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Microsystems technology is the technology to build a system
that can measure and respond autonomous to signals

A microsystem is a small product with dimensions
in the micrometer-domain.
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Anisotropic Etching of Silicon
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Figure 3.5 Schamatc illustration of cross-sectional tranch profiles
resulling from four different typas af etch mathods.
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Anisotropic etching of a cavity in {100} oriented Silicon
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Realization of a pressure sensor in Silicon

Bondpad

(100} Si

ptype diffused
JJlE’Zl]lPSBI or

diaphragm Metal conductars

n-fype
epitaxial
layer

piype
substrate
and frame

Anodically
bonded
Pyrex

Etched cavity
substrate

Backside port

ln.WJmm—\
n-type epitaxial layer ]
p-type substrate .= |

Silicon nitride

» Deposit insulator

"

prtype diffusions * Diffuse piezoresistors

Metalomr" =,

+ Deposit and
patiern metal

—
—

g
# Flecirochemical
etch of backside
cavity

=

R E

Figure 4.6 Fabrication steps for a piezoresistive gauge, or
differential, bulk micromachined pressure sensor
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By anisotropic etching highly precise 3D

can be realized in Silicon
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Mass Micro Machining

By the use of etching technology many products can be
realized simultaneously. This enables low cost
manufacture of precise parts
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Typical Cost of a Silicon Wafer

EG (Electronic Grade) 99,99999999% grade Silicon

Silicon (Standard 2' wafer) 10 USD
Silicon (Standard 3' wafer) 12,50 USD
Silicon (Standard 4' wafer) 13 USD
Silicon (Standard 6' wafer) 30 USD
Silicon (Standard 8' wafer) 30 - 40 USD
Silicon (Standard 12' 300mm wafer) 125 - 200 USD

CMOS Processed (Standard 12" wafer) 9000 USD
One 4’ wafer can yield up to circa 16000 pressure sensors

(outline 500 micron - sawing distance 200 micron)
Manufacturing cost per sensor: less than 10 cents
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Silicon structure is packaged in an electronic package
The packaging significantly contributes to cost
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microchip (backside)
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The pacemaker is one of the oldest examples of a MST product
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mems30

Top 30 MEMS manufacturers in 2006 by revenue

Source:WTC ~ www.wic-consult.de
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Top 10 near-term market opportunities for MST / MEMS.:

Micro-fluidic biochips for medical diagnostics and drug discovery.
Glucose micro-fluidic monitoring sensors.

Tire pressure sensors.

Hard disk drive heads.

Print heads for ink-jet printers.

Over-the-counter micro-fluidic devices for detecting medical conditions.
Large format print heads.

Devices that enable advanced automotive functions.

Accelerometers and gyroscopes for antilock brake systems.
Automobile mass airflow sensors.

Notice

First; Six of the top 10 are the largest dollar-generating markets.
Second; All categories have generated > $250 million in 2006.
Third; None are expected to grow < 40 percent annually. .

f
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Small Dimensions:

- Suitable for implants

- Suitable for minimal invasive surgery

- Suitable for catheters with small diameters

- Small samples required for diagnosis

- Small sample volumes lead to fast response times

Through Function Integration:

- Monitoring of patients, remote diagnostics

- Controlled medication (correct dosing)

- Improved welbeing of patients (e.g. pacemakers
with build in accelerometers and remote diagnostics)
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Medical Applications
Implants and Artificial Organs
Diagnostic and Analytical Devices
Drug Delivery

Microfluidics
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Implants and Artificial Organs

Pacemakers /Artificial Hart
Hearing Aids / Cochlear Implants

Retinal Implants
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The pacemaker is one of the oldest examples of a MST product
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Introduced in 1958.

