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Micro-Models

(Lenormand et al., 1983) (Stewart & Fogler, 2001) (Keller et al., 1997)
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http://www.physics.purdue.edu/rockphys/mmliterature.php
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Outline

*What is a micro-model?

*Fabrication & Examples

*Imaging Modalities

*Image Analysis



Pyrak-Nolte 4

*To test theoretical hypotheses on the relationships
among capillary pressure, saturation and interfacial
area per volume…and other things

What is a micro-model?

*A transparent flow cell that enables direct visualization of
fluid motion, chemical reactions, biological behavior and
other processes

Why use micro-models?
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Micro-Model Applications

(from Baumann& Werth, 2004)
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Micro-Model Applications

(from Ochiai et al., 2006)



Pyrak-Nolte 7

What is a micro-model?

*a transparent flow cell that enables direct visualization of fluid motion,
chemical reactions, biological behavior and other processes

Etched substrate

Etched polymer

Mold

Replicas

Optical or X-ray Lithography
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Photoresist

Photoresist: A light sensitive material

PMMA:  Polymethylmethacrylate

PMGI:  PolyMethylGlutarimide

Novolac:  phenol formaldehyde resin (PF)

SU-8: epoxy that is a multifunctional glycidyl ether
derivate of bisphenol-A novolac. Dissolves in gamma
butyrolactone (GBL) to change viscosity & affect film
thickness

SU-8
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Photoresist

Positive Resist: Regions exposed to UV
are washed away upon development.

Negative Resist:  Regions exposed to
UV remain after development

ex.  Shipley 1805 (now Ross & Hass)

ex.  SU-8
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Processing Photoresist

SU-8 Processing Steps
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Optical Lithography: Preparation

*analogous to darkroom development of photographs

Spin Coating of Disk with a UV-sensitive Polymer

http://large.stanford.edu/courses/ph210/hellstrom1/
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Optical Lithography: Preparation

*analogous to darkroom development of photographs
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Optical Lithography: Preparation

*Care in spin coating

http://large.stanford.edu/courses/ph210/hellstrom1/
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Processing Photoresist

SU-8 Processing Steps

Drives off solvents
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Photolithography: Exposure Induced Cross-linking
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Photolithography: Electromagnetic Spectrum
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Photolithography: Wavelength for Exposure

Shipley 1813 SU-8
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Optical Lithography: Energy Dose for Exposure

Shipley 1813 SU-8
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Optical Lithography: Typical Sources



Pyrak-Nolte 20

Optical Lithography: Methods

Substrate Photoresist
Mask

Substrate

Mask

Lens
Mercury Light Source

Tungsten Light Source

Contact Lithography

Projection Lithography
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Rayleigh Criteria
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y=i sinθ
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If α> αC objects can be resolved
If α< αR objects can not be resolved
To increase our ability to distinguish objects we must

minimize the diffraction pattern. Because

we can :
increase d or
decrease λ

1) Use ultraviolet light

2) e- beam used in Scanning Electron
Microscopes (SEM)  have λ≈λ(light)/105

3) place object under a microscope in a drop of
oil λn=λ/n

d
C

!
" 22.1#

Rayleigh Criteria
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Processing Photoresist

SU-8 Processing Steps

for chemically amplified resists:
catalytically performs and completes
the photo reaction initiated during
exposure. For negative resists,
crosslink during PEB and remain after
development
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Processing Photoresist

SU-8 Processing Steps

Removes desired regions
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Processing Photoresist

SU-8 Processing Steps

Increases thermal, chemical and
physical stability of the structure
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Types of Micro-Models:  Etched Silicon or Glass

Silicon Wafer Baumann& Werth, 2004

http://www.computermuseum.li/
Testpage/SiliconWaferofChips.j
pg
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Types of Micro-Models:  Etched Silicon or Glass

Baumann& Werth, 2004
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Types of Micro-Models:  Etched Silicon or Glass

Keller et al., 1997
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Types of Micro-Models:  Etched Silicon or Glass

Keller et al., 1997
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Type of Micro-Model: Projection Lithography

Cheng et al., 2004

Inlet

Outlet

Pore
Structure

Inlet

Outlet

Base Plate Port Plate

1. Contact Lithography
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Type of Micro-Model: Projection Lithography

2. Projection Lithography

Exposure

- Photoresist - Mask- Glass Slide

Desired Pattern
Exposure
 to UV

After Development
 Photoresist Micro-model

Cheng et al., 2004
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Type of Micro-Model: Projection Lithography

Spatially Uncorrelated Spatially Correlated

600 µm Aperture ~ 1.08 µm
Cheng et al., 2004
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Types of Micro-Models: Soft Lithography

“An elastomeric block with patterned relief structures on its surface is the key
to soft lithography.”  (Xia & Whitesides, 1998)

