that particle interactions within the fluid cannot be modeled. This 
makes some cell sorting methods impossible to simulate and has created 
an opportunity for new simulation algorithms like MOPSA [1] and platforms 
like ElectricAnt [2].

The COMSOL simulation for a single component [3]
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The development of microfluidic LoCs currently requires a number of 
design-fabricate-test cycles: 
(1) A biologist or chemist comes up with an LoC concept 
(2) A device is designed in-house or (2*) using a design consultant 
(3) A device design is sent to a fabricator 
(4) The fabricator uses their domain rule checker (DRC) to validate that the 

device meets fabrication requirements 
(5) Test device(s) are fabricated and sent back to the designer 
(6) The device(s) are tested for proper functionality 
If an issue is detected within the device, the design is re-tooled to try and 
correct the issue and the cycle continues.

- The movement of micro or picoliter 
amounts of fluid through a system in 
order to perform a biological or chemical 
operation or assay is known as 
microfluidics.  

- When enough microfluidic operations or 
assays are combined to create a self 
contained test or experiment, that 
device is known as a Lab-on-a-chip 
(LoC). 

There have been a number of algorithms created to solve some or all the 
steps in the microfluidic design process 
- Planar Placement and Network-flow Routing [4] performs flow layer 

placement and routing (a-b) 
- PACOR [5] performs equal length routing for the control layer 
- Columba [6] performs flow and control layer co-design (c-d) 
These algorithms are unlikely to generate designs that can perform the 
biological or chemical operation because they do not utilize the underlying 
microfluidic mechanics, especially in passive devices.

(a)

(c)

(b) (d)

These issues necessitates the need for two parallel systems to be created 
(1) Algorithms that utilize microfluidic scale fluid mechanics to drive the 

design of devices  
(2) Systems that allow the designer to utilize algorithmic suggestions 

subverting them through full automation 
Creating a platform that is centered around the device designer and 
surfaces to them a flow model of the device, with algorithmically derived 
suggestions for component placement and channel routing would enable 
them to automate well understood aspects of the device design allowing 
them to pay more careful attention to the novel aspects.

(a) (b) (c)
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Figure 8: Temporary resultant graphs of test case
ChIP(10IP): (a) Phase 1. (b) Phase 2. (c) Phase 3.
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Figure 9: The final design of test case ChIP(10IP).

estimate the chip size of the manual design, which is larger
than the automatic design generated by Columba.
Figure 8 shows the temporary resultant graphs of test case

ChIP(10IP). The global layout is determined in phase 1 as
shown in Figure 8(a); in phase 2, channel bundles are split
into real channels and connected to pins of modules instead
of the central points of modules as shown in Figure 8(b);
and in phase 3, chip ports are restored as modules with area
cost as shown in Figure 8(c). Since the weight coefficient
α of area cost is increased progressively, the chip area is
gradually reduced. Figure 9 shows the snapshot of the final
design generated by Columba for ChIP(10IP), which, though
large and complicated, requires less than 1 hour for the entire
synthesis.

5 Conclusion
In this paper we propose the co-layout synthesis tool Columba
that performs simultaneous place-and-route for both control
and flow layers and supports the major types of modules
which are used in microfluidics. The library of the module
models could be extended in the future and could be sup-
ported directly by Columba. Experimental results showed
that Columba could deal with large designs within complex
interaction between different layers very well.
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ping, which can be transformed into (3)(4)(5)(6):

bi,k,x≤bj,l,x+qleΦ−w, bi,k,x≤bj,l+1,x+qleΦ−w,

bi,k+1,x≤bj,l,x+qleΦ−w, bi,k+1,x≤bj,l+1,x+qleΦ−w, (3)

bi,k,x≥bj,l,x+qriΦ−w, bi,k,x≥bj,l+1,x+qriΦ−w,

bi,k+1,x≥bj,l,x+qriΦ−w, bi,k+1,x≥bj,l+1,x+qriΦ−w, (4)

bi,k,y≤bj,l,y+qboΦ−w, bi,k,y≤bj,l+1,y+qboΦ−w,

bi,k+1,y≤bj,l,y+qboΦ−w, bi,k+1,y≤bj,l+1,y+qboΦ−w, (5)

