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!
I  S U M M A R Y  
 

Microf lu id ic biochips are min iatur ized devices that are able to integrate, 
on-chip, the funct ional i t ies needed to execute biochemical analys is 
appl icat ions. The development of microf lu id ic biochips is in a hasty 
development phase and the need for s imulat ion and design tools is 
increasing. The design and archi tecture of b iochips changes al l  the t ime 
and designers need to know how thei r  b iochip designs wi l l  work before 
physical ly bui ld ing them. F low-based microf lu id ic biochips are one k ind 
of b iochip, where s imulat ion could help f ind new ways of construct ing 
the biochip archi tecture and schedul ing the exper iments on biochips. 
To the best of our knowledge no s imulat ion method has been 
developed so fare. 

This thesis presents a method to s imulate the logic of f low-based 
microf lu id ic biochips. The presented s imulat ion method could be 
character ized as a workf low, f rom creat ion of b iochip archi tectures and 
biochemical appl icat ion to the resul ts in the form of usefu l  formats and 
v iews. Since, no f low-based biochip s imulat ion tools are avai lable at the 
moment, th is project includes a work ing implementat ion support ing the 
f indings in th is thesis. The tool is cal led Biochip Simulator. 
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C H A P T E R  1  I N T R O D U C T I O N  

In recent years i t  has become interest ing to min iatur ize chemical and 
bio logical instrumentat ion. The resul t  of th is interest has culminated in a 
concept cal led ”Lab-on-a-chip”, a lso referred to as microf lu id ic biochip. 
The general idea is to create a fu l ly integrated chemical or b io logical lab 
on a s ingle chip with h igh throughput, reduced reagent consumpt ion, 
low cost and automat ic contro l  (Cooper, Wentz laf f ,  Thorsen, Thies, 
Urbanski, & Amarasinghe, 2004). Min iatur iz ing the macroscopic 
chemical and bio logical processes to a sub-mi l l imeter scale a lso has 
advantages l ike reduced sample volumes, faster b iochemical react ions 
and ul t ra sensi t ive detect ion (Minhass, Pop, & Madsen, MPM11b, 
2011). 

Microf lu id ic biochips are perfect ly sui ted to faci l i tate c l in ical d iagnost ics, 
part icular ly immediate point-of-care disease diagnoses. Microf lu id ic 
biochips can handle ex ist ing appl icat ions as DNA analys is, enzymat ic 
and proteomic analys is, cancer and stem cel l  research and automated 
drug detect ion. Using microf lu id ic biochips for food contro l ,  b iochemical 
weapons detect ion or envi ronmental test ing are a lso interest ing 
possib i l i t ies (Minhass, Pop, & Madsen, MPM11a, 2011).  

As a resul t  of the many biochemical appl icat ion possib i l i t ies, there are 
many var iat ions of b iochips (Mark, Haeber le, Roth, Stetten, & Zenger le, 
2010). The many var iat ions contr ibuted to di f ferent archi tectures and 
designs of b iochips. This thesis does research in the area of f low-based 
microf lu id ic biochips, in which the ci rcui t ry is composed of f lu id ic 
channels and is contro l led by micro valves.  

S E C T I O N  1 . 1  R E L A T E D  W O R K  

Flow-based biochips become more and more complex and the tools 
avai lable for b iochip development are st i l l  in an ear ly stage of 
development. Recent work has proposed automat ion techniques for 
p lacement and rout ing problems. A tool addressing design and 
development problems is Micado. Micado is a Computer-Aided Design 
(CAD) tool focusing on the design of contro l  layers in biochips, 
featur ing:  

• Standard and customizable design ru les 
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• Automat ic rout ing between contro l  va lves and punches 
• Automat ic generat ion of contro l  instruct ions and GUI 

The tool works as a design tool, but i t  does not a l low simulat ion and 
ver i f icat ion of b iochip designs. Micado focuses on automated features 
that can help designers to bui ld the contro l  layers ins ide biochips. (Amin 
, Micado, 2008) The tool is very deta i led and wel l  sui ted for physical 
design of b iochip contro l  layers. To i l lustrate how deta i led Micado is, a 
screenshot f rom the process of rout ing the archi tecture on a biochip is 
shown in F igure 1. 

 
F igure 1 - Micado screenshot. Red dots are pressure sources. B lue dots are f lu id ic input 

sources. F lu id ic channels are in-between the b lue dots.  (Amin , Micado, 2008) 

The fact that designers wi l l  have to manual ly draw f lu id ic channels and 
micro valves with in a biochip l imi ts the usefu lness, s ince i t  is t ime-
consuming, and the abi l i ty to ver i fy d i f ferent chemical appl icat ions on a 
speci f ic b iochip archi tecture is not possib le; th is is done manual ly.  The 
design of a biochip having hundreds of micro valves and a larger 
network of f lu id ic channels wi l l  a lmost be impossib le to design with in 
Micado (Amin, Computer-Aided Design for Mult i layer Microf lu id ic Chips, 
2008).  Designers are a lso more l ike ly to make mistakes, s ince no 
automated ver i f icat ion method to ver i fy the correctness of a biochip 
design has been implemented. This manual approach wi l l  most l ike ly 
resul t  in inef f ic ient b iochip designs (Minhass, Pop, & Madsen, MPM11a, 
2011).  

AutoCAD is another tool used in the process of fabr icat ing biochips. 
The tool is general ly used for 2D or 3D designs and is basical ly an 
advanced drawing tool. A template f i le can be loaded into the drawing 



B ioch ip  S imu la to r   
F low-Based  M ic ro f l u id i c  B ioch ip  S imu la t i on  

 
 

13 

tool to enable the designers to choose biochip e lements and draw 
biochip designs. But the designer wi l l  have to use manual methods to 
create the biochip archi tectures (Gett ing started AUTOCAD, -), as the 
template f i le only prov ides l imi ted design tools. The manufacturer a lso 
prov ides a set of design ru les, which ent i re ly is the designer ’s 
responsib i l i ty to fo l low (Basic Design Rules, - ) .  Examples of design ru les 
examples are “min imum spacing between channels” or “min imum 
spacing between access punches”. There are many design ru les and 
the r isk of creat ing errors is increased, when the biochips designs 
become more complex. The abi l i ty to test b iochemical appl icat ions on 
the biochip design is not an opt ion; a real physical chip wi l l  have to be 
fabr icated (Test ing Your Device, - ) .   

The general impression f rom the tools is that they do not scale with the 
increasing complex i ty of todays biochips. They us manual approach to 
ver i fy the correctness of the designs, and do not have the abi l i ty auto 
test b iochemical appl icat ion. 

S E C T I O N  1 . 2  O B J E C T I V E S  &  M O T I V A T I O N  

At the Embedded System Engineer ing (ESE) sect ion at the department 
of Informat ics and Mathemat ical Model ing ( IMM) located at the Technical 
Univers i ty of Denmark (DTU), a scient ist team has been work ing in the 
a im of opt imiz ing archi tectura l  synthesis and the schedules of 
operat ions executed on microf lu id ic f low-based biochips. The team has 
developed a way to opt imize archi tectures and schedules (Minhass, 
Pop, & Madsen, MPM11a, 2011) (Minhass, Pop, & Madsen, MPM11b, 
2011). But the knowledge of how the opt imizat ions wi l l  work is di f f icu l t  
to ver i fy. Simulat ion is one way to ver i fy the correctness of a biochip 
archi tecture and schedule.  

The goal of th is thesis was to develop and present a s imulat ion method 
and a work ing implementat ion of a s imulator for f low-based microf lu id ic 
biochip. F igure 2 shows a graphical representat ion of the goal. 

 
F igure 2 - S imulat ing idea 

A Scheduler  is a replaceable software component, which is able to 
receive a chemical or b io logical Appl icat ion Model  and a biochip 
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Archi tecture Model. The Scheduler  generates an opt imized schedule of 
operat ion to execute on the biochip Archi tecture Model. A generated 
Schedule  is loaded into a Simulator , which is able to v isual ize the 
Schedule  of operat ions executed on the biochip Archi tecture Model .  

The simulator is intended to be a f lex ib le tool, which enables designers 
to change the Scheduler , Archi tecture Model  and chemical or b io logical 
Appl icat ion Model  and get a graphical representat ion of the resul ts 
ut i l iz ing the Simulator . 

The s imulat ion method and tool is designed to help designers and 
scient ists work ing with opt imizat ion. They wi l l  be able to test thei r  
resul ts without having a real b iochip. The tool wi l l  help expla in s i tuat ions 
that may be di f f icu l t  to expla in without graphical representat ion. I t  would 
be possib le to test var ious chemical appl icat ions on mult ip le biochip 
archi tectures with in a few minutes; th is wi l l  increase the possib i l i ty to 
choose correct solut ions and display the faul ts in incorrect solut ions. 

To the best of our knowledge no f low-based microf lu id ic biochip 
s imulat ion method and tool has been developed or implemented unt i l  
now. 

S E C T I O N  1 . 3  C O N T R I B U T I O N  

This thesis proposes a method to s imulate the logic of f low-based 
microf lu id ic biochips. The contr ibut ions made with in th is thesis a im for 
more than a graphical representat ion of scheduler resul ts. The 
developed simulat ion method could be character ized as a workf low, 
f rom creat ion of b iochip archi tectures and biochemical appl icat ion to the 
resul ts in the form of usefu l  formats and v iews. The fo l lowing 
contr ibut ions have been made: 

• An automated biochip archi tecture design method has been 
developed ut i l iz ing the funct ions and elements f rom physical f low-
based microf lu id ic biochips. 

• An algor i thm that is able to col lect a l l  f low possib i l i t ies f rom 
biochip archi tectures to generate archi tecture models ut i l ized by 
schedulers. 

• An automated biochemical appl icat ion design method has been 
developed ut i l iz ing the elements f rom biochemical appl icat ion 
sequence graphs. 

• A simulat ion method to v isual ize schedules of operat ions on 
v i r tual b iochip archi tectures. 
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• An automated generat ion of contro l  data f rom a s imulat ion, which 
can be tested on physical b iochip archi tectures or used for future 
opt imizat ion and ver i f icat ion of schedules. 

• Biochip Simulator, a work ing implementat ion support ing the 
f indings f rom th is thesis. 

This thesis is organized in 8 chapters. Chapter 2 presents essent ia l  
in format ion for the work that has been done. The chapter rev iews the 
funct ions of f low-based microf lu id ic biochips, biochemical appl icat ions 
and the work that has been performed at DTU. In chapter 3 a 
mot ivat ional example is g iven to br ing ins ight to the problems re lated to 
schedul ing and simulat ion of f low-based microf lu id ic biochips. Chapter 
4 proposes a s imulat ion method and displays the funct ions with in the 
method. Al l  funct ions are descr ibed at user level ut i l iz ing the Biochip 
Simulator implementat ion. In Chapter 5 the implementat ion of the 
Biochip Simulator wi l l  be presented. Chapter 6 conta ins an evaluat ion of 
the work that has been performed. F inal ly in chapter 7 and 8 a 
discussion of the future work and a conclusion has been made. 
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C H A P T E R  2  S Y S T E M  M O D E L  

This chapter conta ins informat ion that is re levant for the work that has 
been done in the a im of s imulat ing f low-based biochips. The sect ions 
are essent ia l  for the creat ion of the s imulat ion method. F i rst a 
presentat ion of the f low-based biochip archi tectura l  model, then a 
descr ipt ion of the biochemical appl icat ion model used in f low-based 
microf lu id ic biochip development. F inal ly, a descr ipt ion of schedulers 
and the work that has been done at DTU is presented. 

S E C T I O N  2 . 1  B I O C H I P  A R C H I T E C T U R E  M O D E L  

Biochips are manufactured using ”Soft L i thography” technology. Soft 
l i thography is widely used when components measured on the 
micrometer or nanometer scale are manufactured. The word ”Soft” is 
used because the fabr icat ion method uses elastomer ic mater ia ls, most 
notably Polydimethy ls i loxane (PDMS). PDMS is a biocompat ib le, 
t ransparent, rubber- l ike mater ia l ,  which is wel l  sui ted for mass 
product ion and biotechnology (Stanford Microf lu id ic Foundry, - ) .   

The physical b iochip can have mult ip le layers, but biochips are typical ly 
d iv ided into two layers. One layer conta ins channels where f lu ids f low; 
th is layer is cal led the f low layer. The other layer conta ins channels that 
form micro valves. These micro valves are able to stop the f lu id ic f low 
when pressur ized with a i r .  In th is way f lu ids in the f low layer are 
manipulated using a contro l  layer (Microf lu id ic va lve technology) 
(Minhass, Pop, & Madsen, MPM11a, 2011).  

With severa l  micro valves i t  is possib le to create more complex lab 
instruments, e.g. mixers, micro pumps, switches or storage (Chou, 
Unger, & R. Quake, 2001). The micro valve can be considered as the 
basic bui ld ing block in the biochip. An i l lustrat ion of a micro valve is 
shown in F igure 3. 
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F igure 3 - Funct ion of micro va lves 

The f igure shows a red layer (contro l  layer) and blue layer ( f low layer). 
The contro l  layer is connected to an external pressure source Z1 . The 
f low layer is connected to a f lu id ic input source, which generates a 
pressure that makes the f lu id f low. When the pressure source Z1  is 
act ive, the f lu id cannot pass point a. When the pressure source 
deact ivated, the f lu id can pass.  

Connect ions to external source are created by smal l  holes in the 
biochip gain ing access to the layers ( f low- and contro l  layer). By placing 
external tubing’s into the connect ion holes the biochip now has access 
to f lu id ic reservoi rs or pressure sources (Mel in & Quake, 2007). A photo 
of a micro valve is shown in F igure 4. 

                             

F igure 4 - Photo of a rea l  micro va lve 

As the photo shows the dimensions of the micro valve is 100x100 µm. 
Because of i ts smal l  s ize a biochip can accommodate hundreds of 
micro valves.  

The combinat ion of micro valves can create more complex components, 
such as switches, mixers, storage etc. In F igure 5 a switch is shown. 
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(a) Schemat ic V iew 

 
(b) Conceptua l  V iew 

F igure 5 – Switch Component 

The idea of a switch is to di rect the f low in the f low layer, as shown in 
the conceptual v iew (F igure 5.b) a switch can di rect an incoming f low in 
three new direct ions. The switch has a schemat ic v iew (F igure 5.a) 
showing that a switch has four micro valves (v1, v2, v3, v4), which can 
manipulate the f low direct ion, depending on the combinat ion of c losed 
valves. The micro valves are contro l led by the pressure sources (z1, z2, 
z3, z4). For example, i f  a f low from the top to the r ight f low channel is 
performed v1 and v4 are open and v2 and v3 are c losed. 

Components created f rom micro valves normal ly have a set of phases 
or states. One example could be a mixer component, which is 
graphical ly presented in F igure 6. 

 
 

F igure 6 – Graphica l  
representat ion of a mixer 

Phase v1 v2 v3 v4 v5 v6 v7 v8 v9 

ip1 0 0 1 0 0 0 0 0 1 

ip2 0 1 0 0 0 0 1 0 0 

m ix  1  0  0 M ix  M ix  M ix  0  1  0 

op1 0 0 1 0 0 0 0 0 1 

op2 0 1 0 0 0 0 1 0 0 

 

Table 1 - Mixer Conf igurat ion 

The mixer component has nine micro valves (v1-v9) contro l l ing the 
component and f ive phases. Table 1 shows the phases of the mixer, for 
each phase, va lves have to be open (0) or c losed (1). The mixer 
enables a mix of two f lu id ic samples. I f  the top channel needs to be 
f i l led with a sample, the mixer should be in phase ip1, here v3 and v9 
are c losed and the rest of the valves are open. A new phase should be 
entered when the bottom channel needs to be f i l led. The mixer should 
then change phase to ip2. When the mixer has a sample in each 
channel ( top and bottom), the mixer phase should change to mix, which 
transforms the mixer into a c i rcular archi tecture by closing v1 and v8. 
The mix is performed using the on-chip pump (v4, v5, v6), the pump 
works by opening and closing the valves, v4, v5, v6, with a f ixed 
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f requency that pushes the f lu id around unt i l  i t  has been mixed. When 
the mixed samples are needed elsewhere the mixer is empt ied by 
changing phase to op1 or op2 (Chou, Unger, & R. Quake, 2001) 
(Minhass, Pop, & Madsen, MPM11b, 2011).  

