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Programming	  biochips:	  vision	  
§ High-‐level	  language	  for	  describing	  biological	  protocols	  

FluidSample+f1+=+measure_and_add(f0,++
+lysis_buffer,+100*uL);+

FluidSample+f2+=+mix(f1,+INVERT,+4,+6);+
Gme_constraint(f1,+2*MINUTES,+next_step);+

Original(protocol!

BioStream(code(

Add+100+ul+of+7X+Lysis+Buffer+(Blue)+and+mix+by++
inverGng+the+tube+4T6+Gmes.++
Proceed!to!step!3!within!2!minutes.!

assays to be written. For example, an assay may repeat
several fluidic operations until a combination of values

from several sensors satisfy a certain equation.

After the assay ‘‘program’’ is written by the scientist, it is

compiled to produce intermediate, assembly-like code. A
glucose-level detection assay written in the HLL and the

compiler-generated AIS assembly code are shown in Fig. 3.

The compiler is responsible for reading the HLL program,
checking its correctness and parsing the program. During

the compilation process, the compiler performs one or more

passes. Whereas compilers for digital computers perform
extra passes to optimize execution time and memory usage,

our compiler targets problems specific to microfluidics—
not found in digital computers—namely, variable-volume

management and contamination mitigation. We briefly

summarize these compiler passes, and refer the reader to
Amin et al. (2007a, 2008) for computer-science-related

details. The issue of fluid volume management arises

because fluids have a fixed total volume, and the use of a
fluid (variable) depletes it. If there are many uses of a fluid,

the given volume of the fluid must be distributed carefully

among the uses to prevent execution from running out of the
fluid before all of the uses occur. This distribution poses a

challenge when the uses require different proportions of

volumes as is the case when a fluid is mixed with different
fluids in different ratios (e.g., one use for a fluid is in a mix

ratio of 1:2, whereas another use for the same fluid is in a

mix ratio of 1:10). Dealing with fluid depletion is further
complicated by low-level, implementation-dependent

details of the fluidic hardware, such as maximum capacity

(of reservoirs and functional units) and minimum fluid
transport resolution (imposed by the fluid transport/han-

dling hardware). Forcing the programmer to handle these

constraints would diminish the practicality of SPLoCs.
Consequently, our compiler passes handles this issue

automatically, and assigns each fluid use a fixed volume that

ensures that no underflow or overflow will occur.
The second issue of fluid contamination mitigation

arises because fluid flow is not perfect and leaves residue in

the SPLoC’s components (e.g., channels and reservoirs)
despite efforts to reduce such residue [e.g., reducing ‘‘dead

spots’’ in reservoirs (Unger et al. 2000)]. This residue may

contaminate the next fluid that uses the same components.
Although an application-specific LoC can dedicate

resources for the cross-contaminating reagents in the target

assay, the SPLoC has no specific target assay or knowledge
of specific cross-contaminating reagents and must be

designed to share the same component among multiple

fluids of the same assay. While the SPLoC programmer
could manually insert wash steps in the assay to remove

contamination, doing so would be cumbersome and would

require the programmer to know the low-level details of
which fluid uses which components and when. Instead, we

require the programmer to specify only which fluid may

contaminate which other, but not wash steps in precisely
the correct places in the assay. The compiler automatically

Fig. 3 Aqua source code and AIS compiled instructions. a Aqua
code for a glucose calibration and detection assay, b compiled
AquaCore instruction set code
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§ Programming	  tools:	  compiler,	  assembler,	  debugger,	  simulator	  
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ASSAY	  glucose_test	  START	  
	  
FLUID	  Glucose	  WASH	  soap;	  
FLUID	  Reagent;	  
FLUID	  Sample;	  
FLUID	  a;	  
FLUID	  b;	  
FLUID	  c	  WASH	  h;	  
FLUID	  d	  WASH	  w;	  
FLUID	  e	  WASH	  x;	  
VAR	  Result[5];	  
	  
INPUT	  Glucose;	  
INPUT	  Reagent	  100;	  
INPUT	  Sample	  120;	  
	  
a	  =	  MIX	  Glucose	  AND	  Reagent	  IN	  RATIOS	  1	  :	  1	  FOR	  10;	  
SENSE	  OPTICAL	  it	  INTO	  Result[1];	  
	  
b	  =	  MIX	  Glucose	  AND	  Reagent	  IN	  RATIOS	  1	  :	  3	  FOR	  10;	  
SENSE	  OPTICAL	  it	  INTO	  Result[2];	  
	  
c	  =	  MIX	  Glucose	  AND	  Reagent	  IN	  RATIOS	  1	  :	  7	  FOR	  10;	  
SENSE	  OPTICAL	  it	  INTO	  Result[3];	  
	  
d	  =	  MIX	  Glucose	  AND	  Reagent	  IN	  RATIOS	  1	  :	  15	  FOR	  10;	  
SENSE	  OPTICAL	  it	  INTO	  Result[4];	  
	  
e	  =	  MIX	  Sample	  AND	  Reagent	  IN	  RATIOS	  1	  :	  1	  FOR	  10;	  
SENSE	  OPTICAL	  it	  INTO	  Result[5];	  