bi,k,y≥bj,l,y+qupΦ−w, bi,k,y≥bj,l+1,y+qupΦ−w,

bi,k+1,y≥bj,l,y+qupΦ−w, bi,k+1,y≥bj,l+1,y+qupΦ−w, (6)

qri+qle+qup+qbo=3+qp (7)

where w is the minimum spacing distance between two seg-
ments, which is larger than the value specified in the design
check rules (see Section 3.3) and Φ is an extremely large aux-
iliary integer variable. qle, qri, qbo, qup, and qp are auxiliary
binary variables, thereof qp is the Lagrange multiplier, the
minimization of which is included in the optimization tar-
gets. If qp=0, one of (3)(4)(5)(6) has to be non-trivial ac-
cording to (7), and a feasible solution of this inequality group
indicates locations of two segments without area overlap.
If the overlapping of two segments is inevitable with the

current bending points status, qp has to be set to 1. In
this situation, phase 1 will be rerun and new bending points
will be added to the channels with conflicts, thus enabling
a detour around the conflict area. As shown in Figure 5(c),
the initial states of channel c1 and c2 result in an inevitable
crossing. Therefore, new bending points b1,a and b2,b are
added to c1 and c2 respectively. The locations of the exist-
ing bending points can be adjusted within a limited floating
range according to their previous locations, and the coordin-
ates of b1,a and b2,b are constrained by the locations of these
existing binding points as shown in Figure 5(c). With b1,a
and b2,b, now the crossing can be avoided as shown in Fig-
ure 5(d).

3.1.4 Module Placement

The non-overlapping limitations of modules are realized in
a similar manner as Section 3.1.3:

mi′,x−
1
2
mi′,w≥mj′,x+

1
2
mj′,w−qriΦ, (8)

mi′,x+
1
2
mi′,w≤mj′,x−

1
2
mj′,w+qleΦ, (9)

mi′,y−
1
2
mi′,h≥mj′,y+

1
2
mj′,h−qupΦ, (10)

mi′,y+
1
2
mi′,h≤mj′,y−

1
2
mj′,h+qboΦ, (11)

qri+qle+qup+qbo=3+qp. (12)

If qri (qle,qup,qbo) is set to 0, mi′ will be placed to the right
(left, upper, bottom) side of mj′ .
In our module models, the flow channels are connected to

a mixer module or a reaction chamber module from opposite
directions. For the convenience of channel routing, we rule
that if mb and mc are two modules connected to module
ma, then mb and mc must be placed at opposite directions
relative to ma. For example, if mb is placed to the right side
of ma, then mc has to be placed to the left side of ma. We
specify this rule by modifying the auxiliary binary variables
in (8)-(12) (the detailed constraints are omitted here due to
space limitations of the paper).

(a)
m0

m2
m3

m1

(b)
m0

m2
m3

m1

Figure 6: (a) An example of accurate layout. (b) An ex-
ample of port-size recovery.

3.1.5 Objective

We represent the side lengths of a chip as two continuous
variables sx and sy, and the set of all bending points as B.
Then we introduce the following constraints to all bi,k∈B:

bi,k,x≥d ∧ bi,k,x≤sx−d ∧ bi,k,y≥d ∧ bi,k,y≤sy−d (13)

thereof d is the minimum spacing distance from the chip
boundaries to a bending point. If bi,k is the center point of
a module mi′ , we increase d by 1

2
max{mi′,w,mi′,h}. Since

the chip area is a quadratic variable, we introduce a new con-
tinuous variable sd=max{sx,sy} to represent the dimension
of the chip.

Therefore, we formulate our minimization objective as:

αsd+α1sx+α2sy+β
∑

∀cbi∈C

cbi,l+γ
∑

∀cbi∈CP

ncbi+σ
∑

∀qp∈E

qp

(14)
thereof C is the set of all channel bundles, Cp is the set of all
channel bundles that are connected with port groups, E is
the set of Lagrange multipliers, cbi,l is the length of cbi, and
α (together with α1 and α2), β, γ, σ are thus the adjustable
weight coefficients of chip area, total channel bundle lengths,
the number of ports and Lagrange multipliers respectively,
thereof α1,α2≪α are used to prevent the abuse of chip area,
and α is increased progressively in the following phases.