An example where a f lu id is manipulated by micro valves on a physical 
b iochip is shown in F igure 7; the example includes a mixer component. 

   
F igure 7 - Photo of f lu id mixer in a f low-based microf lu id ic b iochip (V ideo f rom (Th ies, 

Programmable Microf lu id ic B iochips, 2007))  

The photos demonstrate how micro valves work in a physical b iochip. In 
the f i rst photo an empty mixer is shown. In the second photo a green 
f lu id f lows into the bottom channel of the mixer. The photos show 
severa l  channels that the f lu id could f low into, but micro valves on the 
biochip contro l  the f lu id. This photo example shows the basics of f low-
based biochips (Thies, Thi07, 2007).  

Another complex component l ike a storage component can be created 
with 28 micro valves. The storage component a l lows eight f lu id ic 
samples to be stored. A graphical representat ion of the component is 
shown in F igure 8. 

 
F igure 8 - Storage component 
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The storage has 16 phases and ut i l izes mult ip lexer theory to br ing down 
the number of ut i l ized pressure sources to only s ix (Amarasinghe, 
Thorsen, Urbanski, Wi l l iam, & Rhodes, 2005). Closing more valves at 
the same t ime does the opt imizat ion. An example could be, i f  store cel l  
one ( the top cel l )  should store a f lu id ic sample, va lves named v2, v4, 
and v6 should be closed. Closing the valves at the bottom cel l ,  for 
instance, does not inf luence a sample in that cel l ,  s ince no pressure wi l l  
occur in the cel l  channel. 

The mixer and storage components descr ibed here are examples of 
components with severa l  ut i l izat ion opt ions. Select ing which storage cel l  
or, in the mixer, which channel ( top or bottom) to store a f lu id ic sample 
in, is a decis ion that has to be made and contro l led by the contro l  layer.  

The ex istence of components, which cannot be created just by placing 
micro valves and channels in the biochip, is a lso a possib i l i ty. F i l ters, 
heaters and detectors are examples of components that cannot be 
created f rom micro valves and channels a lone.  

To expla in how f lu id ic samples are moved between components, the 
conceptual b iochip shown in F igure 9 is used.  

 
F igure 9 - B iochip Arch i tecture 

In f low-based biochips f lu id ic samples do not occupy the fu l l  length 
between components, f lu id ic samples occupy a f ixed length of the f low 
channel. The sample length is calculated using a process cal led 
meter ing . This process is carr ied out by placing a f lu id between two 
micro valves with a known distance between them. (Mel in & Quake, 
2007) To avoid f lu id ic samples to be spl i t  or destroyed, they are moved 
between components, immersed in a f i l ler f lu id (o i l  or s imi lar )  (Minhass, 
Pop, & Madsen, MPM11b, 2011). The external f lu id ic input ports are 
connected to a pump and a f i l ler o i l  reservoi r .  To make a f lu id sample 
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move f rom, e.g., Mixer1  to Output1  (b lack l ine); Mixer1  needs to be 
connected to an input source e.g. input1 . The channel connect ion is 
necessary because a pressure is needed to dr ive the f lu id f low. The 
dest inat ion Output1  needs to be connected to an output port or s ink to 
absorb the pressure generated f rom Input1  (green l ine). Micro valves 
avai lable on the biochip wi l l  establ ish a connect ion between the 
pressure sources and output port (va lves placed in s1 and s5 ) .  When a 
connect ion is establ ished, a pumping act ion is created where f i l ler o i l  
f lows in the di rect ion of Output1 . This act ion makes the f lu id ic sample 
move f rom Mixer1  to Output1 . The pumping act ion stops when the 
f lu id ic sample has reached i ts dest inat ion. 

The archi tecture presented in F igure 9 has severa l  f low opt ions. As the 
f igure shows, the components are connected using a network of f low 
channels. Al l  opt ions can be extracted f rom the archi tecture and placed 
in a f low path table, see Table 2. 

I D  C o m p o n e n t s  E x e c u t i o n  t i m e  R o u t i n g  c o n s t r a i n t s  

F 1 - 1  I npu t1 ,  s1 ,  M i xe r1  2s  F1 -2 ,F2 -1 ,F2 -2 ,F31 -1 ,F31 -2  

F 1 - 2  I npu t1 ,  s1 ,  M i xe r1  2s  F1 -1 ,F2 -1 ,F2 -2 ,F31 -1 ,F31 ,2  

F 2 - 1  I npu t1 ,  s1 ,  s2 ,  M i xe r2  2 ,5s  F1 -1 ,F1 -2 ,F2 -2  

F 2 - 2  I npu t1 ,  s1 ,  s2 ,  M i xe r2  2 ,5s  F1 -1 ,F1 -1 ,F2 -1  

…     

F 3 1 - 1  M i xe r1 ,  s5 ,  Ou tpu t1  1 ,5s  F1 -1 ,F1 -2 ;F31 -2  

F 3 1 - 2  M i xe r1 ,  s5 ,  Ou tpu t1  1 ,5s  F1 -1 ,F1 -2 ,F31 .1  

 Table 2 - F low path tab le 

The f low path table is considered as a l ibrary of possib i l i t ies on the 
biochip. The ID column represents a unique ident i f ier for a f lu id ic f low in 
the biochip. Not ice that f low paths involv ing components with more 
phases have an extra number added to thei r  ident i f icat ion indicat ing 
which phase the component should be in. For example, i f  F1-1 is 
performed the f lu id ic sample wi l l  be stored in the top cel l  of Mixer1. The 
Components  column represents the components that a f lu id ic sample 
wi l l  have to pass before i t  reaches i ts dest inat ion. The Execut ion t ime 
column shows how long t ime the movement wi l l  take. The execut ion 
t ime is calculated f rom a f low rate and the f low channel length. A typical 
f low rate could be 10 mm/s. The Rout ing constra ints column shows the 
f low paths that cannot be performed at the same t ime. To demonstrate 
how the f low path table works, F igure 10 is used. 
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F igure 10 - Use of a f low path tab le 

I f  a f low from input1  to output1  is wanted, the f low path table can be 
ut i l ized to f ind the way. F i rst, f low path F1-1 t ransports a f lu id ic sample 
f rom input1  to mixer1  (ye l low l ine). As the f igure shows, the f low path 
crosses a switch s1, were micro valves are act ive to di rect the f low to 
Mixer1. This operat ion is repeated to get another f lu id ic sample into 
Mixer1 , but th is t ime F1-2 is used to store the f lu id sample in the 
bottom cel l .  Then a mix operat ion is performed, th is operat ion is 
performed in 2 seconds, which can be considered normal. F inal ly, the 
mixed f lu id is t ransported to output1 , by the use of f low path F31-1 and 
F31-2. The f lu id ic movement and operat ion would take 2×2 seconds for 
F1-1 and F1-2, 2×1.5 seconds for F31-1 and F31-2 and f ina l ly 2 
seconds for the mix operat ion, which in tota l  is 9 seconds. The biochip 
archi tecture a l lows mult ip le operat ions to be performed at the same 
t ime; here rout ing constra ints are used to avoid col l is ions in pressur ized 
channels. For example, i f  F1-1 and F1-2 are performed at the same 
t ime, the f lu id ic input source, Input1  is used twice which is not 
possib le.  

A complete f low path table conta ins the fo l lowing informat ion. 

A l ist of f low path sets which 
consists of: 

• Ident i f icat ion 
• Flow Path Components 
• Sink Path Components 
• Execut ion t ime 
• Open micro valves 
• Closed micro valves 
• Rout ing constra ints 

 
F igure 11 – F low path set in format ion 

 

A conceptual example of a f low path set is shown in F igure 11. In th is 
case the ident i f ier is F31-1, which is unique for th is part icular f low. 
“F low path components” are the components that the f lu id ic sample 
passes, Mixer1-S5-Out1, p laced on the yel low l ine. The “s ink path 



B ioch ip  S imu la to r   
F low-Based  M ic ro f l u id i c  B ioch ip  S imu la t i on  

 
 

23 

components” are a l l  components responsib le for the movement of a 
f lu id, a lso components that the f lu id ic sample does not pass; the black 
l ine marks them. Execut ion t ime states the t ime i t  takes for a f lu id to 
move f rom the f i rst component to the last in the f low path component 
l ist, in th is case i t  is 2 seconds, calculated as 0,5s(Mixer1) + 
0,5s(Mixer-S5) + 0s(s5) + 0,5s(s5-Out1) + 0,5s(Out1) = 2 seconds . 
The micro valve ident i f icat ion is g iven, in th is case z1 wi l l  be closed and 
z3 and z2 are open to di rect the f low. The rout ing constra ints ident i fy 
the f low path sets that cannot be executed at the same t ime, because 
thei r  s ink path would col l ide. 

The f low path sets presented is the actual b iochip archi tecture model 
that schedulers use for thei r  calculat ions of f lows and operat ions on a 
biochip. 

 

S E C T I O N  2 . 2  B I O C H E M I C A L  A P P L I C A T I O N  M O D E L  

Flow-based biochips are developed to execute biochemical 
appl icat ions. Some of the appl icat ions that b iochips are able to execute 
have al ready been ment ioned in the introduct ion. The biochemical 
appl icat ions used for f low-based microf lu id ic biochips can be 
represented using sequence graphs. An appl icat ion conta ins re levant 
informat ion needed for schedulers to schedule the operat ions on a 
biochip. A biochemical appl icat ion example is shown in F igure 12. 

 
F igure 12 - Example of a b iochemica l appl icat ion 
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The sequence graphs are di rected in the sense that a l l  graphs have a 
start ing point (Source) wi th no predecessors and an endpoint wi th no 
successors (O10). Al l  other operat ion points have predecessor 
operat ions needed for an operat ion to be ready to execute. Some 
operat ions need more than one. Each operat ion has an execut ion t ime 
and a type of operat ion e.g. mix, heat, or f i l ter. The biochemical 
appl icat ion graph conta ins the fo l lowing informat ion. 

A l ist of operat ions which a l l  consist of: 

• A l ist of predecessor operat ions 
• A type of operat ion 
• An execut ion t ime 

 

S E C T I O N  2 . 3  S C H E D U L E R S   

The work that has been performed at DTU is an opt imizat ion method, 
which enables designers to get an opt imized schedule of operat ions to 
execute on a f low-based microf lu id ic biochip. The opt imizat ion method 
produces good qual i ty solut ions, but the solut ions are not opt imal in the 
sense that schedul ing is an NP-complete problem, so heur ist ics l ike 
L ist-Schedul ing are used. F igure 13 shows a graphical representat ion of 
the scheduler funct ion. 

 
F igure 13 – Scheduler 

The Scheduler receives a biochip Archi tecture Model and a biochemical 
Appl icat ion Model . The Scheduler then opt imizes the f lows and 
operat ions to be executed on the biochip Archi tecture Model , and 
produces an opt imized Schedule .  

The scheduler that has been designed ut i l izes L ist-Schedul ing. 
Schedul ing in general denotes the concept of assigning jobs to 
devices, CPU’s, in th is case biochip components. L ist schedul ing 
impl ies the process of assigning pr ior i t ies to operat ions and l ist ing them 
after thei r  pr ior i t ies. In each step operat ions are evaluated according to 
an urgency cr i ter ia. The urgency cr i ter ia are calculated ut i l iz ing 
informat ion f rom a biochemical appl icat ion model, which is descr ibed in 
Sect ion 2.2. The urgency cr i ter ia are calculated as the length in t ime 
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f rom an operat ion to the end node in the graph. An operat ion is only 
ready to be executed when i ts predecessors have f in ished thei r  
execut ion. Since operat ions on a biochip cannot be stopped dur ing 
execut ion, the schedul ing is done as non-preempt ive schedul ing. There 
are a lso other parameters inf luencing the schedul ing. The scheduler has 
to take the number of component resources into account. For example 
i f  only one mixer is avai lable on the biochip, the schedule cannot 
execute two mix operat ions at the same t ime (Cottet, Delacroix, Kaiser, 
& Mammeri, 2002) (Minhass, Pop, & Madsen, MPM11a, 2011).  

A schedule produced by the scheduler ref lects the Gantt chart shown in 
F igure 14 where operat ions and f lows to be performed are represented 
as rectangles. 

 
F igure 14 - Schedule produced for the b iochip arch i tecture and b iochemica l appl icat ion.  

The length of the rectangles represents the execut ion t ime. Al l  b lue 
rectangles are f lu id ic sample movement between components. The red, 
green and black rectangles are operat ions executed in thei r  respect ive 
components, shown to the lef t  (Mixer1, Mixer2, Mixer3, Heater and 
Fi l ter )  (Minhass, Pop, & Madsen, MPM11a, 2011).  

S E C T I O N  2 . 4  S U M M A R Y  

Knowledge of the basic funct ions in f low-based microf lu id ic biochips 
has been presented. The funct ions of micro valves and f lu id ic sample 
movement in channels have been descr ibed. A presentat ion of a f low 
path table conta in ing the f low possib i l i t ies on a biochip has a lso been 
prov ided. A descr ipt ion of the biochemical appl icat ion model has been 
introduced. F inal ly, an explanat ion of the work that has been performed 
at DTU with a scheduler has been descr ibed.  
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C H A P T E R  3  M O T I V A T I O N A L  E X A M P L E  

In order to i l lustrate the idea for f low-based biochip s imulat ion, th is 
sect ion presents an example where a biochemical appl icat ion modeled 
as a sequence graph, is scheduled into operat ions to be executed on a 
biochip. In th is example, the conceptual b iochip archi tecture in F igure 
15 and the biochemical appl icat ion graph shown in F igure 16 is used. 
Both models are typical examples taken f rom the DTU scheduler 
development (Minhass, Pop, & Madsen, MPM11b, 2011).  

 
F igure 15 - Example of b iochip arch i tecture 

 
F igure 16 - B iochemica l appl icat ion graph example 
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The appl icat ion graph shows that four inputs f rom sources are needed. 
The operat ions have operat ion types (mix, heat, f i l ter )  and execut ion 
t imes, e.g., operat ion O1, performs a mix operat ion in 4 seconds. The 
appl icat ion f in ishes when O10 have been executed and the f lu id ic 
sample in O10 has been moved to a s ink. 

Before the schedul ing of operat ions can be created, a f low path table, 
conta in ing a l l  f low possib i l i t ies is needed. Al l  f low possib i l i t ies f rom the 
biochip archi tecture are shown in Table 3.  