From	  HLLs	  to	  graph	  models	  
§ We	  model	  a	  biochemical	  
applicaBon	  as	  a	  graph	  

§ Compiler:	  translates	  the	  protocol	  wriEen	  in	  the	  
HLL	  into	  the	  graph,	  doing	  mixing	  opBmizaBon	  
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The	  graph	  model	  for	  an	  enzyme	  test	  
§ Considering	  a	  variable	  mixer	  module	  

§ Considering	  a	  1:1	  mixer	  module;	  mixing	  is	  opBmized	  
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Physical	  design:	  VLSI	  vs	  mVLSI	  
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AllocaFon	  and	  schemaFc	  design	  
§  How	  many	  components,	  and	  how	  to	  interconnect	  them?	  

§  Input/	  output	  ports	  
§  Storage	  units	  
§  Fluidic	  constraints	  
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Flow	  layer	  placement	  

62 Computer-Aided Design Tool

8.1 Visualization

Finding the best configuration for the simulated annealing is, due to the many
parameters, a difficult task. The solution found by the simulated annealing
should correspond to our perception of a good solution. Seeing the placement
evolve, as it is modified by the simulated annealing algorithm, will help identify
what parameters should be changed. This is the motivation behind the visual-
ization of the placement algorithm. Figure 8.1 shows a GUI screenshot during
a placement.

Figure 8.1: Screenshot of the GUI as the tool is performing the placement of
architecture 10-2. Green rectangles are components, thick blue
lines are routes, red crosses are intersections, and thin black lines
indicate a connection between two connection points. The top bar
provides data about the current placement.

In addition to showing the visualization of the placement, the GUI also provides
the following information:
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Flow-‐channel	  rouFng	  
§ Algorithms	  

§  Lee,	  Hadlock,	  Soukoup	  

34 Routed Cost Function

occupied or available. This is in accordance with the proposed architecture
model, thus the algorithms can be directly applied to the grid graph, G. The
algorithms also take as input a source, s, and a target, t. The output of the
algorithm is a route going from s to t.

6.1.1 Lee’s Algorithm

Lee’s algorithm [10] is basically a breadth-first search. A wave front starts in
s, and expands until t is discovered. See figure 6.1. Due to properties of the
breadth first search, the route found by Lee’s algorithm is guaranteed to be the
shortest. In fact, Lee’s algorithm will find the shortest distance from s to any
cell it discovers. This means that Lee’s algorithm can route from s to multiply
targets at once. Due to its simplicity, Lee’s algorithm is widely used.

7 6 5 6 7 8 9 10 11 12

6 5 4 5 6 7 8 9 10 11

5 4 3 4 5 12

4 3 2 3 4 12

3 2 1 2 3 11 11 12

4 2 10 10 11

3 2 2 9 10

4 3

5 4 3 4 5 6 7 8 9 10

6 5 4 5 6 7 8 9

1

1110

98765432

81

9

10

11t

s

Figure 6.1: Visualization of propagating waves in Lee’s algorithm. The num-
bers indicate the wave front number, which is also the distance
to s. The arrows indicate the direction from which a cell is dis-
covered. The route is found by retracing the arrows from t to
s.

Algorithm 2 describes an implementation of Lee’s algorithm. Two lists, w and
w0, are maintained (lines 2-3). w is the current wave front, which initially only
contains s, and w0 is the next wave front, which is initially empty.

All the neighbours of cells in w, that have not yet been visited, are explored
(lines 7-12). Neighbours are assumed to be explored in a counter-clockwise

Lee’s	  algorithm 
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Control	  layer	  rouFng	  
§ Algorithms	  

§  Lee-‐Steiner:	  Route	  from	  component	  to	  nearest	  air	  inlet;	  rip-‐up	  and	  reroute	  
§  PathFinder	  	  

Lee-‐Steiner’s	  algorithm 
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Design	  for	  fault-‐tolerance:	  moFvaFon	  example	  Motivational Example—Setup

The figure on the left depicts the architecture and the figure on the
right depicts the application model that needs to run on the
architecture. The application has a deadline of 50 seconds. The
architecture’s connections and component take an average time of 0.5
seconds to route through.

Morten Chabert Eskesen (DTU Compute) Fault-tolerant architecture for biochips May 23, 2015 23 / 43

• The purpose of the application’s deadline is to check schedulability of the application
on the architecture.

• The average time to route through a connection / component is a simplification in
order to easier determine a schedule for a given architecture. Furthermore the
placement of components on the biochip is not known as only the netlist is given.