3.2 Handling Pin Constraints

With the modelling results from phase 1 indicating the mod-
ule locations and channel connections, we can specify the
locations of valves and pins inside a module, which enables
us to split a channel bundle into real channels connected
with the pins for an accurate layout as shown in Figure 6(a),
instead of with the center point of a module.

For a given module mi′ , we represent the set of all incom-
ing channels connected to mi′ as Cin, the set of all outgoing
channels connected to mi′ as Cout, and the set of pins in mi′

as P , thereof all pins are indexed according to the module
models shown in Figure 2, and the location of a pin pj ∈P
is represented as (mi′,x+κj,x,mi′,y+κj,y), where κj,x and
κj,y are constants indicating the distance between pj and
the center point of mi′ .

Therefore, we can introduce the following constraints to
locate the terminals bi,k of control channels ci∈Cin∪Cout

connected to mi′ :

bi,k,x=mi′,x+
∑

0≤j<|P |

qi,jκj,x, (15)

bi,k,y=mi′,y+
∑

0≤j<|P |

qi,jκj,y, (16)

thereof qi,j is an auxiliary binary variable representing the
selection of pins: if qi,j is set to 1, channel ci will be con-
nected to pin pj .

Then we introduce the following constraints to ensure that
ci will be connected to exactly one pin of mi′ (17), and a

and sink groups along with their incident edges are
then removed from the routing grid, and the process
repeats for the next component.

Our approach offers two enhancements to the
existing network flow router [11] which improve rout-
ability. First, if a route between components ci and cj
abuts a third component ck, then the ports on ck may
become blocked. To prevent blockage, we create a
buffer zone of a few vertices around each component.
Vertices within the buffer zone are removed from the
routing grid to prevent port blockage; they are re-
turned to the grid only when routing that component.
This ensures that each connection will be able to at
least find a port to route out of the component.

Second, routing failures may occur due to frac-
turing of the routing grid as more connections are
routed. If a routing failure occurs, all routes are re-
moved and the queue of components is reordered so
that the component that failed to route now routes
first; this guarantees that the component will now be
able to route. We limit the number of times that the

component queue may be reordered; if this limit is
exceeded, we declare a routing failure for the chip. No
routing failures were observed in our experiments.

Postprocessing
The straight-line planar embedding algorithm

that we use [3] is not cognizant of component di-
mensions and makes no attempt to reduce the area
in terms of grid usage. Manual inspection of physi-
cally laid out chips demonstrates ample opportuni-
ties to reduce area and fluid channel length.

As a postprocessing step, we search for opportu-
nities to move components placed on the chip_s
perimeter into the interior without sacrificing the
planar layout property. One by one, we select mod-
ules placed on the perimeter of the chip and attempt
to move them in a direction orthogonal to the peri-
meter with which they are aligned. After a compo-
nent is moved, its incident channels are rerouted. If a
legal route is obtained, then the movement is ac-
cepted; otherwise, it is rejected. The process repeats

Figure 4. (a) The supersource, sink group, and supersink nodes are added to the grid.
(b) A minimum-cost maximum-flow network algorithm is run on the system to find all necessary
edges from source to sink components; the example resulting paths are shown in red.
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until no further movements that reduce chip can be
found. A detailed example is shown in the following
section.

The physical space on the chip is discretized
using a grid graph, as discussed previously. Let N be
the number of hops (graph nodes) that a component
can be moved in one direction without compromis-
ing the (nonrouting) legality of the resulting place-
ment. If the resulting route is legal, then we are done;
otherwise, we try again. To ensure rapid conver-
gence, we employ a binary search. If a legal place-
ment and routing solution is not found atN hops, then
we try again at N=2 hops, etc. This ensures that a legal
placement and routing solution is found for each
perimeter component afterOðlogNÞ routing attempts.
This process repeats until no perimeter components
can be moved into the interior of the chip.