F1 : $ ( I n1 , S1 ,M i xe r1 ) $ 2 s $
F2 : $ ( I n1 , S1 , S2 ,M i xe r2 ) $ 2 . 5 s $
F3 : $ ( I n1 , S1 , S2 , S3 ,M i xe r3 ) $ 3 s $
F4 : $ ( I n2 , S4 , S3 , S2 , S1 ,M i xe r1 ) $ 3 . 5 s $
F5 : $ ( I n2 , S4 , S3 , S2 ,M i xe r2 ) $ 3 s $
F6 : $ ( I n2 , S4 , S3 ,M i xe r3 ) $ 2 . 5 s $
F7 : $ ( I n1 , S1 , S2 , S3 , S4 , S to rage ) $ 3 . 5 s $
F8 : $ ( I n2 , S4 , S to rage ) $ 2 s $
F9 : $ (M i xe r1 , S5 ,Ou t2 ) $ 2 s $
F10 : $ (M i xe r1 , S5 ,Hea te r1 ) $ 2 s $
F11 : $ (M i xe r1 , S5 , S6 , S7 , F i l t e r1 ) $ 3 s $
F12 : $ (M i xe r1 , S5 , S6 , S7 , S8 , S to rage ) $ 3 . 5 s $
F13 : $ (M i xe r1 , S5 , S6 , S7 , S8 , S10 ,Ou t1 ) $ 4 s $
F14 : $ (M i xe r2 , S6 , S5 ,Ou t2 ) $ 2 . 5 s $
F15 : $ (M i xe r2 , S6 , S5 ,Hea te r1 ) $ 2 . 5 s $
F16 : $ (M i xe r2 , S6 , S7 , F i l t e r1 ) $ 2 . 5 s $
F17 : $ (M i xe r2 , S6 , S7 , S8 , S to rage ) $ 3 s $

F18 : $ (M i xe r2 , S6 , S7 , S8 , S10 ,Ou t1 ) $ 3 . 5 s $
F19 : $ (M i xe r3 , S7 , S6 , S5 ,Ou t2 ) $ 3 s $
F20 : $ (M i xe r3 , S7 , S6 , S5 ,Hea te r1 ) $ 3 s $
F21 : $ (M i xe r3 , S7 , F i l t e r1 ) $ 2 s $
F22 : $ (M i xe r3 , S7 , S8 , S to rage ) $ 2 . 5 s $
F23 : $ (M i xe r3 , S7 , S8 , S8 ,Ou t1 ) $ 3 s $
F24 : $ ( S to rage , S4 , S3 , S2 , S1 ,M i xe r1 ) $ 3 . 5 s $
F25 : $ ( S to rage , S4 , S3 , S2 ,M i xe r2 ) $ 3 s $
F26 : $ ( S to rage , S4 , S3 ,M i xe r3 ) $ 2 . 5 s $
F27 : $ ( S to rage , S8 , S7 , S6 , S5 ,Hea te r1 ) $ 3 . 5 s $ $
F 28 : $ ( S to rage , S8 , S7 , F i l t e r1 ) $ 2 . 5 s $
F29 : $ ( S to rage , S8 , S10 ,Ou t1 ) $ 2 . 5 s $
F30 : $ (Hea te r1 , S9 , S10 , S8 , S to rage ) $ 3 s $
F31 : $ (Hea te r1 , S9 , S10 ,Ou t1 ) $ 2 . 5 s $
F32 : $ ( F i l t e r1 , S9 , S10 ,Ou t1 ) $ 2 . 5 s $
F33 : $ ( F i l t e r1 , S9 , S10 ,Ou t1 ) $ 2 . 5 s $

Rou t i ng $Cons t r a i n t s : $
F 1 : $ F2�F3�F4�F7�F24 $
F2 : $ F1�F3�F4�F5�F7�F24�F25 $
F3 : $ F1�F2�F4�F5�F6�F7�F24�
F25�F26 $
F4 : $ F1�F2�F3�F5�F6�F7�F8�
F24�F25�F26 $
F5 : $ F2�F3�F4�F6�F7�F8�F24�
F25�F26�F27 $
F6 : $ F3�F4�F5�F7�F8�F24�F25
�F26 $
F7 : $ F1�F2�F3�F4�F5�F6�F8�
F24�F25�F26 $
… $
F33 : $ F13�F18�F23�F29�F30�
F31�F32 $

Table 3 - F low path tab le and rout ing constra ints 

Using the DTU scheduler a schedule is produced for the biochemical 
appl icat ion and the biochip archi tecture. F igure 17 shows the schedule. 

 
F igure 17 - I l lust rat ive schedule example 

The schedule is presented as a Gantt chart, where the operat ions and 
f lu id f low are represented as rectangles. The length of the rectangles 
represents the execut ion t ime. Al l  b lue rectangles are f lu id ic movement 
between components. The red, green and black are operat ions. 

Using s imulat ion, i t  would be possib le to ver i fy that th is schedule works 
as expected, i f  the f lu ids are moving between components as expected 
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and i f  components conta in the f lu ids that are expected. One example 
could be the mix operat ion; a mix operat ion needs two f lu ids to operate 
correct ly. From the schedule above i t  is d i f f icu l t  to see i f  there are two 
f lu ids in the mixers when the operat ions are executed. At the moment 
no s imulat ion method is able to present and ver i fy th is schedule on a 
v i r tual f low-based microf lu id ic biochip.  
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C H A P T E R  4  F L O W - B A S E D  B I O C H I P  S I M U L A T I O N  

Based on the system model presented in Chapter 2 and the 
mot ivat ional example in Chapter 3, th is chapter proposes a method to 
s imulate the logic of f low-based microf lu id ic biochips. The mot ivat ional 
example and the biochip s imulator are ut i l ized to expla in the s imulat ion 
method at user level.  A graphical representat ion of the s imulat ion 
method is presented in F igure 18.  

 
F igure 18 – Deta i led s imulat ion workf low 

The s imulat ion method is presented as a workf low where the Simulator  
and Scheduler  exchange informat ion. The aim was to develop a 
s imulat ion method that involves more than v isual izat ion of schedules on 
a v i r tual b iochip. This method includes biochip archi tecture and 
biochemical appl icat ion design. Besides the v isual izat ion of a s imulat ion, 
a method to generate contro l  data for a s imulat ion is a lso included. 

F i rst, the Scheduler should be able to load a biochip Archi tecture Model 
and a biochemical Appl icat ion Model. These models are designed 
ut i l iz ing the Simulator . Next, the Scheduler generates a Simulat ion 
Model, based on the loaded archi tecture and biochemical models. The 
Simulat ion Model is loaded into the Simulator , which v isual izes the 
Simulat ion Model of the biochemical Appl icat ion Model executed on the 
biochip Archi tecture Model. Whi le s imulat ing, a Contro l  Data Model is 
generated which  contains re levant s imulat ion data that enables further 
ver i f icat ion of the Simulat ion Model . The data model a lso conta ins usefu l  
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informat ion that can be fed to a biochip contro l ler to automat ical ly 
execute the appl icat ion on a biochip. Designers can also opt imize thei r  
solut ion further ut i l iz ing the data. 

S E C T I O N  4 . 1  A R C H I T E C T U R E  D E S I G N  

To s imulate a f low-based biochip, an archi tecture design has to be 
created. The biochip archi tecture design is performed using a drawing 
board shown to the r ight and tools shown to the lef t  in F igure 19. 

 
F igure 19 - B iochip S imulator screenshot.  B iochip drawing board. 

A biochip has parameters, which inf luence the f lu id f low in biochips. An 
important parameter is the speed of f lu id f lows on the biochip, cal led 
f low rate. Since the s imulat ion method is used for a logical 
representat ion, the archi tecture design has one f low rate that is used 
for a l l  f lu id f lows. I t  is possib le to change the f lu id f low rate, but the f low 
rate appl ies to a l l  f lows in the biochip. One could argue that the f lu ids 
have di f ferent densi ty, but th is is considered out of scope, s ince the 
focus in th is thesis is the logic of f low-based biochips. F low-based 
biochips ut i l ize the meter ing  method descr ibed in Sect ion 2.1, which 
introduces a Unit length  parameter. The uni t  length parameter 
represents the f lu id samples that the biochip operates with. A biochip 
a lso has dimensions; the archi tecture design is based on two- layered 
biochips (one f low- and contro l  layer), which means that a width and 
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length parameter is needed. The biochip parameters are customizable 
and can be set using a property v iew, as shown in F igure 20. 

 
F igure 20 - B iochip S imulator screenshot.  Property V iew. 

This biochip has a width and length of 10 mm. The components 
operate with f lu id ic samples with a uni t  length of 500 µm. The f low rate 
is 10 mm/second and the chip is named Biochip1. 
SECTION 4.1.1  BIOCHIP COMPONENTS 
The archi tecture design is based on f low-based components, which can 
be placed at any posi t ion on the biochip. The archi tecture design 
method conta ins eight components in a component l ibrary. Al l  
components are descr ibed in deta i l  in Appendix  A. The l ist of 
components are shown below: 

• Mixer – Mixes two f lu id ic samples 
• Storage – Stores up to e ight f lu id ic samples 
• Fi l ter – F i l ters a f lu id ic sample 
• Heater – Heats a f lu id ic sample 
• Detector – Detect ion process of a f lu id ic sample 
• Input source – Enables an input of f lu id ic samples  
• Output – Enables an output of f lu id ic samples 
• Switch – Directs a f lu id ic sample f low 

The components are added to the drawing board using drag and drop. 
Al l  avai lable components are accessib le in a toolbox as shown in F igure 
21. 
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F igure 21 - B iochip S imulator screenshot.  Component l ibrary. 

By dragging the components f rom the toolbox to the biochip drawing 
board the addit ion of b iochip components is possib le. Al l  component 
propert ies can be set using a property v iew, as shown in F igure 22. 

 
(a) Propert ies for the component, S1 

 

 

 

 

(b) Graphica l  representat ion 

F igure 22 – Biochip S imulator screenshot.  Component propert ies 

The property v iew (F igure 22.a) a l lows the designer to customize the 
component (F igure 22.b), by select ing a name for the component, 
select ing the pressure sources that i ts micro valves are connected to 
and specia l  propert ies for the indiv idual component - in th is example the 
di rect ions that the switch can di rect a f lu id ic sample f low. Another 
example could be the input source component where the f lu id ic 
samples can be customized, by f lu id name and color. 
SECTION 4.1.2  BIOCHIP COMPONENT CONNECTION  
The movement of f lu id samples in a biochip depends on a network of 
channels between the components. Therefore i t  must be possib le to 
def ine th is network. A connect ion channel must know which 
components i t  connects. Since some components, e.g., a switch can 
have mult ip le connect ions, the connect ion channel must have a 
connect ion point associated with a component. The component 
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connect ion point can have three funct ions. I t  can ei ther be an input 
point, output point or two-way point. The point type depends on the 
component; for example, input source components cannot have f lu id ic 
f low enter ing the component, the input source component only conta ins 
connect ion points that a l low f lu id ic f low leav ing the component. The 
connect ion channels are created using a drawing feature as shown in 
F igure 23. 

 
F igure 23 - B iochip S imulator screenshot. Connect ion channel creat ion (b lue points are 

connect ion points) .  

The drawing feature a l lows the designer to c l ick a connect ion point 
(b lue dots) and then drag the connect ion channel to another connect ion 
point. When al l  components and the connect ion network have been 
created, the biochip archi tecture design is f in ished. A fu l ly developed 
v i r tual b iochip could look as shown in F igure 24, th is is a lso the 
archi tecture used in the mot ivat ional example in Chapter 3. 

 
F igure 24 - B iochip S imulator screenshot.  F ina l ized b iochip arch i tecture 
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SECTION 4.1.3  EXECUTION TIME 
Al l  f lu id ic f lows in the biochip have an execut ion t ime. These execut ion 
t imes inf luence the produced schedule for a biochip archi tecture 
design; i t  is therefore possib le to see al l  f low execut ion t imes for a 
biochip archi tecture design. See Figure 25. 

 
F igure 25 - B iochip S imulator screenshot.  F low execut ion t imes 

For example, the execut ion t ime for a f low between Heater1 and S9 
takes 1 second. In th is archi tecture the f lu id ic f low takes 0.1 second in 
Heater1 . Because of the high f low rate 10 mm/second the execut ion 
t ime in switches are c lose to 0 seconds. 

The drag feature a l lows the designer to drag components and get a 
new f low execut ion t ime. I t  is a lso possib le to change the biochip 
parameters, f low rate or uni t  length, and quick ly see the consequences. 
An example is shown in F igure 26 
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F igure 26 - B iochip S imulator screenshot. Transport ca lcu lat ion where component out1 is 

moved. 

Out1 has been moved and the consequence is an increased transport 
t ime f rom S10 to Out1 the execut ion t ime is increased from 0.4 second 
to 0.6 second.  
SECTION 4.1.4  BIOCHIP FLOW PATH TABLE 
Al l  f low possib i l i t ies on a f ina l ized biochip archi tecture design can be 
calculated and put in a f low path table. This f low path table is the actual 
archi tecture model that schedulers ut i l ize to schedule operat ions and 
f lows executed on the biochip. An example of the archi tecture model 
f rom the s imulator is shown in F igure 27. 

 
F igure 27 - B iochip S imulator screenshot.  Example f low path sets 

The archi tecture model can be ser ia l ized to an XML f i le, which can be 
used by schedulers. Al l  f i le formats are avai lable in Appendix  B. 

S E C T I O N  4 . 2  A P P L I C A T I O N  D E S I G N  

The s imulat ion method enables the creat ion of b iochemical appl icat ions. 
A designer is able to create biochemical appl icat ions by means of an 
integrated tool in the s imulator. The same technology used for b iochip 
archi tecture design is ut i l ized for the creat ion of b iochemical 
appl icat ions. The appl icat ions are created on a drawing board as shown 
in F igure 28. 
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F igure 28 - B iochip S imulator screenshot.  Appl icat ion drawing board. 

By dragging operat ion components f rom the toolbox to the drawing 
board, appl icat ion operat ions are added to the biochemical appl icat ion. 
Al l  operat ion propert ies are set in a property v iew as shown in F igure 
29. 

 

 

(a) Property v iew (b) Operat ion Component 

 F igure 29 - B iochip S imulator screenshots.  Operat ion propert ies. 

The property v iew (F igure 29.a) a l lows the designer to customize the 
operat ion component (F igure 29.b) by select ing a unique name, an 
operat ion type and an execut ion t ime. This operat ion, for example, is 
cal led O1, the operat ion type is a mix operat ion and i t  is performed for 
3 seconds. The predecessors for the operat ions are set by drawing 
connect ions between the operat ion components. An example of a 
biochemical appl icat ion is shown in F igure 30. 



B ioch ip  S imu la to r   
F low-Based  M ic ro f l u id i c  B ioch ip  S imu la t i on  

 
 

37 

 
F igure 30 - B iochip S imulator screenshot.  F ina l ized b iochemica l appl icat ion. 

The biochemical appl icat ion model can be ser ia l ized to an XML f i le, 
which can be used by schedulers. Al l  f i le formats are avai lable in 
Appendix  B. 

S E C T I O N  4 . 3  V I S U A L I Z E  S I M U L A T I O N  

To s imulate the resul ts f rom schedulers a s imulat ion model is needed. 
This s imulat ion model is generated by the scheduler, which ut i l izes the 
informat ion f rom the biochip archi tecture model and biochemical 
appl icat ion model, to produce schedules. 

A s imulat ion model produced by a scheduler conta ins the fo l lowing 
informat ion. 

A l ist of f low paths which consist of: 

• A reference to a f low path set in a archi tecture model 
• A start t ime that states when the movement of a f lu id should be 

performed. 

The above-ment ioned elements in the s imulat ion model only deal wi th 
the movement of f lu id ic samples. There are a lso elements that deals 
with the operat ions e.g. mix, heat, f i l ter or detect. An operat ion element 
consist of: 
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• A reference to the operat ion ident i f icat ion in the appl icat ion model 
• A reference to the component that should perform the operat ion. 
• An execut ion t ime that states for how long the operat ion should 

be performed. 
• A start t ime that states when the operat ion should start.  

The s imulator de-ser ia l izes s imulat ion models and converts the f lows 
and operat ions in the model into s imulat ion steps that v isual ize the 
processes on the v i r tual b iochip archi tecture. The s imulat ion model can 
be de-ser ia l ized f rom an XML f i le. Al l  f i le formats are avai lable in 
Appendix  B.  

By a play and step mechanism a v isual izat ion of a loaded simulat ion 
model is possib le. An example is shown in F igure 31. 