PDMS:  Poly(dimethylsiloxane)

Most Common Elastomer:

polyurethanes, polyimides,
phenol formaldehyde polymer

Other Elastomers:

http://www.ws.chemie.tu-
muenchen.de/uploads/pics/pdms
300_01.jpg
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Types of Micro-Models: Soft Lithography

(Xia & Whitesides, 1998)
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Types of Micro-Models: Soft Lithography

(Xia & Whitesides, 1998)
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Types of Micro-Models: Soft Lithography

PDMS:  Example from Hydrology Community

Auset & Keller, 2004
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Types of Micro-Models: Soft Lithography

PDMS:  Example from Hydrology Community

Auset & Keller, 2004
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Types of Micro-Models:  Glass Beads

(Chatenever & Calhoun, 1952)

One layer of 178 microns in
diameter spherical glass beads
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Types of Micro-Models:  Glass Beads

Glass Balls, Fourar et al, 1993

1 mm glass spheres
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Types of Micro-Models: Simulacrum

Detwiler et al., 1999
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Types of Micro-Models: Replicas

Fracture Casts

Pyrak-Nolte et al., 1992

Dye Water Invasion

Air InvasionDry Fracture

Brown et al., 1998
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Micro-Models:  Toward Three-Dimensions

*Two Photon Adsorption Lithography
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Micro-Models:  Toward Three-Dimensions

*Two Photon Adsorption Lithography
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Micro-Models:  Toward Three-Dimensions

*Two Photon Adsorption Lithography
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Micro-Models:  Three-Dimensions

*High Angle Exposure

θ1

θ2
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Micro-Models:  Three-Dimensions

*High Angle Exposure

(Sato et al., 2003) (Liu 2009-2010 in progress)
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Micro-Models:  Three-Dimensional

Montemagno & Gray, 1995

*Optical quality glass sand

*Index matched fluids

*Fluorophores
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Imaging Systems:  Optical Microscope

(from Ochiai et al., 2006)
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Imaging Systems:  Visualization Chambers

*Sand packs, fracture replicas

(from Ochiai et al., 2006)
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Imaging Systems:  Epifluorescence Microscope

Example: Nikon TE2000
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Imaging Systems:  PVI

Montemagno & Gray, 1995
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Imaging Systems:  Laser Confocal Microscopy

(after Fredrich & Wong, 1995; Fredrich, 1999)

Laser

Source Pinhole

Photomultiplier tube

Detector Pinhole

Beam Splitter

Focal Plane

Objective Lens

z

Intensity
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Laser Confocal Microscopy

(Fredrich & Wong, 1995; Fredrich, 1999)
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Imaging Systems:  Laser Confocal Microscopy
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Image Analysis

From Image Analysis:

Saturation
Interfacial Length
Curvature
Normals to Interfaces
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Image Analysis: Phase Identification

s70_sum04_Q

Non-Uniform Lighting
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Image Analysis: Phase Identification

s70_sum04_Q

function = a * (x ! xic )
2

Newimage = image + function

+ =



Pyrak-Nolte 58

Image Analysis: Connected Path

s70_sum04_Q
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Image Registration:  Cross-Correlation

s70_sum04_Q
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Image Registration:  Cross-Correlation

s70_sum04_Q
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Image Analysis: Threshold

s70_sum04_Q
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Phase Identification

False
Color
Image

NitrogenDecane Photoresist

Raw
Image
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Image Analysis

From Image Analysis:

Saturation
Interfacial Length
Curvature
Normals to Interfaces
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Image Analysis:  Convolution Kernels

I11 I12 I13 I14 I15 I16 I17 I18 I19

I21 I22 I23 I24 I25 I26 I27 I28 I29

I31 I32 I33 I34 I35 I36 I37 I38 I39

I41 I42 I43 I44 I45 I46 I47 I48 I49

I51 I52 I53 I54 I55 I56 I57 I58 I59

I61 I62 I63 I64 I65 I66 I67 I68 I69

http://homepages.inf.ed.ac.uk/rbf/HIPR2/convolve.htm
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Edge Detection

Sobel

Roberts

http://homepages.inf.ed.ac.uk/rbf/HIPR2/convolve.htm
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Edge Detection

Sobel RobertsImage

http://homepages.inf.ed.ac.uk/rbf/HIPR2/sobel.htm



Pyrak-Nolte 67

Image Analysis:  Edge Detection

Nitrogen InterfacesDecane Interfaces Photoresist Interfaces



Pyrak-Nolte 68

Image Analysis: Interfaces

Interfacial Length
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Curvature: Kernel Approach
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Curvature of wn Interfaces

wn interfaces



Pyrak-Nolte 71

Mode versus Average

wn interfaces
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Normals
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Thank you!