Results
We created entity library files using components

from the original MOA chip [10]. We extracted a
netlist for the MOA and specified it in MHDL.We then

ran the chip through our placement and router,
yielding a workable flow layer; we manually routed
the pneumatic control layer. Figure 5a shows the re-
sulting device layout. The bounding boxes represent
component dimensions used during placement and
routing, andwere replaced by the actual component
image in the SVG file that was generated. It is clear
from a straightforward visual inspection that numer-
ous local perturbations to the component layout
could reduce chip area and/or fluid routing channel
length. Figure 5b shows the resulting device layout
after applying our postprocessing step, which yields
a more compact planar layout; we manually re-
routed the control layer shown in the figure. These
results effectively demonstrate the ability of our tool-
flow to adapt physical-design algorithms originally
developed for semiconductor VLSI, to microvalve-
based LoCs.

THIS ARTICLE HAS presented the first automated
toolchain that can convert a netlist representation of
the flow-layer microvalve-based LoC into a physical

Figure 5. (a) The assembled MOA chip [10] placed and routed using our algorithm.
The control layer has been manually routed, after the flow layer SVG was automatically
generated. The bounding boxes are used during our algorithms; we show them here
filled in with original components as described by the entity library files. (b) After a
postprocessing step, and rerouting the control layer, we are able to reduce the overall size
of the final chip.
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Fig. 1. Cross-section of a pressure-actuated microvalve fabricated using multilayer soft lithography [19].

Laboratories-on-a-chip (LoCs) based on continuous fluid flow microfluidics are widely used for a
variety of biochemical applications. Through automation and miniaturization, LoCs offer the ben-
efits of higher throughput, lower reagent usage, and reduced likelihood of human error compared
to traditional benchtop chemistry methods. Although LoCs are widely used for biological research
and are starting to gain traction in the diagnostics and biotechnology industries, they presently
lack a design science comparable to the rapidly maturing field of electronic design automation
(EDA).

Modern LoCs integrate hundreds or thousands of externally controllable microvalves [1, 5, 13,
19]. Figure 1 illustrates one representative microvalve technology based on multi-layer soft lithog-
raphy [19]. Here, two layers of a flexible polymer substrate called polydimethylsiloxane (PDMS) are
mounted on top of a rigid substrate (e.g., a glass slide): The flow layer on the bottom manipulates
biological fluids of interest, while the control layer above provides actuation capabilities from an
external pressure source. The microvalve is formed where a control channel on one layer crosses
a flow channel on another layer. By default, all microvalves are open; pressurizing a control chan-
nel closes the microvalves that it drives. Larger components, such as pumps, mixers, switches,
multiplexers and demultiplexers, memories, etc. can be constructed as an interconnected network
of microvalves [13]. At present, successful multi-flow-layer mVLSI chips have not been demon-
strated, requiring that the placement and routing of all flow components and connections be done
on a single layer. Since inadvertent fluid mixing would invalidate any biological experiment, it is
necessary for the components and channels to not overlap or intersect, a concept in graph theory
known as graph planarity.

1.1 Motivating Example
Figure 2(a) shows an LoC that was designed manually and published in 2006 [20]. The approach
advocated here is to start with a language-based specification of the chip, e.g., using microfluidic
hardware design language (MHDL) [10], which is then compiled into a netlist, represented by a
graph. To produce the layout, the first step is to compute a planar embedding of the graph as shown
in Figure 2(b), which yields a planar layout with single points representing the components. For
this particular netlist, two components, a rotary mixer and a memory, are considerably larger than
I/Os and microvalves. Given this layout, expanding the vertices to represent the actual dimensions
of the components creates an illegal layout, as shown in Figure 2(c), due to multiple components
and fluid channels overlapping. To legalize this placement, many of the components must be moved
to new positions to accommodate the fully expanded mixer and memory, as shown in Figure 2(d),
while trying to maintain as much of the original planar embedding as possible. The final step is to

ACM Transactions on Embedded Computing Systems, Vol. 16, No. 5s, Article 126. Publication date: September 2017.

The open source Fluigi Cloud [7] (left) and commercial Quick Liquid Layout 
[8] (right) are examples of this type of platform
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