 
F igure 31 - B iochip S imulator screenshot. A s imulat ion where mult ip le operat ions are executed 

on a b ioch ip arch i tecture. The contro l  layer ( red) and s ink layer (b lack) is shown as extra 
in format ion. 

The f igure shows how two f low paths are executed (b lue f lu id 
t ransported to mixer2 and yel low f lu id t ransported to mixer1) and an 
operat ion in mixer3. The black l ines mark the s ink paths and the red 
contro l  layer marks the valve act ivat ion. As shown in the f igure the s ink 
path ends in the mixers. This is possib le because al l  components are 



B ioch ip  S imu la to r   
F low-Based  M ic ro f l u id i c  B ioch ip  S imu la t i on  

 
 

39 

equipped with an input source and an output s ink to absorb the 
pressure. This feature s impl i f ies the schedul ing, s ince a s ink path and a 
f low path can be the same. 

At the same t ime the biochemical appl icat ion v iew is updated, showing 
that operat ion O4 is execut ing, as shown in F igure 32. 

  
F igure 32 - B iochip S imulator screenshot.  A b iochemica l appl icat ion, where an operat ion is 

h igh l ighted because the execut ion has been star ted. 

The v isual izat ion method enables the designer to select which features 
to show dur ing the s imulat ion. I t  is possib le to h ide the s ink path, 
contro l  layer and biochemical appl icat ion model dur ing a s imulat ion. 

S E C T I O N  4 . 4  C O N T R O L  D A T A  G E N E R A T I O N  

Besides the v isual izat ion of a s imulat ion model th is s imulat ion method 
also ver i f ies the correctness of schedules by data generat ion. The 
contro l  data model conta ins informat ion that could support the process 
of opt imiz ing biochips and schedulers further. Using the contro l  data 
model makes i t  possib le to go back and forth in a s imulat ion model to 
get a snapshot of the operat ions and f lows executed. This can support 
the ver i f icat ion of the micro valve states and f lu id ic samples that are 
moved between components. The contro l  data model conta ins the 
fo l lowing informat ion. 

• Execut ion t ime 
• Flow path components 
• Sink path components 
• Executed operat ions 
• Open and closed micro valves 
• Flu id ic informat ion 
• Automated Rout ing ver i f icat ion 
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Biochips are l imi ted in many ways; one is the spacing between contro l  
channels. Micro valve contro l  data makes i t  possib le to opt imize the use 
of pressure sources and contro l  channels. One example could be i f  two 
micro valves are c losed and open at the same t ime through a 
s imulat ion, they could ut i l ize the same pressure source and thereby 
min imize the use of contro l  channel length. The micro valve data could 
a lso be fed into a biochip contro l ler to auto-execute the appl icat ion. An 
example of the data in the micro valve contro l  table is shown in F igure 
33. 

 
F igure 33 - B iochip S imulator screenshot.  Micro va lve contro l  tab le 

The contro l  data model ver i f ies a schedule using automated ver i f icat ion. 
In th is s imulat ion method an automated ver i f icat ion of path col l is ions has 
been implemented. The automat ic ver i f icat ion not i f ies the designers 
about f low col l is ions. One could argue that there are other types of 
errors. I f  fu l ly automated ver i f icat ion of schedules should be performed, 
a ver i f icat ion model could be developed where a l l  ver i f icat ion 
parameters are descr ibed and implemented l ike the col l is ion ver i f icat ion. 
An example of the col l is ion detect ion is shown in F igure 34 and Figure 
35. 

 
F igure 34 – Biochip S imulator screenshot. Path co l l is ion. 
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F igure 35 - B iochip S imulator screenshot. F low col l is ion error v iew. 

The f igure c lear ly shows that the two f lu id ic movements are col l id ing. 
The blue and yel low f lu ids are about to col l ide in the switch (s1). The 
switch has act ivated micro valves that contradict the basic funct ions in 
the biochip archi tecture system model. 

The contro l  data model a lso a l lows a designer to inspect each 
s imulat ion step by means of a log. The log is shown in F igure 36. 

 
F igure 36 - B iochip S imulator screenshot. S imulat ion log. 

Here a l l  data f rom the s imulat ion steps shown. I t  is possib le to see the 
f lu id ic sample informat ion. I t  is a lso possib le to watch the f low path and 
sink path. Micro valve contro l  data is a lso shown. Operat ion informat ion 
is a lso shown. For example, O4, that mixes the f lu ids F1 and F2.  

S E C T I O N  4 . 5  S U M M A R Y  

A method and tool to s imulate the logic of f low-based microf lu id ic 
biochips has been presented at user level. A method for designing 
biochip archi tecture has been developed and var ious parameters in the 
archi tectura l  design have been presented. A method to connect the 
components in a network of channels has been descr ibed and a 
method to create biochemical appl icat ion has been prov ided. The 
biochemical appl icat ions are created using operat ion components with 
dynamic execut ion t ime and select ive predecessors. A s imulat ion model 
has been descr ibed. The s imulat ion model supports the idea behind 
schedulers and the ut i l ized archi tecture and appl icat ion model. The 
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s imulat ion model a lso supports graphical representat ion in the s imulator. 
The last model, the contro l  data model, enables a designer to rev iew 
simulat ion data, which could be used for further opt imizat ion and 
ver i f icat ion of a given s imulat ion model. 
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C H A P T E R  5  I M P L E M E N T A T I O N  

This chapter descr ibes how the s imulat ion method and Biochip 
Simulator was implemented. The s imulator has many funct ions; biochip 
archi tecture design, extract ion of f low possib i l i t ies, b iochemical 
appl icat ion design, v isual izat ion of operat ions and f lows performed on a 
v i r tual b iochip and the abi l i ty to present re levant data f rom a s imulat ion. 
To expla in how the s imulator was implemented a high- level UML design 
diagram, shown in F igure 37, is used.   

 
F igure 37 – High- leve l  UML des ign d iagram 

The high- level design diagram does not show al l  methods and classes 
with in the implementat ion of the s imulator. The intent ion with the 
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diagram is to show the overa l l  implementat ion and thereby ref lect the 
s imulat ion method presented in Chapter 4. The class, MainWindow can 
be considered as the main c lass in the implementat ion. MainWindow  
implements a graphical user inter face (GUI) in the s imulator. The GUI 
enables the creat ion of b iochip archi tectures, by conta in ing a Canvas , 
which can be considered as the drawing board where biochips are 
designed by adding connect ion channels (Connector) and components 
implement ing the inter face IArcComponent . IArcComponent is an 
inter face that a l lows the contro l  and customizat ion of components 
added to the Canvas . The components are contro l led using the 
ComPropert ies  and ComContro l ler  c lasses, which have EventHandlers 
that invokes Update  methods each t ime a property is changed. The 
ConPropert ies  and ConContro l ler classes contro l  the Connector  c lass. 
The advantage of hav ing separated the contro l ler and propert ies is the 
abi l i ty to XML ser ia l ize , which al lows the s imulator to convert objects 
into XML f i les. Having the contro l ler and propert ies  classes also 
separates the implementat ion in a presentat ion and data layer, which 
should make the implementat ion more logic and easy to understand for 
other developers. 

When a biochip archi tecture design has been created, the f low path 
possib i l i t ies are created using the GenerateFlowPathSets method 
avai lable in the MainWindow  c lass. The f low path possib i l i t ies are then 
displayable in the v iew FlowPathSetsView  and ready to be exported into 
XML f i les that are ut i l ized by schedulers.  

Biochemical appl icat ions are created using the Appl icat ionGraphView 
where the method GenerateAppl icat ion is avai lable. The 
Appl icat ionGraphView  conta ins a Canvas , which can be considered a 
drawing board for b iochemical appl icat ion models. The drawing board 
has a l ist of operat ions, which is used by the method that generates the 
appl icat ion model. Here XML ser ia l iz ing is used again to convert the 
appl icat ion models into XML f i les for schedulers. 

When a biochip archi tecture and biochemical appl icat ion model has 
been produced using the s imulator, and the scheduler has generated a 
s imulat ion model as descr ibed in Sect ion 4.3, the s imulat ion model is 
fed into the s imulator, which uses XML ser ia l iz ing to de-ser ia l ize the 
model. The s imulator then uses the GenerateSimulat ion and 
GenerateContro lData methods avai lable in the MainWindow c lass to 
generate a v isual izat ion of the s imulat ion model and generate the 
s imulat ion contro l  data. 
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The contro l  data is loaded into severa l  v iews, a LogView showing each 
s imulat ion step, a ValveTableView showing the valve contro l  data, and 
an ErrorView showing col l is ion error data. 

Al l  XML f i le formats are descr ibed in deta i l  in Appendix  B. The 
implementat ion of the s imulator is performed using Windows 
programming; here WPF, XAML and C# have been used (Petzold, 
2006). 

S E C T I O N  5 . 1  B I O C H I P  A R C H I T E C T U R E  D E S I G N  

This sect ion wi l l  descr ibe the centra l  implementat ion elements for the 
biochip archi tecture design feature. 

The s imulator enables the creat ion of b iochip archi tecture design by 
drag and drop f rom a component l ibrary to a drawing board. By drawing 
connect ion channels between components a network of f low 
possib i l i t ies can be created. The drag and drop feature makes i t  easier 
for the designer to create biochip archi tectures and change the 
archi tecture model as shown in Sect ion 4.1. Al l  the drag and drop 
features, enabl ing the biochip archi tecture design method has been 
implemented in the MainWindow class. 

The implemented biochip archi tecture design method al lows designers 
to set the f low rate, uni t  length, width and length of a biochip, where a l l  
d istances in the biochip archi tecture are calculated with the assumpt ion 
that one pixe l is equal to 25 µm. These parameters are set as 
propert ies in an archi tecture c lass, cal led Archi tecture shown in F igure 
38. 

 
F igure 38 - Arch i tecture Class 

The ID represents the name of the biochip design. FlowRate , represents 
the speed that f lu id ic samples move with. UnitLenght, represents the 
f lu id ic sample length that the biochip operates with. Width  and Length 
represents the dimensions of the biochip. The ListOfComponents and 
ListOfConnectors represent two l ists conta in ing the property c lasses 
(ConPropert ies  and ComPropert ies )  f rom components and connect ion 
channels avai lable on the biochip. 
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SECTION 5.1.1  COMPONENT DEVELOPMENT 
The structure of a component is d iv ided into f ive layers. The graphical 
presentat ion layer f rom the storage component is shown in F igure 39.  

 
F igure 39 - Layers in the storage component 

in the s imulator 

• In format ion Layer ( labels) 
• Connect ion layer (Blue) 
• Contro l  Layer (Red) 
• Flow Layer (Gray) 
• Sink Layer (Black) 

 

The informat ion layer ( label )  is p laced on top of the other layers and 
conta ins informat ion labels, showing ident i f icat ion or t ransport t ime. The 
connect ion layer (b lue) conta ins connect ion points placed on the 
component, which a l lows connect ion channels to col lect informat ion 
about the component and the connect ion point types ( Input, output or 
two-way points), as expla ined in Sect ion 4.1.2. The contro l  layer ( red) 
conta ins the micro valves contro l l ing the component. The f low layer  
(gray) shows the f lu id ic f low channels ins ide the component. The s ink 
layer (b lack) shows the transport d i rect ion and pressur ized channels. To 
make a s imulat ion more customizable a l l  layers, except the f low layer, 
are h id able. The v is ib i l i ty of the layers is contro l led using the 
component contro l ler, ComContro l ler . Al l  components in the s imulator 
are implemented with an input source and output opt ion (b lack layer), 
which have been implemented to s impl i fy the process of calculat ing f low 
possib i l i t ies on the biochip. 

Al l  components implement an inter face, IArcComponent that a l lows the 
s imulat ion method to contro l  and change the propert ies avai lable in the 
ComContro l ler  and ComPropert ies  c lasses. This inter face al lows al l  
components to be contro l led in the same way, which makes the 
v isual izat ion of a s imulat ion and the creat ion of b iochip archi tecture 
designs easier. The fact that a l l  components are contro l led in the same 
way also makes i t  easier to add new components to the component 
l ibrary. 

I f  a designer wishes to add a new component, a copy of any other 
component in the s imulator could be used as a template. The new 
component wi l l  however have to be customized v isual ly, using XAML 
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(Petzold, 2006). I f  the component has phases contro l led by micro 
valves, these wi l l  have to be changed using C# (Petzold, 2006).  A new 
component basical ly works as the fo l lowing class, shown in F igure 40. 

 
F igure 40 - New Component Class 

The NewComponent class is not a real component, but i l lustrates how 
components in the s imulator are implemented. The NewComponent 
class has a ComContro l ler  and a ComPropert ies  property (Contro l ler  
and Propert ies ) ;  these are set when the component is in i t ia l ized. I f  they 
are changed an event wi l l  occur and the update methods are executed. 
For example, i f  a f lu id ic sample is set in the Contro l ler , the component 
wi l l  be not i f ied, and the EventContro l lerChanged  method wi l l  execute; 
here the UpdateFlowLayer  method is cal led and the component wi l l  be 
updated v isual ly, showing the f lu id ic sample in the f low channel. 

When a new component has been added to the s imulator, the 
mechanism for adding components to the drawing board in the 
MainWindow class wi l l  a lso have to be updated. I f  the new component 
performs an operat ion ( l ike a mixer, heater, f i l ter or detector), the l ist of 
avai lable operat ions wi l l  have to be updated, with the name of the 
operat ion as wel l .   

SECTION 5.1.2  COMPONENT PROPERTIES 
The ComPropert ies  c lass conta ins the key informat ion for a biochip 
archi tecture design, for example, posi t ion informat ion. The 
ComPropert ies  c lass holds a posi t ion for a component; the posi t ioning 
is based on coordinate system theory, where components have a y-ax is 
and x-ax is posi t ion. When a drag on the drawing board has been 
performed, the posi t ion property wi l l  be updated with a new posi t ion. 
The ComPropert ies  c lass a lso conta ins the valve ident i t ies, which can 
be manipulated through the property v iew in the s imulator, presented in 
Sect ion 4.1.1. Micro valve ident i f icat ions are named after thei r  pressure 
source, which means i t  is possib le to act ivate one or more micro valves 
with one pressure source using the ComContro l ler class. Al l  propert ies 
for a component are located in the ComPropert ies  c lass. 
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SECTION 5.1.3  CONNECTION CHANNELS 
The implementat ion of the connect ion channels is s imi lar to the 
component implementat ion with a few except ions. The concept of 
hav ing a contro l ler and propert ies c lass has been used again. The 
ConContro l ler  and ConPropert ies c lasses have been implemented as 
shown in the high- level UML diagram, shown in F igure 37. One of the 
di f ferences f rom the component implementat ion is the informat ion that 
connect ion channels need, e.g. end point informat ion. The connect ion 
channels a lso need informat ion about the components i t  connects. The 
connect ion channels do not have phases or micro valves. The 
ConContro l ler is therefore only needs a method to hold a f lu id sample. 

SECTION 5.1.4  SAVE AND LOAD ARCHITECTURE DESIGNS 
The simulator implementat ion enables designers to save and load thei r  
work. When a biochip archi tecture designs has been created, the 
ComPropert ies and ConPropert ies  c lasses can be saved in an XML f i le, 
which can be loaded into the s imulator at any t ime using XML 
ser ia l izat ion. This feature permits auto-generated biochip archi tecture 
designs to be loaded, the auto-generated biochip archi tectures can be 
created in another tool, which uses opt imizat ion methods to create 
opt imized archi tectures for chemical appl icat ions. This feature makes 
the s imulator more usefu l  for designers interested in the biochip 
archi tecture design. 

