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Motivation

* Bacterial Biofilms
— Responsible for 65 — 80 % of all infections
— 90% of harmful bacteria exist as biofilms at a point in their lifetime
— Formation of biofilms initializes release of harmful toxins

— Density of biofilms makes drug treatment more difficult

* Application Areas
— Pharmaceutical development

— Biological research

— Environmental applications
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Motivation

Investigation of biofilms can be expensive and time consuming!

e Microfluidics

— Drastically decreases tluid volumes (mL — pL)

— Drastically decreases assay time (days — hours)

. Modeling

— Overall decrease in the number of experiments needed

— Overall increase in confidence in results

Bacterial Biofilm Found in a Catheter (www.cdc.gov) Biomedical Testing Instrumentation (Nature: Methods)
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Goals and Scenarios

. Integrated Experimental Platform
— Microfluidic environment for biofilm growth

— Computer-based model for biofilm growth simulation and parametric
analysis

— Integrated sensor network to detect growth in situ

— Interfacing of hardware components and software

o Operation Scenarios

— User-defined experiment parameters based on simulation results

— Real-time adjustment of experiment parameters to “direct”
biofilm growth characteristics

— High parallelism and easy system reuse
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System-Level Requirements

Errors maintained within 10% of experirnental results

Biofilm Growth Simulation R1
Microfluidic Environment R1 Repeatability of experiments within 20% variation
R1 Self-contained system
Sensing and Data R? Reliable with little internal error/ Variability
Processing
R3 Non-invasive sensing method that can operate in situ
R1 Real-time adjustment of experimental parameters

Experimental Control

7 High user confidence in accuracy of experimental

parameters

2 May 2011 MATTHEW MOSTELLER ENSE 622



Platform-Level Requirements

Input of all critical parameters in simulation (e.g. bacteria type,

R1
Biofilm Growth Simulation flow rate, temperature, growth media)
R? Simulation software is readily available at low cost
R1 Integrate fluid environment with prescribed sensing method
Microfluidic Envir - R? Use of biocompatible materials
1Cro 1d1 nvironme
R3 Cost effective process with batch fabrication giving an economy
of scale: price <$5.00 / unit
R1 Interact with microfluidic growth environment
Sensing and Data
Processing R3 Data processing provides output in graphical formats
R1 Control of all critical experiment parameters (e.g. flow rate,
temperature, experiment time)
Experimental Control
R) Changes in experimental parameters are quantitatively

recordable
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Use Case Analysis

g =
System User \

«3ystem Boundarys
Platform for Observation and Characterization
of Bacterial Biofilms

Initial
Establishment of
Experimental
Parameters

Biofilm Sample
Input

Sensing of Biofilm
Characteristics

Alteration of
Experimental
Parameters

Output of Biofilm
Data/Information

~
~ |
=~ o zextends
~

zincludes

-~ ~

-~

Termination of
Experiment

Analysis of

@nm

~ ~ «includes

~
~

«includes
Growth of Biofilm

_ “«includes

TT—2
/a eria Sample

2 May 2011

MATTHEW MOSTELLER

ENSE 622



System
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Lower-level activity and sequence diagrams further specify system behaviors !

2 May 2011

MATTHEW MOSTELLER

ENSE 622



System Structure Analysis

User
-Level of Expertise
-Field of Study
-Technical Ahilties Bacteria Sample
+Set Up Experiment() b i
+Provide Simulation Inputs() _g:g:ﬂ: g}:ﬁm
+Analyze Outputs() -Growth Media Type
-Growth Media Concentration
-Wiscosity
1 +Support Bacteria Growth()
1
= 1.2
Gr 1 User Interface
-Graph Types
-Interaction
-Ease of Use 1
1 T Obiain Processed Datal) Microfluidic Environment Experimental Setup Sensor Network
+Display Graphs/Data() -Construction Material -Temperature -Sensor Type
+Process User Inputs() -Channel Length -Flow Rate -Sensitivity
-Channel Width -Duration -Usable Lifetime
1 -Channel Height 1.+ 1 -Bacteria Sample 1 1.* |-Invasiveness
Biofilm Growth Sii 1 -Channel Surface Roughness : Bacteria Sample [1]

QoS Sraw™ =1 _Biocompatibilty  Microfluidic Environment [1.7] —
_Processing Time  Sensor Network [1] +Sense ﬁlofllm Growth()
-Level of Accuracy +Grow Bacterial Biofilm() ‘ Incubator [1] +Transmit Data()
-Degrees of Freedom +() -