• The motivational example will show that the straightforward solution, although easy
to implement, has the disadvantage of being costly compared to the optimized
solution.

Architecture	  without	  fault-‐tolerance ApplicaBon 
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Motivational Example—Specific fault model

The fault model is specific and considers all of the faults listed below.
In total four valve faults and four channel faults.

Morten Chabert Eskesen (DTU Compute) Fault-tolerant architecture for biochips May 23, 2015 29 / 43

Table: The set of valve faults VF
Name Vertex (N 2 N ) Valve a↵ected (w) Type (t)
V F1 Mixer1 v5 Open
V F2 S6 v3 Open
V F3 S5 v2 Open
V F4 S3 v3 Open

Table: The set of channel faults CF
Name Component (M 2 N , /2 S) / Connection Di,j 2 D Type (t)
CF1 Heater1 Block
CF2 Filter1 Block
CF3 S2 ! Storage-8 Block
CF4 S1 ! Mixer1 Block

StraighIorward	  vs.	  opFmized	  redundancy	  

§ StraighZorward	  soluBon:	  
redundancy	  not	  opBmized;	  
architecture	  cost:	  129	  

	  
§ OpBmized	  soluBon	  
the	  introducBon	  of	  
redundancy	  is	  opBmized;	  
architecture	  cost:	  96	  
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The	  need	  for	  on-‐chip	  control	  
§ Slide	  from	  Prof.	  William	  Grover	  1.2 Technology Advancements 3

Figure 1.1: The pretty picture vs. the actual picture.[Gro]

1.2 Technology Advancements

Resent advancements have resulted in a normally closed valves which prohibits
fluid flow while not actuated. This approach combines two glass wafers with a
monolithic polydimethylsiloxane membrane. Normally closed valves are created
using a discontinuity in a channel. This discontinuity restricts liquid flow. The
discontinuity is placed across from a displacement chamber which can actively
open the channel, thus allowing flow through the channel. This is done by ap-
plying vacuum to the control channel seen in figure 1.2b which will pull the
membrane down into the displacement chamber. Figure 1.2c shows the valve in
the two possible positions i.e. the passive closed position and the active open
position.

Base on these normally closed valves[GIJM06] the logic truth table presented in
table 1.1 is derived. The truth table consists of 6 rules each of which is a unique
combination of high pressure, atmospheric pressure or vacuum applied to the
input and control line. Applying theses combinations to the input and control
lines resulted in the measurements shown in the last column.

The nature of the valve, being normally closed, ensures that only three cases
results in a change to the pressure in the output channel. Applying pressure
to input channel will always result in high pressure in the output channel un-
less pressure1 is applied to the control channel. If pressure is not applied then

1An equally large pressure is not necessary. Similar valve have withstood 75 kPa of fluid
pressure with 45 kPa pressure applied to the input channel [GSL+03]
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On-‐chip	  control	  

4 Introduction

(a) Exploded view (b) Assembled view (c) Cross Section

Figure 1.2: Normally closed valve[Gro06]

the pressure from the input channel will force open the valve. The valve from
[GIJM06] have been further investigated in [GSL+03] where the valve restrains
fluid flow under 4 kPa when atmospheric pressure is applied to the control chan-
nel. Normally closed valves similar to [GIJM06] have been shown to be reliable
for pressures under 10 kPa[HM00].

Maintained Maintained Measured
Rule at input/kPa at control/kPa at output/kPa
PP 40 40 0
PV 40 -85 40
PN 40 0 40
VP -85 40 0
VV -85 -85 -83
VN -85 0 0

Table 1.1: Truth table for pneumatic logic [GIJM06].

The other case that influences the valve suggested by Grover, is applying vac-
uum to the input channel. Applying vacuum to the input channel will only
effect the output channel if an equal vacuum is applied to the control channel.
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Control	  circuit	  synthesis…	  1.5 Thesis Overview 15

Figure 1.14: Overview of the design steps investigated in this thesis.

Chapter 3 discusses the process of designing the control circuits required to
create a general purpose biochips. The chapter will discuss the three algorithms
used to create and optimize a technology dependent control circuit. The chapter
will discuss each of the three steps using an ongoing example and will finally
presented the optimized circuit. The algorithms discussed have been developed
since the mid 1980s and some open source implementations exists. This thesis
will discuss the algorithm and show how these algorithm can be applied to create
control logic for biochip. The gray boxes in 1.14 represents call required to the
external open source libraries used in this thesis to generate the required control
logic. The result of these circuit design algorithms are technology dependent
circuits represented by a net list of control components.

Based on the netlists created in the circuit design step the physical synthesis can
commence. The physical synthesis step is discussed in chapter 4. This process
consist of two sequential design steps, namely placement and routing. These
steps prepare the design of the general purpose biochip for fabrication. The
placement step takes as input the newly created netlist and places the required
control components on the biochip. This is done in such a way that minimizes
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..and	  its	  physical	  design	  