S E C T I O N  5 . 2  A R C H I T E C T U R E  M O D E L  

When a biochip archi tecture design has been created in or loaded into 
the s imulator, an archi tecture model has to be created. As ment ioned, 
schedulers use an archi tecture model to produce schedules of 
operat ions to execute on a biochip. The archi tecture model conta ins the 
f low possib i l i t ies on a biochip. An algor i thm that enables the s imulator to 
col lect a l l  f low possib i l i t ies on the biochip has been developed. The f low 
possib i l i t ies are generated ut i l iz ing the a lgor i thms presented below. 

Algorithm 1. An algorithm that utilize algorithm 2 to find all 
flow possibilities on a biochip including micro valve, phase 
information and routing constraints. 

Function GenerateFlowPathSets 
 For all C ∈ Components Do 

 If C can create input then 
  Initialize FlowPathSet 
  FindPaths(C, FlowPathSet)(Algorithm 2) 
 End if 
End for 
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  For all F1 ∈ flowpathsets Do 
 For all C ∈ F1.components Do 
  If C is connection component Then 
   F1.add(valve combination information) 
  Else 
   For all Phase ∈ C.Phases Do 
    F2 = CloneFlowPath(F1) 
    F2.identification = new identification 
    Flowpathsets.add(F2) 
   End for 
  End if 
 End for 
End for 
For all F1 ∈ flowpathsets Do 
 For all F2 ∈ flowpathsets Do 
  For all C ∈ F2.Components Do 
   If F1.Components.contains(C) Then 
    F1.RoutingConstraints.Add(F2) 
   End if 
  End for 
 End for 
End for 

End function 

 
Algorithm 2. An algorithm that finds all possible flows from 
one component to all possible end components. Execution time 
is added while the algorithm is executed. 

Function FindPaths(Component C1, FlowPathSet F1) 
 F1.Components.Add(C1)  
  F1.executiontime = add calculated execution time C1 
 Connectors = findConnector(C1) 
 For all Con ∈ Connectors Do 
  C2 = Linked component to C1 where fluid input is allowed. 
  If C2 is switch component Then 
   F2 = CloneFlowPath(F1) 
      F2.executiontime = add calculated execution time C2 
   FindPaths(C2, F2) 
  Else 
    F1.Components.Add(C2) 
      F1.executiontime = add calculated execution time for C2 
   AddFlowPathToFlowPathSet(F1) 
  End if 
 End for 
End function 

 

For each component producing a pressure in a f low channel. The 
recurs ive method FindPaths , presented in Algor i thm 2 , is used to 
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produce al l  f low paths f rom the component creat ing the input pressure. 
I f  a f low path hi ts a switch, which has mult ip le f low direct ions, the f low 
path set is c loned. As ment ioned, FindPaths is a recurs ive method, the 
recurs ive method has a stop condit ion, i t  stops when a component has 
an output in the f low channel, which means the pressure in the f low 
channels can be absorbed in a s ink.  

The execut ion t ime of a f low path is calculated with in Algor i thm 2. The 
execut ion is calculated indiv idual ly for each component and then added 
to the tota l  execut ion t ime of the f low path. The execut ion t ime has 
inf luence on the schedules produced by the schedulers, whi le the 
pr ior i ty of f lu id ic movement are based on the execut ion t ime. The 
execut ion t ime of a f lu id f low in a component is calculated ut i l iz ing the 
f low rate and uni t  length propert ies f rom the biochip archi tecture, see 
Equat ion 1. 

!"#$%&'()!!"#$! ! =
!"#!!!"#$%ℎ !"

1000
!"#$!!"#$! !!!

 

Equat ion 1 - Transport t ime ca lcu lat ion for components 

The uni t  s ize in mm div ided by the f low rate in mm/s is equal to 
execut ion t ime in seconds for component f lows.  

The execut ion t ime of a f lu id move in network channels placed between 
components is calculated f rom the posi t ions as shown in F igure 41. 

 
F igure 41 - Transport t ime ca lcu lat ion for connect ion channel 

Here the length, c, between two connect ion points is calculated using 
the coordinates, (x1,y1 ) and (x2,y2 ), on the biochip archi tecture. F inal ly, 
Equat ion 1 is ut i l ized again, but instead of the uni t  s ize, c is used to 
calculate the execut ion t ime between the component connect ion points. 

When al l  f low path sets have been found, a l l  phases and valve 
combinat ions are found. The f low paths are c loned and prov ided with a 
new ident i f icat ion for each phase. E.g. i f  a f low path set has the f low 
input-switch-mixer , the mixer has 2 phases, which means there are 2 



B ioch ip  S imu la to r   
F low-Based  M ic ro f l u id i c  B ioch ip  S imu la t i on  

 
 

51 

f low possib i l i t ies, as the mixer can have f lu id ic samples in the top or 
bottom channel. The f low path set would then have the ident i f icat ions 
F1-1 where the f lu id would be stored in the top channel, and F1-2 
where the f lu id would be stored in the bottom channel.  The storage 
component is s imi lar, except there are 8 phases for inputs, which 
means there wi l l  be 8 di f ferent f low path sets, one for each store cel l  in 
the storage component. The same appl ies for a f low leav ing a mixer or 
storage - here there would be 2 f low possib i l i t ies for the mixer and 8 for 
the storage. This observat ion is important for implementat ions of 
schedulers, s ince the schedulers would have to determine the channel 
cel ls to move f lu ids to and f rom. 

The f ina l  informat ion source avai lable in the f low path set is the rout ing 
constra ints. These are generated by the use of the components added 
to the f low path sets. I f  two f low path sets use the same component, 
they cannot be executed at the same t ime, s ince thei r  pressur ized 
channels wi l l  col l ide. The ident i t ies f rom col l id ing f low path sets are 
added as rout ing constra ints for each f low path set. 

Al l  f low path sets are l isted in the FlowPathSetsView as shows in F igure 
42. 

 
F igure 42 - F lowPathSet c lass 

The f low path sets are exportable to an XML f i le that schedulers can 
use. 

S E C T I O N  5 . 3  B I O C H E M I C A L  A P P L I C A T I O N  D E S I G N  

Like the creat ion of b iochip archi tecture designs the s imulator a lso 
enables creat ion of b iochemical appl icat ions, by drag and drop f rom an 
operat ion l ibrary to a drawing board. By drawing connect ions between 
the operat ions the predecessors for an operat ion is set. This feature 
have been implemented with in the Appl icat ionGraphView class.  

L ike the biochip archi tecture components; the operat ion components 
are developed to use one property and contro l ler c lass. An operat ion 
component has four main parameters, a unique ident i f ier, an execut ion 



B ioch ip  S imu la to r   
F low-Based  M ic ro f l u id i c  B ioch ip  S imu la t ion  
 
 

52 

t ime, a l ist of predecessors and an operat ion type. These parameters 
are set in the OpPropert ies  c lass for the indiv idual Operat ion  c lass, 
using a property v iew as descr ibed in Sect ion 4.2.  

Using the OpContro l ler  i t  is possib le to show the operat ions that have 
been executed, by the use of an Act ive  method. This feature makes i t  
possib le for the designers to fo l low a biochemical appl icat ion step by 
step through a s imulat ion.  

The operat ions avai lable in the s imulator depend on the components in 
the component l ibrary. A l ist of the avai lable operat ions is shown below: 

• Fi l ter 
• Detect 
• Heat 
• Mix 

New operat ions are added by the addit ion of new components. The 
process of adding components is descr ibed in Sect ion 5.1.1. 

S E C T I O N  5 . 4  V I S U A L I Z E  S I M U L A T I O N   

The v isual izat ion of a s imulat ion model is the core funct ion in the 
s imulator. The v isual izat ion method enables the convers ion of s imulat ion 
models f rom schedulers into s imulat ion states of f lu id f lows and 
operat ions on a v i r tual b iochip archi tecture in the s imulator. 

The implemented v isual izat ion method is based on the pseudo code 
presented in Algor i thm 3 below.  
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Algorithm 3. An algorithm generating simulation states, which 
can be used for visualization of a simulation model loaded 
into the Biochip Simulator. 

Function GenerateSimulation 
 lsSteps = Initialize List Of Simulation Steps 
 tmpFlow = Initialize temp Flow Path Set 
 lsRunningSteps = Initialize List Of Running Simulation Steps 
 For all T ∈ TimeSteps Do 
  For all S ∈ SimulationModel.SimulationSteps Do 
   If S.StartTime = T Then 
    tmpFlow = Findflow(S.flowidentification)  
    SetLayers(tmpFlow) 

    fluid = GetFluid(First component in tmpFlow) 
    For all C ∈ tmpFlow.path.Components Do 
           SimStep = initialize Simulation step 
           SimStep.Fluid = fluid 
           SimStep.FlowPathSet = tmpFlow information 

    SimStep.ComponentInUse = C 
    SimStep.StartTime = Calculated Start Time 
    SimStep.EndTime = Calculated End Time 

      lsStep.Add(SimStep) 
   End for 
   SetFluid(Last component in tmpFlow, fluid) 

   End if 
  End for 
     FindRunningSteps(lsRunningSteps, lsStep, T) 
     FindCollisions(lsRunningSteps, T) 
     UpdateAllMicroValves(lsRunninSteps, T) 
     ListOfControllers = GetAllComponentControllers() 
     SimulationStates.Add(ListOfControllers); 
 End for 
End function 

 

The algor i thm uses t ime steps to i terate through a s imulat ion model. For 
each t ime step a check for s imulat ion model steps to execute is 
performed. When a s imulat ion model step matches a t ime step, a f low 
path set is found and the layers are set (s ink and contro l  layer). The 
setup of the contro l  layer changes the phases of a l l  components in the 
s ink path. This means that a pressure f rom the input to the output 
component can be created. The f lu id used in the f low is set using the 
f i rst component in the f low path. Now that the f lu id and contro l  layer has 
been set, a s imulat ion step is created for each component in the f low 
path. In each s imulat ion step, the component in use, execut ion start 
t ime, execut ion end-t ime, and f lu id informat ion is set. The s imulat ion 
step is then added to the l ist of s imulat ion steps. The last component in 
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the f low is updated to conta in the processed f lu id. This a l lows a new 
f low from the last component later on. 

Now, when al l  s imulat ion steps have been created, a l ist of running 
s imulat ion steps is updated. I f  any, the col l is ion data f rom the running 
s imulat ion steps is col lected and stored. Al l  micro valve informat ion is 
updated and stored, and al l  contro l lers for the components are 
col lected and stored in a l ist of contro l lers. This means that a state for 
each component is stored for each t ime step in the s imulat ion model.  

S E C T I O N  5 . 5  D A T A  C O N T R O L  G E N E R A T I O N  

The s imulator includes contro l  data generat ion, which can be used for 
further opt imizat ion and ver i f icat ion. Using the contro l  data for micro 
valve pressure opt imizat ion is one part where the data could be usefu l .  
Al l  data generat ion for the s imulator data v iews are created dur ing the 
s imulat ion v isual izat ion. 

SECTION 5.5.1  LOG  
Al l  act iv i ty in a s imulat ion is stored in a log. The act iv i t ies f rom a 
s imulat ion are loaded into a View, LogView class. The data loaded into 
the s imulator are selected parts f rom the s imulat ion steps generated 
dur ing the creat ion of the v isual izat ion of the s imulat ion. This v iew is 
usefu l ,  for example, when the f lu id informat ion of an operat ion has to be 
ver i f ied. The use of the log v iew has been descr ibed in Sect ion 4.4. 
The class used for logging is shown in F igure 43 

 
F igure 43 - Log c lass 

The class holds the fo l lowing informat ion. StartT ime  holds the s imulat ion 
step execut ion t ime. FlowIdent i f icat ion  holds the ident i f icat ion name of 
the f low path set, for example F31-1. FlowPath  holds the component 
ident i t ies that the f lu id ic sample passes. SinkPath  holds the 
components ident i t ies, f rom pressure source to s ink. ClosedValves  
holds the act ive pressures source ident i t ies . OpenValves  holds the 
pressures source ident i t ies that have to be none act ive . Final ly, 
Flu id ic Informat ion holds informat ion of the f lu id ic sample used at the 
speci f ied start t ime. 
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SECTION 5.5.2  MICRO VALVE CONTROL DATA 
The valve contro l  data is shown in a table, ValveTableView ; here are the 
data for c losed, open, and unused valve pressure sources stored. The 
ValveTableView  holds the micro valve contro l  data for each t ime step in 
a s imulat ion. The data is generated dur ing the v isual izat ion of the 
s imulat ion, using the f low path set informat ion. 

The valve contro l  data v iew is generated using a l l  pressure source 
ident i f icat ions. These are set in the ValveTableView  c lass. For each t ime 
step in a s imulat ion a Valves  c lass is in i t ia l ized. The Valves  c lass is 
shown in F igure 44. 

 
F igure 44 - Va lves Class 

A l l  open valves for a t ime step are set in a l ist of OpenValves  and al l  
c losed valves for the same t ime step are set in a l ist of ClosedValves. In 
the ValveTableView  c lass the open and closed valves are marked and 
the rest of the valves are marked as f ree sources. In th is way a designer 
can observe the patterns and other act iv i t ies in the contro l  layer in 
biochips. The micro valve data could a lso be fed into a biochip 
contro l ler to auto-execute the appl icat ion or used for further 
opt imizat ion, where more valves could be connected to the same 
pressure source, and reduce the tota l  length of contro l  channels in the 
biochip. 
SECTION 5.5.3  AUTOMATED VERIFICATION 
The simulator has an automated ver i f icat ion mechanism that ver i f ies the 
correctness of a schedule by checking the f low path execut ion for 
col l is ions. The ver i f icat ion is performed when the v isual izat ion of the 
s imulat ion is performed. For each t ime step in the s imulat ion, a 
ver i f icat ion of the running f low paths and the rout ing constra ints is 
performed. By a compar ison of the f low path set ident i f ier and the sets 
of rout ing constra ints th is ver i f icat ion can be performed.  

I f ,  e.g. the f low path sets F1-1 and F31-1 are executed at the same 
t ime, the s imulat ion v isual izat ion method checks the rout ing constra ints 
for F1-1 for the F31-1 ident i ty. I f  F31-1 is found in the constra ints, a 
col l is ion error object wi l l  be in i t ia l ized and added to the l ist of col l is ion 
errors in the ErrorView  c lass. The col l is ion error c lass is shown in F igure 
45. 
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F igure 45 - Col l is ion Class 

A col l is ion t ime is stored in the property Col l is ionTime . A Col l is ion  a lso 
holds the informat ion of the two f low path sets that are col l id ing, in 
FlowPathIdent i ty1  and FlowPathIdent i ty2 . The s ink paths are a lso stored 
in SinkPath1  and SinkPath2. The automated ver i f icat ion is helpfu l ,  when 
the biochip designs and biochemical appl icat ions become more 
complex, s ince the ver i f icat ion is di f f icu l t  just by the v isual izat ion. The 
automated ver i f icat ion mechanism helps the designer to f ind the places 
in a s imulat ion, where col l is ions occur. 

S E C T I O N  5 . 6  S U M M A R Y  

The implementat ion of the Biochip Simulator includes more than 
v isual izat ion of schedules produced by schedulers. Methods to create 
biochip archi tecture designs and biochemical appl icat ions have been 
implemented. The creat ion of b iochip archi tectures and chemical 
appl icat ion includes the implementat ion of e ight components, a 
connect ion mechanism and a mechanism that a l lows designers to draw 
chemical appl icat ion graphs. An algor i thm analyz ing the f low possib i l i t ies 
on a biochip has been descr ibed and implemented. The f low 
possib i l i t ies are presented in a table v iew and the possib i l i ty to save al l  
in format ion in f i les has been implemented. A method that enables 
v isual izat ion of schedules has been implemented. The method enables 
a graphical representat ion of schedules conta in ing operat ions and f lows 
to be executed on v i r tual b iochip archi tectures. Relevant data 
generat ion that shows important data f rom a s imulat ion has been 
implemented. The data generat ion mechanism includes automat ic 
ver i f icat ion of f low col l is ions. 
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C H A P T E R  6  E X P E R I M E N T A L  E V A L U A T I O N  

The work have been evaluated by using the s imulator and thereby the 
developed simulat ion method. This includes the creat ion of b iochip 
archi tectures and biochemical appl icat ions, the use of a scheduler to 
schedule the operat ions, ver i f icat ion of the schedule by a v isual 
presentat ion and data generat ion in the s imulator.  