-Modeled Biofim Attributes +Flow Bacteria Sample() 1.*
-Bacteria Types Supported
-Experimental ParametersiVariables
+Get Input Parameters() 1
+Run Simulation() 1
+Output Simulation Result()
Incubator
-gferggir;lure Linear Optical Array
Data Processor :Humi ity -Sgnsitivity
-Supported Data Types -Light Intensity -Size i
-Processing Time -Povver Requirements
Ml i +Maintain Environmenit
pasiwm Sempe Processing Rate 0 +Detect Biofim Opticia Density()
1 -Multiplexing of Inputs and Outputs
: Data Acquisition Card [1] 1
: Processing Software [1]
+Obtain Sensor Data()
+Process Sensor Data()
+Transmit Processed Data()
1 1
1 1
Processing Software Data Acquisition Card
-Speed -Sample Rate
-Memory Usage -Number of 11O Ports
-Level of Complexity -PC connection type
-Output Type -Compatible Software
+Sort Data() +Retrieve Analog Signals()
+Analyze Data() +Convert Signal Data Types()
+Create Plot Files() +Output Readable Data()
+Save Data()

2 May 2011 MATTHEW MOSTELLER ENSE 622




System-Level Design and Integration

Utilize system-level modeling to map system behaviors to a physical system design

: Experimental Platform

: Experimental Setup I I : Software System
IJ-| : Provides Parameters IJ‘I
- | .
Al : Outputs To
: Microfluidic Environment [1..*] | Aligned With [ s k[1] [I] : Data Processor [1] p—m : Graphical User Interface [1] ]
| [
| :Pr ing e[] | ]
5 L
: Detects I : Outputs To
: Sends Data
[Grows In : Bacteria Sample [1] [ {": Data Acquisition Card [1] : Biofilm Growth Simulator [1]
: Transmits To T
: Maintained In
U]

Composite-structure diagram shows interfaces between system components and
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System-Level Design and Integration

2.1: Run Simulation()
4_

: Biofilm Growth Simulator |

TZ: Get Input Parameters()

1: Request Data () 1.1: Request Data () 1.1.1: Get Analog Signals ()
—p
: Graphical User Interface } { : Processing Software = i : Data Acquisition Card }—‘ : Sensor Network |
3.1.1: Grow ()
4
3. Experimental Conditions () 3.1 Type ()
e —

| : Microfluidic Environment |

L |

4. Environment Conditions ()

—
- { : Incubator I
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Communication diagram shows messages between system components and relative timing
of these communications
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Library of Reusable Components

e Rationale: to provide a tool for making design decisions for

experimental platforms for biofilm studies

° Key Factors

— Interfacing data transfer and physical coupling of components

— Measures of effectiveness: cost, versatility, processing time, etc.

. System—level and component—level measures of effectiveness

— Parametric tradeoff between various designs

A

Outputs
User

System Model/Simulation in Modelica®

Experimental
Setup

User Interface

Data Acquisition Card

Data Processor

Processing Software

Biofilm Simulator

Software System
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Library of Reusable Components

Example:

cross-hierarchy coupling of a sensor network (experimental system)

and a data procsesor (software system)

model sensor network

physical_ coupling a;
data_coupling b;

parameter Real
invasiveness; parameter
Real sample_rate;
parameter Real
sensitivity;

protected
Real network size;

equation

end sensor network;

connector data coupling

Real processing_speed;
Real data type;

end data coupling;

T~

Data Coupling

Sensor Network

Implementation:
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connect (sensor network.a,

Physical Coupling

Data Processor

connector physical coupling
Real interface type;

end physical coupling;

data processor.a);

connect (sensor network.b, data processor.b);
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model data processor

physical_coupling a;
data_coupling b;

parameter Real
process_rate;
parameter Real
conversions;

data acquisition card dag;
processing_software

data_software;

protected
Real file size;

equation

end data processor;
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System Trade-Off Analysis
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Cost = Cg + Cg + Cpp + Cpg

Versatility = Vg + Veg + Vpp * Vaes
Performance = Pg + Pg + Ppp + Pggs

P, = Process Time,, + Repeatability,,
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System Trade-Off Analysis

Cost vs. Performance

* 16 Possible Design Configurations
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System Trade-Off Analysis
Design Comparisons

Cost vs. Performance 3,4,6,11,12, 15,16 * 3vs. 4
— 3 wins (less cost & better versatility)
Cost vs. Versatility 1,3,4,5,6,11,15 e 6vs 11
Performance vs. Versatility 3,4,6,7,11,15 — 11 wins (increase in performance &
versatility for less cost)
Overall 3,4,6,11,15 ¢ 3vs 15

1.9% increase in performance, only
2.2% cost increase)

3 51

2350 33

4O A - * 3vs. 11
4 TUU J.1 J.1
— 11 wins (17.8% increase in
(o] FAVSLY) Z. /3 .7

Versatility but at a cost increase
11 2050 2.8 5.0 of 14.6%. Cost is more
important than versatility)

1 200 O C..0
1

2300 -85 5.
Component Selection Performance Characteristics
Sensor Network SN 1 Cost $2050
Experimental Setup ES 2 Versatility 2.8
Data Processor DP 1 Process Time 2.0
Biofilm Growth Sim BGS 2 Repeatability 3.0
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Conclusions

1. Developed system-level design of a bacterial biofilm
experimental platform
—  System behavior
—  System structure

— System Integration

2. Created a basis for a library of reusable components using

the Modelica® language

— Tool to streamline the design of similar systems

3. Trade-off analysis of system measures of effectiveness
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Thank You

Questions
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