The evaluat ion uses di f ferent test cases where the s imulator has been 
used to ver i fy the schedule and biochip archi tecture. Table 4 shows 
informat ion about the test cases.  The cases presented are a l l  cases 
used by the DTU scient ist team work ing with schedulers. Test case one 
in Table 4 presents the mix ing stage of a Polymerase Chain React ion 
(PCR) appl icat ion (Su & Chakrabarty, 2006).  

T e s t  
C a s e  T y p e  C o m p o n e n t s  O p e r a t i o n s  P o s s i b l e  F l o w  

P a t h  

1  Rea l  L i f e  23  7  42  

2  Syn the t i c  16  10  23  

3  Syn the t i c  36  20  66  

4  Syn the t i c  52  30  92  

Table 4 - Test Cases In format ion 

A l l  cases have been executed and a v ideo recording has been made. 
The recordings are avai lable on the thesis home page, 
https://s i tes.google.com/si te/biochipsimulator/evaluat ion-test-cases, 
located under the evaluat ion pages. Al l  test cases were tested using 
the same workf low, which is presented below using test case 2. 

In F igure 46 a handmade drawing is shown. The drawing was made 
dur ing a test of the scheduler produced at DTU. The drawing includes 
the appl icat ion graph and the biochip archi tecture for test case 2.  
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F igure 46 - Handmade b iochip arch i tecture des ign 

The archi tecture fo l lows the structure of the biochemical appl icat ion. 
Which means that each operat ion in the biochemical appl icat ion has a 
dedicated component on the biochip to perform the operat ion. 

F igure 47 shows the biochip archi tecture converted into a biochip 
archi tecture design in the s imulator and Figure 48 shows the 
biochemical appl icat ion created using the s imulator. 

 
F igure 47 - B iochip S imulator screenshot. B iochip arch i tecture des ign 

 

 

 
F igure 48 - B iochip S imulator screenshot. B iochemica l appl icat ion des ign 
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F igure 49 presents a snapshot of the f low possib i l i t ies on the biochip 
archi tecture, which is ut i l ized by the scheduler to schedule the 
operat ions and f lows to execute. Table 5 presents the schedule 
produced by the DTU scheduler. 

 
F igure 49 - B iochip S imulator screenshot. F low Path Table 

 
SCHEDULE!

Start!Time!
(s)!

Schedule$for?$
Edge$(1)/$
Operation$(0)$

Flow$Path$ID$ Associated$
Operation$
Number$

Binded$to$ Finish$Time$(s)$

0! 1$ F1W1$ O1$ MixerW1$ 2$

0! 1$ F2W1$ O2$ MixerW2$ 2$
0! 1$ F3$ O3$ HeaterW1$ 2$
2! 1$ F1W2$ O1$ MixerW1$ 4$

2! 1$ F2W2$ O2$ MixerW2$ 4$
2! 0$ WWWW$ O3$ HeaterW1$ 5$
4! 0$ WWWW$ O1$ MixerW1$ 8$

4! 0$ WWWW$ O2$ MixerW2$ 11$
8! 1$ F4W1$ O4$ FilterW1$ 10$

10! 0$ WWWW$ O4$ FilterW1$ 15$

11! 1$ F5W1$ O5$ DetectorW1$ 13$
13! 0$ WWWW$ O5$ DetectorW1$ 17$
15! 1$ F7$ O6$ HeaterW2$ 17$

17! 1$ F9W1$ O7$ MixerW3$ 19,5$
17! 0$ WWWW$ O6$ HeaterW2$ 25$

19,5! 1$ F6W2$ O7$ MixerW3$ 22,5$

22,5! 0$ WWWW$ O7$ MixerW3$ 27,5$
27,5! 1$ F10W1$ O8$ FilterW2$ 29,5$
29,5! 0$ WWWW$ O8$ FilterW2$ 31,5$

31,5! 1$ F11W1$ O9$ MixerW4$ 34$
34! 1$ F8W2$ O9$ MixerW4$ 37,5$

37,5! 0$ WWWW$ O9$ MixerW4$ 41,5$

41,5! 1$ F12W1$ O10$ DetectorW2$ 43,5$
43,5! 0$ WWWW$ O10$ DetectorW2$ 46,5$
46,5! 1$ F13$ O10$ DetectorW2$ 48,5$

Table 5 – Scheduler output. Schedule of operat ions to execute in the b iochip . 
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Using the s imulator a v isual izat ion of the schedule was made. A 
sequence of screenshots f rom the s imulat ion is shown in F igure 50. The 
schedule was successfu l ly executed. I t  was clear ly presented that 
mixers and other components only conta ined the amount of f lu ids that 
was al lowed. I t  was clear that mixers did not start mix ing f lu ids, without 
two f lu id samples with in in the mixer components. In F igure 50.a i t  is 
shown that the two f i rst mixes are performed with two f lu id samples in 
both mixers (green and blue) and a heat operat ion is performed in 
heater1 (ye l low). In F igure 50.b two f lu ids (p ink and green) are ready to 
be mixed in mixer 4. In F igure 50.c the out is t ransported f rom 
detector2 to the out component.  

   
(a) Star t  (b) Second last operat ion (c) Last f low before output 

F igure 50 - B iochip S imulator screenshots. A sequence of screenshots showing the s imulat ion. 

F igure 51, F igure 52 and Figure 53 show snapshots of the contro l  data, 
which enable further ver i f icat ion of f lu ids, micro valves, execut ion t ime, 
s ink path, f low path. I t  was clear that the operat ions with in the 
biochemical appl icat ion were performed with the expected f lu id ic 
samples. The micro valve table showed the state of a l l  micro valve 
placed on the biochip for a l l  t ime steps in the s imulat ion and there were 
no col l is ion errors in the schedule produced by the scheduler. 

 

F igure 51 - B iochip S imulator screenshot. S imulat ion log. 
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F igure 52 - B iochip S imulator screenshot. Micro Va lve contro l  data tab le. 

 

 
F igure 53 - B iochip S imulator screenshot. Col l is ion errors. 

A l l  test cases where successfu l ly tested using the funct ions avai lable in 
the s imulator. Bui ld ing biochips and biochemical appl icat ions are 
funct ions making the biochip s imulator a more hol ist ic s imulat ion tool. 
The s imulator produces contro l  data that could be fed to a real b iochip 
contro l ler to auto-execute biochemical appl icat ion. But designers should 
be aware of the design ru les and execut ion t ime for the f lows. The 
s imulator does not have the abi l i ty to design physical b iochips and the 
execut ion t ime for instance, is calculated with one f low rate for a l l  f lu ids. 
I t  is important to ment ion that the s imulator was intended to v isual ize 
the logic of f low-based microf lu id ic biochips and not produce designs 
for real b iochips. To use th is tool for physical b iochip s imulat ion the 
assumpt ions about f lu id densi ty and design ru les must be handled by 
another tool or considered into the calculat ions.  

Simulat ion makes i t  possib le to fo l low the f lu ids and the logic funct ions 
in the biochip. I t  is possib le to adjust parameters as the f low rate and 
uni t  s ize. An example where an adjustment of a parameter resul ts in a 
col l is ion is shown in F igure 54.  
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F igure 54 - B iochip S imulator screenshot. F lu id f low col l is ion.  

 

The f low rate is changed to 1 mm/s f rom 10 mm/s. The f igure c lear ly 
shows that something is wrong. Which is usefu l  informat ion for a 
schedule designer. The f lu id col l is ion is a lso shown in the col l is ion error 
v iew as shown in F igure 55. 

 
F igure 55 - B iochip S imulator screenshot. F lu id co l l is ion error v iew 

The col l is ion error v iew shows one k ind of error that typical ly occurs in 
schedules. But there are other k inds of errors; one error could be that a 
mixer t r ies to mix two f lu ids without conta in ing two f lu ids. This k ind of 
error could be shown as wel l  in the error v iew. The fact that designers 
can adjust the biochip design and the parameters enables the 
designers to f ind new ways of construct ing biochips. 

The s imulator makes i t  possib le to present the logic funct ions of f low-
based microf lu id ic biochips. Scient ists can use th is informat ion, an 
example could be that mixers and storage components have a set of 
phases or states and the schedulers should be able to pick the r ight 
state for these components. 

The usabi l i ty of the s imulator is a lso something that has been important. 
As the re lated work in Sect ion 1.1 shows the tool avai lable at the 
moment are not opt imal when larger biochips should be designed. The 
s imulator has drag and drop features a l lowing the designers to easi ly 
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use the tool and bui ld chips. The fact that f i les can be saved and 
loaded into the s imulator a lso a l lows development of other opt imizat ion 
tools. One example could be an archi tecture opt imizat ion tool, which 
fo l lows the standard f i le formats of the s imulator. 

The s imulator and s imulat ion method presents the f i rst steps in f low-
based microf lu id ic biochip s imulat ion. Scheduler designers have found 
the s imulator usefu l ;  errors and missing knowledge in the scheduler 
software have been discovered. Scheduler designers have been able to 
v isual ize thei r  work and thereby ver i fy the correctness of schedules. 
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C H A P T E R  7  F U T U R E  W O R K  

This chapter presents the future work for the Biochip Simulator and 
s imulat ion method. Here are ideas and observat ions made dur ing the 
implementat ion and analys is phase presented. The ideas and 
observat ions could be invest igated in greater deta i l  before an actual 
implementat ion could take place.  

D e s i g n  R u l e s  

The s imulat ion method could be even more real ist ic i f  more design ru les 
f rom physical b iochips were implemented. Some design ru le examples 
are presented in the l ist below: 

• Minimum spacing between f low channels 
• Minimum spacing between contro l  channels 
• Minimum spacing between external ports 
• Width of f low channels width of va lves 
• Minimum spacing between components 
• Pressure source speed 

I f  the design ru les were implemented the s imulat ion could be used for 
s imulat ion of 1:1 biochips and not just the logic of f low-based biochips. 
The data col lected f rom a s imulat ion could be di rect ly used for real 
b iochips (Designing Your Own Device, - ) .   

The creat ion of b iochip archi tectures is l imi ted in many ways. The 
channels and valves cannot be too close to each other, and the 
maximum thickness of the channels is dependent on the type of micro 
valves. These design ru les are considered out of scope in th is thesis, 
s ince the focus is on the logic of f low-based microf lu id ic biochips.  

A u t o m a t e d  v e r i f i c a t i o n  o f  s c h e d u l e s  

The s imulat ion method does not perform fu l ly automated ver i f icat ion of 
schedules. One error check has been implemented, but there are other 
k inds of errors that could be observed automat ic. This means that a 
ver i f icat ion of a schedule depends on the users abi l i ty to see the faul t  in 
the schedule. An automat ic ver i f icat ion of b iochip archi tectures could be 
implemented using the design ru les presented and automat ic ver i f icat ion 
of schedules could be implemented using the f low and operat ion 
informat ion f rom the s imulat ion models f rom schedulers.  
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F l o w  E x e c u t i o n  t i m e  

The calculat ion of the f lu id f low execut ion t ime is not exact. The corners 
in the f low layer channels on real b iochips courses a f r ict ion when f lu ids 
are moved through the corner. That f r ict ion s lows down the f lu id, and 
thereby the execut ion t ime is increased. The densi ty of f lu ids can vary 
and change the f low execut ion t ime. To make the s imulat ion method 
more real ist ic these calculat ions could be implemented. 

A u t o m a t e d  A r c h i t e c t u r e  c r e a t i o n  

At the moment the s imulat ion method of fers the abi l i ty to create 
archi tectures using drag and drop. But the s imulator could a lso create 
biochip archi tectures automat ical ly. By enter ing the number of 
components that is avai lable and then opt imize the biochip archi tecture 
by the use of archi tectura l  synthesis. The creat ion of the biochip 
archi tecture should a lso include the informat ion f rom chemical 
appl icat ions. The scient ist team at DTU al ready implements th is funct ion 
in an exper imental project. 

C u s t o m i z e d  c o n n e c t i o n  c h a n n e l s  

The abi l i ty to make connect ion channels be more customized would 
make the tool more real ist ic. At the moment connect ion channels 
cannot corner. I t  is only possib le to make a connect ion channel that 
goes in a stra ight l ine. This missing funct ion l imi ts the design opt ions. 

I t  should be ment ioned that the implemented s imulator has the classes 
and f low execut ion t ime calculat ion method opt imized to conta in and 
calculate connect ion channels with corners, which s impl i f ies th is 
implementat ion. 

3 D  s i m u l a t i o n  

Biochips these days can have mult ip le f low and contro l  layers. The 
developed simulat ion method cannot s imulate mult i layered biochips. 
This funct ion could be implemented by showing mult ip le layers at the 
same t ime in the s imulat ion v iew. 

I t  could a lso be interest ing to make a solut ion with Microsoft .NET 3D 
graphics, which a l lows the creat ion of 3D f igures on the screen 
(Microsoft ) .   

C h e m i c a l  L i b r a r y   

Introducing a chemical l ibrary where the s imulat ion method could lookup 
chemical or b iochemical react ions could be implemented. This would 
make the s imulat ion more real ist ic. A standard chemical l ibrary could be 
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found or developed and included in the s imulator. The operat ions 
performed in the s imulator could then display real chemical react ions.  

M a n u a l  s i n k  p a t h  c r e a t i o n  

The s imulat ion method does not a l low a manual creat ion of s ink path for 
a f low path. This means that a s ink path wi l l  a lways be the same as the 
f low path. For a more real ist ic approach, the s imulat ion method should 
a l low manual s ink path creat ion.  

I t  must be ment ioned that th is feature is more or less implemented; 
s ince al l  components a l ready have a s ink path and the f low path sets 
are able to conta in s ink path components, adding the manual approach 
could be done by let t ing the user change the f low path set table 
avai lable in a v iew in the s imulator. The f low possib i l i ty calculat ion 
a lgor i thm al ready f inds rout ing constra ints using the components f rom 
the s ink path. 

 

 

  



B ioch ip  S imu la to r   
F low-Based  M ic ro f l u id i c  B ioch ip  S imu la t i on  

 
 

67 

 

C H A P T E R  8  C O N C L U S I O N  

This thesis presents the problem of f low-based microf lu id ic biochip 
s imulat ion and proposes a solut ion to i t .  The problem was solved by the 
development of a s imulat ion method and tool that enables s imulat ion of 
the logic funct ions in f low-based microf lu id ic biochips. The s imulat ion 
method includes more than a v isual izat ion of operat ions and f lows 
executed on a v i r tual f low-based biochips. The method includes a 
solut ion to the creat ion of v i r tual b iochip archi tectures and biochemical 
appl icat ions. An algor i thm capable of generat ing a l l  f low possib i l i t ies on 
a biochip has been implemented; here rout ing constra ints, micro valve 
informat ion, execut ion t imes, s ink paths and f low paths are generated. 
A v isual izat ion of a schedule is possib le using a developed simulat ion 
funct ion that enables the s imulat ion of the logic in f low-based 
microf lu id ic biochips. F inal ly, data generat ion methods have been 
presented and implemented. Dur ing the development of the s imulat ion 
method, observat ion and ideas have been col lected and presented as 
future work.  

The f indings f rom the development of the s imulat ion method have been 
implemented in a tool cal led Biochip Simulator. Al l  Biochip Simulator 
documentat ion, executable f i les and test cases are avai lable on the 
thesis home page. On the thesis home page the fo l lowing elements are 
avai lable: 

• “Biochip Simulator – User Guide” – A deta i led guide that 
descr ibes how to use the s imulator. 

• “Biochip Simulator – Component design” – A document 
descr ib ing the avai lable s imulat ion components and thei r  
funct ions.  

• “Biochip Simulator – F i le Formats” – A document that descr ibes 
the XML f i le formats used by the s imulator.  

• Biochip Simulator executable f i le – An executable f i le which a l lows 
users to use the s imulator. 

• Biochip Simulator evaluat ion – Al l  the f i les and v ideos that have 
been used for the evaluat ion of the s imulator. 

To the best of our knowledge th is tool is the f i rst to present a method 
to s imulate and v isual ize the logic of f low-based microf lu id ic biochips.  
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1  I N T R O D U C T I O N  
Th is document conta ins in fo rmat ion about the components l ib ra ry  ava i lab le  in  
the s imu la to r .  A tab le  conta in ing phases or  s ta tes,  opera t ions and a 
descr ip t ion is  ava i lab le  fo r  each component.  
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2  C O M P O N E N T S  
The subsect ions conta in  a descr ip t ion fo r  each o f  the component ava i lab le  in  
the s imu la to r .   
Components w i th  m ic ro va lves have a phase or  s ta te tab le .  The phase tab le  
descr ibe wh ich m icro va lve to open (0 )  o r  c lose (1 )  to  ach iev ing a phase or  
s ta te on the component.   

2 . 1  M I X E R  
M i x e r  

The m ixer  component enab les a m ix ing opera t ion,  where two f lu ids a re m ixed. The 
m ixed f lu id  can be used in  new components but  the m ixed f lu id  can on ly  be moved 
in  un i t  s izes ( top or  bot tom).  The m ixer  has f i ve phases as shown the tab le  be low. 
The m ixer  has an opera t ion ca l led m ix ,  wh ich can be per fo rmed fo r  a  spec i f ied 
seconds. 

 

Phase v1 v2 v3 v4 v5 v6 v7 v8 v9 
ip1 0 0 1 0 0 0 0 0 1 

ip2 0 1 0 0 0 0 1 0 0 

m ix  1  0  0 M ix  M ix  M ix  0  1  0 

op1 0 0 1 0 0 0 0 0 1 

op2 0 1 0 0 0 0 1 0 0 
 

2 . 2  S T O R A G E  
S t o r a g e  

The s torage component enab les a s tor ing o f  f lu ids on the b ioch ip.  The s tored f lu ids 
can be kept fo r  la te r  use on the b ioch ip.  The s to rage has 16 phases as  shown the 
tab le  be low. 

 

P h a s e  z 1  z 2  z 3  z 4  z 5  z 6  

I p 1  0 1 0 1 0 1 
I p 2  0 1 0 1 1 0 
I p 3  0 1 1 0 0 1 
I p 4  0 1 1 0 1 0 
I p 5  1 0 0 1 0 1 
I p 6  1 0 0 1 1 0 
I p 7  1 0 1 0 0 1 
I p 8  1 0 1 0 1 0 
o p 1  0 1 0 1 0 1 
o p 2  0 1 0 1 1 0 
o p 3  0 1 1 0 0 1 
o p 4  0 1 1 0 1 0 
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o p 5  1 0 0 1 0 1 
o p 6  1 0 0 1 1 0 
o p 7  1 0 1 0 0 1 
o p 8  1 0 1 0 1 0 

 

2 . 3  S W I T C H  
S w i t c h  

The sw i tch component enab les the f lu id  f low to be d i rected between components.  
The sw i tch has four  phases as shown the tab le  be low. 

 

P h a s e  z 1  z 2  z 3  z 4  

D i r1  1  1 0 0 

D i r2  0  1 1 0 

D i r3  0  0 1 1 

D i r4  1  0 1 0 

D i r5  0  1 0 1 

D i r6  1  0 0 1 
 

2 . 4  D E T E C T O R  
D e t e c t o r  

The detector  component enab les a detect ion opera t ion on the b ioch ip.  The de tec to r  
has an opera t ion  ca l led  de tec t ,  wh ich  can be per fo rmed fo r  a  spec i f i ed  seconds. 

 

Has no va lves or  phases.  

2 . 5  H E A T E R  
H e a t e r  

The heater  component enab les a heat  opera t ion on the b ioch ip.  The heater  has an 
opera t ion ca l led heat ,  wh ich can be per fo rmed fo r  a  spec i f ied seconds.  

 

Has no va lves or  phases.  
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2 . 6  F I L T E R  
F i l t e r  

The f i l te r  component enab les a f i l te r  opera t ion on the b ioch ip.  The f i l te r  has an 
opera t ion ca l led f i l te r ,  wh ich can be per fo rmed fo r  a  spec i f ied seconds.  

 

Has no va lves or  phases.  

2 . 7  I N P U T  
I n p u t  

The input  component enab les the input  o f  f lu ids in to the b ioch ip.  I t  is  poss ib le  to 
change the co lo rs on f lu ids and change to name o f  f lu ids.  

 

Has no va lves or  phases.  

2 . 8  O U T P U T  
I n p u t  

The output  component works as a s ink,  where waste or  the f lu id  resu l ts  can be 
sent .  

 

Has no va lves or  phases.  
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1  I N T R O D U C T I O N  
Th is document conta ins in fo rmat ion about the f i les processed and genera ted 
by the s imu la to r .  The s imu la to r  opera tes w i th  four  f i le  fo rmats.  The fo rmats 
a re l is ted be low: 

•  Arch i tectu re – Conta ins the arch i tectu re o f  the b ioch ip.  
•  F low Path Set  – Conta ins a l l  ava i lab le  path on a b ioch ip.  
•  App l ica t ion Graph – Conta ins the opera t ions that  the b ioch ip shou ld 

per fo rm. 
•  Simu la t ion – Conta ins a s imu la t ion that  the s imu la to r  shou ld v isua l i ze.  

A l l  f i les  a re XML based. The f i le  s t ructure must be obeyed to get  the 
s imu la to r  to  work proper ly .  
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2  F I L E  F O R M A T S  
Th is sect ion conta ins in fo rmat ion about each o f  the f i le  fo rmats ment ioned in  
the in t roduct ion.  

2 . 1  A R C H I T E C T U R E  F I L E  
Th is  f i le  ho lds in fo rmat ion about the arch i tecture o f  the b ioch ip.  The example 
be low shows an empty a rch i tecture .  
<Architecture> 
    <ID></ID> 
    <FlowRate></FlowRate> 
    <UnitSize></UnitSize> 
    <Height></Height> 
    <Width></Width> 
    <ListOfArcComponents> 
    </ListOfArcComponents> 
    <ListOfArcConnectors> 
  </ListOfArcConnectors> 
</Architecture> 

The arch i tecture f i le  conta ins an ID ,  wh ich is  the name o f  the b ioch ip.  
F lowRate  is  the speed (mm/s)  tha t  the f lu id  f lows w i th  ins ide the b ioch ip.  
Uni tS ize  represents the f lu id  un i t  s ize tha t  one component in  the b ioch ip can 
conta in .  Height  and Width  represents the d imens ions o f  the b ioch ip.  The las t  
two e lements (L is tOfArcComponents  and L is tOfArcConnectors )  in  the 
arch i tecture f i le  conta in  the proper t ies o f  the components and connect ions in  
the b ioch ip.  
A component is  represented as shown be low. 
<ArcComponentProperties> 
  <ID>Mixer2</ID> 
  <ArcComponentType>arcmixer</ArcComponentType> 
  <FlowRate>5</FlowRate> 
  <UnitSize>500</UnitSize> 
  <FlowExecutionTime>0.1</FlowExecutionTime> 
  <Position> 
    <X>188.5</X> 
    <Y>178</Y> 
  </Position> 
  <Valves> 
    <string>z24</string> 
    <string>z25</string> 
    <string>z26</string> 
    <string>z27</string> 
    <string>z27</string> 
    <string>z27</string> 
    <string>z28</string> 
    <string>z29</string> 
    <string>z30</string> 
  </Valves> 
  <IsRight>false</IsRight> 
  <IsTop>false</IsTop> 
  <IsLeft>false</IsLeft> 
  <IsBottom>false</IsBottom> 
</ArcComponentProperties> 

Since a l l  components in  the s imu la to r  have the same proper ty  c lass 
assoc ia ted w i th  them, i t  cou ld be, tha t  some o f  the proper t ies a re not  used 
or  not  set .  The e lement ID  represents the ident i t y  o f  the component .  the 
ident i ty  shou ld be un ique. ArcComponentType  represents the type o f  the 
component;  th is  cou ld be an ArcMixer  o r  ArcSwi tch jus t  to  ment ion some 
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examples.  Aga in  F lowRate  represents the speed (mm/s)  fo r  a  f lu id  ins ide the 
component.  The Uni tS ize  e lement represents the f lu id  un i t  s ize fo r  the 
spec i f ic  component.  F lowExecut ionT ime  is  the ca lcu la ted f low t ime f rom a 
f lu id  enter ing the component unt i l  i t  is  ins ide the component.  The Pos i t ion 
e lement determ ines the p lacement o f  the component in  the b ioch ip.  The 
e lement Va lves  is  a  l is t  o f  s t r ings represent ing the ident i t ies o f  the va lves in  
the component.  I f  the component is  an input  source or  s im i la r  the input  f lu id  
in  determ ined by the e lement ca l led F lu id ,  wh ich is  represented by a Color  
and a F lu idName .  The las t  four  e lements ho ld Boo leans ,  wh ich determ ines 
whether  the component is  a le f t ,  r igh t ,  top or  bot tom d i rected component.  
These four  las t  p roper t ies makes i t  poss ib le  to  const ruct  an ArcSwi tch  were 
the channe ls  cou ld be h idden or  v is ib le  depend ing on these proper t ies.  
A connect ion is  represented as shown be low. 
<ArcConnectorProperties> 
  <FlowExecutionTime>0.4</FlowExecutionTime> 
  <FlowRate>5</FlowRate> 
  <Component1>S4</Component1> 
  <Component2>In2</Component2> 
  <EndPointDirectionForComponent1>Both</EndPointDirectionForComponent1> 
  <EndPointDirectionForComponent2>Output</EndPointDirectionForComponent2> 
  <ConnectionPoint1>connectionPoint2</ConnectionPoint1> 
  <ConnectionPoint2>connectionPointOutPut2</ConnectionPoint2> 
  <LinePoints> 
    <Point1> 
      <X>119.5</X> 
      <Y>402</Y> 
    </Point1> 
    <Point2> 
      <X>39.5</X> 
      <Y>403</Y> 
    </Point2> 
  <LinePoints /> 
</ArcConnectorProperties> 

A connect ion has two endpo in ts .  The endpo in ts  a re spec i f ied by a 
component ident i t ies (Component1  o r  Component2 )  and an endpo in t  ident i ty  
(Connect ionPo in t1  o r  Connect ionPo in t2 ) .  The connect ion endpo in ts a lso have 
a d i rect ion (EndPo in tD i rect ionForComponent1  o r  
EndPo in tD i rect ionForComponent2 )  tha t  can be i nput ,  output  o r  both .  Th is  
proper ty  he lp mak ing the f low path set .  A connect ion a lso has a 
F lowExecut ionT ime ,  wh ich conta ins in fo rmat ion about how long t ime i t  w i l l  
take a f lu id  to f low th rough the channe l .  The F lowRate  is  the speed (mm/s) .  
The las t  e lement L inePo in ts  ho lds the po in ts  f rom a path f rom component1  to  
component2 .  Wh ich means that  i t  is  poss ib le  to make a path w i th  corners.  

2 . 2  A P P L I C A T I O N  G R A P H  F I L E  
Th is  f i le  conta ins in fo rmat ion about the app l ica t ion graph, wh ich represents 
the opera t ions that  a  b ioch ip shou ld execute.  The example be low shows an 
empty app l ica t ion graph. 
<ApplicationGraph> 
  <Connections> 
  </Connections> 
  <AppOperations> 
  </AppOperations> 
  <Width></Width> 
  <Height></Height> 
</ApplicationGraph> 
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A graph has a width  and he ight ,  wh ich is  determ ines the des ign space. 
Connect ions  and AppOperat ions  a re l is ts  that  conta in  the actua l  g raph.  
A Connect ion example is  shown be low. 
<AppOperationConnLineProperties> 
  <AppOperation1>Source</AppOperation1> 
  <AppOperation2>O2</AppOperation2> 
  <Point1> 
    <X>155</X> 
    <Y>27</Y> 
  </Point1> 
  <Point2> 
    <X>114</X> 
    <Y>101</Y> 
  </Point2> 
</AppOperationConnLineProperties> 

The connect ion is  represented by to po in ts  a t  two d i f fe rent  sources.  In  the 
example above, a connect ion f rom source to O2 is  drawn, when the 
app l ica t ion graph is  loaded in to the s imu la to r .  
An opera t ion example is  shown be low. 
<AppOperationProperties> 
  <ID>O2</ID> 
  <Point> 
    <X>89</X> 
    <Y>96</Y> 
  </Point> 
  <InputSources> 
    <string>Source</string> 
  </InputSources> 
  <Operation>0</Operation> 
  <ExecutionTime>4</ExecutionTime> 
</AppOperationProperties> 

The opera t ion has an ID that  is  used to ident i f y  the opera t ion when 
s imu la t ing.  I t  has a pos i t ion represented by the Po in t  e lement.  An opera t ion 
a lso has InputSources  tha t  represents the inputs to the opera t ion;  in  th is  
example the opera t ion needs an input  f rom source,  be fore i t  can per fo rm the 
actua l  opera t ion.  The e lement Operat ion  determ ines wh ich opera t ion to 
execute.  
The opera t ions that  a re ava i lab le :  

0.  Mix 
1.  Heat 
2.  F i l te r  

The las t  e lement is  the Execut ionT ime ,  wh ich spec i f ies fo r  how long the 
opera t ion shou ld run.  

2 . 3  F L O W  P A T H  S E T  F I L E  
Th is  f i le  conta ins in fo rmat ion about the f low paths that  a re ava i lab le  on a 
spec i f ic  b ioch ip.  The example be low shows an empty f low path f i le .  
<ArrayOfFlowPathSet> 
</ArrayOfFlowPathSet> 

The e lement type that  the ArrayOfF lowPathSet  conta ins is  spec i f ied be low. 
<FlowPathSet> 
  <Name>F1-1</Name> 
  <FlowPath> 
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    <string>In1</string> 
    <string>S1</string> 
    <string>S2</string> 
    <string>S3</string> 
    <string>Mixer3</string> 
  </FlowPath> 
  <SinkPath> 
    <string>In1</string> 
    <string>S1</string> 
    <string>S2</string> 
    <string>S3</string> 
    <string>Mixer3</string> 
  </SinkPath> 
  <ClosedValves> 
    <string>z4</string> 
    <string>z6</string> 
    <string>z11</string> 
    <string>z33</string> 
    <string>z37</string> 
  </ClosedValves> 
  <OpenValves> 
    <string>z3</string> 
    <string>z5</string> 
    <string>z12</string> 
    <string>z34</string> 
    <string>z38</string> 
  </OpenValves> 
  <FlowPathConstrains> 
    <string>F1-2</string> 
    <string>F2-1</string> 
    <string>F2-2</string> 
    ... 
  </FlowPathConstrains> 
  <ExecutionTime>1.8000000000000003</ExecutionTime> 
  <Type>Flowpath</Type> 
</FlowPathSet> 

A F lowPathSet  has a Name  wh ich is  the ident i ty  o f  the f low path.  The ar ray o f  
s t r ings in  F lowPath  and SinkPath  represents components that  a re used fo r  in  
the spec i f ic  F lowPathSet .  The to s t r ing a r rays C losedVa lves and OpenVa lves 
represents the open and c losed va lves fo r  the spec i f ic  f low path.  These 
va lves must e i ther  be c losed or  open. F lowPathCont ra in ts  ho lds a l l  the 
ident i t ies o f  f low path sets tha t  cannot be executed a t  the same t ime as th is  
spec i f ic  f low path set .  The Execut ionT ime  e lement conta ins the execut ion 
t ime fo r  the who le f low path set .  Type  represents the type o f  the f low path.  A 
f lowpathset  can e i ther  be an Operat ion  o r  a  F lowpath .  Th is  is  re levant  when 
the s imu la t ion f i le  is  loaded in to the s imu la to r .  

2 . 4  S I M U L A T I O N  F I L E  
Th is  f i le  conta ins in fo rmat ion about the actua l  s imu la t ion.  The s imu la t ion f i le  
shou ld be loaded in to the s imu la to r  together  w i th  an Arch i tecture F i le  and an 
App l ica t ion Graph F i le .  
The example be low shows an empty s imu la t ion f i le .  
<Simulation> 
  <ListOfFlowPaths> 
  </ListOfFlowPaths> 
  <SimulationTime> 
  </SimulationTime> 
</Simulation> 
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A s imu la t ion f i le  conta ins a l is t  o f  f low path e lements and a s imu la t ion t ime, 
wh ich represents the run t ime fo r  the who le s imu la t ion in  seconds. The l is t  o f  
f low paths is  represented by e lements o f  F lowPathSet .   
A f low path set  example is  shown be low.  
<FlowPathSet> 
  <Name>F1-1</Name> 
  <StartTime>0</StartTime> 
  <Type>Flowpath</Type> 
</FlowPathSet> 

The e lement Name  represents an ident i t y  o r  re fe rence to a f low path f rom the 
f low path sets (See sect ion 2.3 ) .  The e lement Star tT ime  represents a po in t  in  
t ime where the f low s ta r ts .  The las t  e lement Type  determ ines whether  an 
opera t ion or  a f low path shou ld be executed.  
The f low path set  example be low shows how to execute an opera t ion.  
<FlowPathSet> 
  <Name>O4</Name> 
  <FlowPath> 
    <string>Mixer3</string> 
  </FlowPath> 
  <ExecutionTime>5</ExecutionTime> 
  <StartTime>5.5</StartTime> 
  <Type>Operation</Type> 
</FlowPathSet> 

Aga in  the e lement Name  is  a  re fe rence. But  th is  t ime Name  is  a  re fe rence to 
an opera t ion f rom the app l ica t ion graph f i le  (See sect ion 2.2 ) .  The F lowPath  
e lement on ly  conta ins one re fe rence to a component per fo rm ing the 
opera t ion.  Execut ionT ime  determ ines fo r  how long the opera t ion runs.  The 
las t  e lement te l ls  the s imu la to r  tha t  f low path is  an opera t ion.  
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A P P E N D I X   C  B I O C H I P  S I M U L A T O R  –  U S E R  G U I D E  

See documentat ion avai lable on the thesis web si te or on the next 
page. 
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1  I N T R O D U C T I O N  
Th is document conta ins an in t roduct ion to the featu res and funct ions 
ava i lab le  in  the B ioCh ip S imu la tor .  The demonst ra t ion a t  the end o f  th is  
document can o f  course be read as a shor t  in t roduct ion to the B ioCh ip 
S imua l to r .   
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2  T H E  B I O C H I P  S I M U L A T O R  
Th is sect ion descr ibes the s t ructure o f  in  the B ioCh ip S imu la tor .  Be low is  a 
screen dump showing the overa l l  user  in te r face. 

 
F i g u r e  1 -  B i o C h i p  S i m u l a t o r  s t r u c t u r e  

The app l ica t ion is  d iv ided in to 4 sect ions,  wh ich is  descr ibed in  the tab le  
be low. 

S e c t i o n  D e s c r i p t i o n  

1  Here users a re a l lowed to ed i t  a  b ioch ip by drag and drop 
and show a s imu la t ion v isua l l y .  I t  is  a lso poss ib le  zoom in  and 
out .  

2  Th is  sect ion conta ins a p lay menu. Here i t  is  poss ib le  to set  
the speed o f  a  s imu la t ion and s tep back and fo rward. 

3  Th is  sect ion conta ins a too lbox and a proper ty  v iew. The 
too lbox conta ins a l l  ava i lab le  b ioch ip components except the 
connect ion channe l .  The proper ty  v iew a l lows users to 
change components.  

4  The sect ion is  a  too lbar  tha t  enab les a l l  k inds o f  fea tu res to 
be sw i tch on and o f f .  
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3  C R E A T E  A  B I O C H I P  
By c l ick ing the but ton,  ,  a t  the too lbar  in  sect ion 4 a new v iew w i l l  show 
up in  sect ion 1. The v iew looks as shown be low. 

 
The new v iew w i l l  ask fo r  the d imens ions o f  the b ioch ip.  When the 
d imens ions have been entered and the create but ton has been c l icked a new 
b ioch ip draw ing board w i l l  show in  sect ion 1.  The w indow is  shown be low. 

 
Now i t  is  poss ib le  to  g ive the b ioch ip a name, f low ra te and un i t  length,  as 
shown be low. 
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When the s teps have been per fo rmed the b ioch ip a rch i tecture is  ready to be 
created. Dragg ing components f rom the component too lbox does th is .  When 
the des i red components has been p laced the b ioch ip cou ld look as shown 
be low. 

 
Now we have to name the components and g ive the pressure source 
connected to then an ident i ty .  By c l ick ing the components the proper ty  v iew 
changes as shown be low. 
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When a l l  p roper t ies has been set  we are ready to connect the components.  

Th is  is  done by c l ick ing the  but ton in  the too lbar .  As shown be low a l l  
ava i lab le  connect ion po in ts  w i l l  be v is ib le .   

 
By dragg ing the mouse and ho ld ing down the mouse but ton we can now 
create connect ion channe ls .  When the network o f  connect ion have been 
created the b ioch ip a rch i tecture w i l l  look as shown be low. 
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Now we have a b ioch ip a rch i tecture.   
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4  C R E A T E  A P P L I C A T I O N  G R A P H  
Star t  c reat ing the chemica l  app l ica t ions by c l ick ing the  but ton in  the 
too lbar .  When the but ton has been c l ick a new w indow w i l l  show up. 

 
By c l ick ing the draw ing board in  a proper ty  v iew w i l l  show up to the le f t .  Here 
the w id th and he ight  o f  the draw ing board can be set .  The proper ty  v iew is  
shown be low. 

 
When a w id th and he ight  has been set .  Opera t ion components can be 
dragged in to the draw ing board.  When the th ree opera t ion has been p laced 
the w indow shou ld look as shown be low. 
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By c l ick ing the components the proper ty  v iew changes and a l lows the 
opera t ions to be changed. I t  is  a lso poss ib le  to  change the ident i ty  and 
execut ion t ime. When th is  has been done the w indow shou ld look as shown 
be low. 

 

Now the connect ions or  p redecessors can be set  by c l ick ing the  but ton 
in  the too lbar .  Dragg ing the mouse between the opera t ion components wh i le  
ho ld ing down the mouse but ton sets the predecessors.  When a l l  
p redecessor has been set  the graph shou ld look as shown be low. 
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5  L O A D  A N D  S A V E  
Bioch ip a rch i tectures and chemica l  app l ica t ions can be saved by c l ick ing the 

 but ton.  When the save but ton is  c l icked a v iew in  sect ion 1 w i l l  appear.  
The w indow w i l l  look as shown be low. 

 
C l ick ing the browse but tons w i l l  a l lows sav ing in  a locat ion o f  the users 
choose. The save v iew a l lows sav ing th ree k inds o f  f i les.   

•  Chemica l  o r  b iochemica l  app l ica t ions 
•  Bioch ip a rch i tectures 
•  F low path set  f i le  

The f low path set  f i le  is  a  f i le  conta in ing a l l  f low poss ib i l i t ies f rom a b ioch ip 
a rch i tecture.   

Load ing f i les is  done by c l ick ing the  but ton.  When the load but ton is  
c l icked a new v iew in  sect ion 1 w i l l  appear.  The w indow w i l l  look as shown 
be low. 
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C l ick ing the browse but tons w i l l  a l lows load ing f rom a locat ion o f  the users 
choose. The load v iew a l lows load ing o f  th ree k inds o f  f i les.  

•  App l ica t ion f i le  
•  Simu la t ion f i le  
•  Arch i tectu re f i le  

The s imu la t ion f i le  is  a  f i le  tha t  is  p roduced by a schedu le r  o r  another  
so f tware too l  tha t  obeys the s tandards o f  the B ioCh ip S imu la to r .   
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6  S I M U L A T I O N  F E A T U R E S  
When a b ioch ip a rch i tecture,  chemica l  o r  b iochemica l  app l ica t ion and a 
s imu la t ion is  loaded in to the s imu la to r  o r  c reated w i th in  the s imu la to r .  The 
s imu la to r  has the fo l low ing featu res,  wh ich can be act iva ted f rom the too lbar  
in  sect ion 4. 

F e a t u r e  I c o n / c l i c k  D e s c r i p t i o n  P l a c e m e n t  

B i o c h i p  
p r o p e r t i e s  

No icon 

In  the lower le f t  
corner  the 
proper t ies w i l l  be 
shown. (F low 
Rate,  Un i t  S ize )  

C l ick the wh i te  
space in  the 
b ioch ip 

F l o w  P a t h  S e t s  

 

Show the f low 
paths ava i lab le  
on the spec i f ied 
ch ip.  

But ton is  
ava i lab le  in  the 
too lbar  

L o g  

 

Shows what 
happens on the 
ch ip wh i le  
s imu la t ing 

But ton is  
ava i lab le  in  the 
too lbar  

V a l v e s  

 

Shows the va lves 
s ta tes fo r  the 
who le s imu la t ion 

But ton is  
ava i lab le  in  the 
too lbar  

A p p l i c a t i o n  
G r a p h  

 

Shows the 
app l ica t ion graph 
fo r  the s imu la t ion 

But ton is  
ava i lab le  in  the 
too lbar  

E x e c u t i o n  t i m e  

 

Shows the t ime 
that  a  f lu id  f lows 
in  the 
component.  The 
in fo rmat ion is  
shown on the 
b ioch ip 
components.  

But ton is  
ava i lab le  in  the 
too lbar  

C o n t r o l  L a y e r  

 

Shows the 
cont ro l  layer  wh i le  
s imu la t ing.  

But ton is  
ava i lab le  in  the 
too lbar  

S i n k  L a y e r  

 

Shows the s ink 
layer  wh i le  
s imu la t ing 

But ton is  
ava i lab le  in  the 
too lbar  
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7  P L A Y  M E N U  
When a s imu la t ion,  app l ica t ion and arch i tecture f i le  has been loaded and the 
featu res are se lected. The s imu la t ion can s ta r t .  The s imu la t ion is  cont ro l led 
f rom the P lay menu ava i lab le  in  sect ion 2.  The p lay menu is  shown be low. 

 
The p lay menu a l lows the s imu la t ion to be p layed in  s low mot ion by set  the 
speed us ing the s l ider .  C l ick ing the re f resh but ton w i l l  reset  the s imu la t ion.  I t  
is  a lso poss ib le  to s tep t rough the s imu la t ion us ing the s tep but tons,  on each 
s ide o f  the p lay but ton.  
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8  S H O R T  D E M O N S T R A T I O N  
The demonst ra t ion is  d iv ided in to 4 s teps and requ i res the s imu la to r .z ip  f i le  
f rom the thes is  home page 
ht tps://s i tes.goog le.com/s i te/b ioch ips imu la to r/F i les  to be down loaded. When 
the f i les have been ex t racted you w i l l  be ab le  to s ta r t  s tep 1.  The 
demonst ra t ion can o f  course a lso be read as a shor t  in t roduct ion to the too l .  

8 . 1  S T E P  1  –  S T A R T  U P  T H E  S I M U L A T O R  
Star t  the s imu la to r  by execut ing the f i le  named S imu la tor .exe.  When the 
s imu la to r  is  runn ing cor rect  you w i l l  see a screen as shown be low. 

 

8 . 2  S T E P  2  –  L O A D  F I L E S  

When the program is  runn ing c l ick the load f i les but ton .  The but ton is  
ava i lab le  in  the too lbar  a t  the upper le f t  corner .  
When the load but ton has been c l icked a load screen w i l l  show up. See the 
screen dump be low. 
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Now load the th ree f i les l is ted be low in to the s imu la to r .  

•  App l ica t ion F i le :  Arch i tectu reDemo.arc 
•  Simu la t ion F i le :  App l ica t ionDemo.app 
•  Arch i tectu re F i le :  S imu la t ionDemo.s im 

Search fo r  the f i les,  by c l ick ing the browse but tons ava i lab le  on the load 
screen. When a l l  f i les  have been se lected, c l ick the Go but ton.  
The s imu la to r  w i l l  now load a l l  the f i les and show the arch i tecture o f  the 
b ioch ip.  
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8 . 3  S T E P  3  -  F E A T U R E S   
I t  is  now poss ib le  to show a l l  k inds o f  in fo rmat ion about the b ioch ip,  
app l ica t ion and s imu la t ion.  
Be low is  a tab le  that  shows and descr ibes some o f  the features ava i lab le  in  
the s imu la to r .  

F e a t u r e  I c o n / c l i c k  D e s c r i p t i o n  P l a c e m e n t  

B i o c h i p  
p r o p e r t i e s  

No icon 

In  the lower le f t  
corner  the 
proper t ies w i l l  be 
shown. (F low 
Rate,  Un i t  S ize )  

C l ick the wh i te  
space in  the 
b ioch ip 

F l o w  P a t h  S e t s  

 

Show the f low 
paths ava i lab le  
on the spec i f ied 
ch ip.  

But ton is  
ava i lab le  in  the 
too lbar  

L o g  

 

Shows what 
happens on the 
ch ip wh i le  
s imu la t ing 

But ton is  
ava i lab le  in  the 
too lbar  

V a l v e s  

 

Shows the va lves 
s ta tes fo r  the 
who le s imu la t ion 

But ton is  
ava i lab le  in  the 
too lbar  

A p p l i c a t i o n  
G r a p h  

 

Shows the 
app l ica t ion graph 
fo r  the s imu la t ion 

But ton is  
ava i lab le  in  the 
too lbar  

E x e c u t i o n  t i m e  

 

Shows the t ime 
that  a  f lu id  f lows 
in  the 
component.  The 
in fo rmat ion is  
shown on the 
b ioch ip 
components.  

But ton is  
ava i lab le  in  the 
too lbar  

C o n t r o l  L a y e r  

 

Shows the 
cont ro l  layer  wh i le  
s imu la t ing.  

But ton is  
ava i lab le  in  the 
too lbar  

S i n k  L a y e r  

 

Shows the s ink 
layer  wh i le  
s imu la t ing 

But ton is  
ava i lab le  in  the 
too lbar  

8 . 4  S T E P  4  –  V I S U A L I Z I N G  S I M U L A T I O N  
Now when the s imu la t ion,  app l ica t ion and arch i tecture f i les a re loaded and 
the fea tu res a re se lected. The s imu la t ion can s ta r t .  The s imu la t ion is  
cont ro l led f rom the P lay menu ava i lab le  in  lower cent ra l  a rea.  A screen dump 
o f  the p lay menu is  shown be low. 
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Here you are ab le to  c l ick p lay,  s tep fo rward and s tep backwards (Backwards 
does not  work proper ly  ye t ,  demix ing has not  been imp lemented) .  F rom the 
p lay menu the speed o f  the s imu la t ion can be ad jus ted and i t  is  a lso poss ib le  
to res ta r t  the s imu la t ion.  The fea tu res can be ad justed as wanted wh i le  
s imu la t ing.  A screen dump f rom a successfu l  s imu la t ion is  shown be low. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 