In 2000 the installed base was 3 000 000 pacemakers. Growth is 5 - 6 %

2001
2002
2003
2004
2005

Implantable Cardio Defribillators, introduced in 1980
installed base 400 000 ICDs. Growth is approx. 14 %

2001
2002
2003
2004
2005

636,000 units
670,000 units
739,000 units
776,000 units
814,500 units

92,000 units

107,000 units
123,000 units
141,000 units
160,000 units
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2,9 billion USD
3,1 billion USD
3,4 billion USD
3,6 billion USD
3,7 billion USD

1,2 billion USD
2,2 billion USD
2,6 billion USD
3,0 billion USD
3,4 billion USD
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Integration of Functions
In the pacemaker by:

- MEMS Accelerometer
- Digital control

- Remote diagnostics

- use of MEMS switches
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The trend in dimensions of the pacemaker 1968 - 1989

The smaller sizes of the product increase the well-being
of the patient.
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In 2000, ABIOMED acquired the rights to
Penn State’s implantable heart. The
AbioCor™ implantable replacement heart
is the first completely self-contained total
artificial heart. It is the product of 30 years
of research, development, and testing
conducted by ABIOMED, Inc.

The AbioCor is designed to sustain the
body's circulatory system and to extend the
lives of patients who would otherwise die of
heart failure. Its unique design allows it to be
totally implanted within the body..

f
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Implantable heart pumps or ventricular assist devices (VADS), as they are
known, have given many adult patients with end-stage heart failure a new
lease on life, particularly as a bridge to transplant
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CardioMEMSs’ device measures blood pressure in people who have an
abdominal aortic aneurysm. Doctors can treat the bulging artery with a
stent graft, stents can fail, so aneurysm patients require lifetime monitoring

f
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Type

Behind the ear
In the ear
In the canal

Completely
in the canal

Cochlear Implants

Jan Eite Bullema

Trend is that products become

smaller

and

smarter

This is enabled by developments

In micro electronics and in micro
systems technology
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Typical cost
Euro per unit

200 - 300
500 - 700
700 - 1000

1400 - 2000

35000 - 50000
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Source: Phonak
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1985 1991 1997 1999 2000 2004
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Diagnostics (in general)
Smart Pill

Surface Plasmon Resonance

Optical Analysis
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This smart-pill (M2A capsule) contains
a number of the functions that a
microsystem can have:

- The pill can observe with a camera

- The pill has a processor to process
signals to information

-The pill has coil to transmit information

- The pill has a battery for energy
supply purposes

MST and Medical Applications
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The capsule is 11mm x 26mm (<4 grams)

Field of view is 140 degrees.

Detection of objects at a minimum size
less than 0.1 mm

In a normal (8 hr) procedure the
generates approximately 57,000 images,
at a rate of two frames / second.
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Source: PENTAX FG-32UA
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Surface Plasmon Resonance has a typical sensitivity of 10 -8 10 ° mol /liter
And is often used to analyse complex biochemical reactions

f
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Surface Plasmon Resonance (SPR) is a physical process that can
occur when plane-polarized light hits a metal film under total
internal reflection conditions.
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Design 1 for SPR thermostration Design 2 for SPR thermostration

The temperature of a sample must be thermostrated fast and accurate
at 0,1 degree Celsius Both Devices gave a 100x improvement in the
SPR results

f
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Not a heel puncture but an optical measurement

The analysis is done with a plastic grating
The grating is made with LIGA technology
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Color Check of Teeth Bili Check for Jaundice
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Think ultrasound machines are
just good for looking at babies in
the womb? The same technology
can also diagnose life-threatening
injuries. Trouble is, the machines
are big and expensive.

So how to get this kind of diagnostic
help where you need it? ...on the
battlefield or even in your
neighborhood ER in the middle

of the night?

This 5.4 Ib SonoSite™ 180 portable
ultrasound unit solves the problem
using advances in computer chip

Jan Eite Bullem ST and wedical appicacPRAINIAtUTZAtion. e

A surgical doctor inspects a pressure sensor before he
Starts measuring the pressure in the heart of the patient

f
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Artificial Pancreas

Aerosol dispensing

Smatrt pill
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Length: 340 mm
Diameter: 0,6 mm
Electrodes: 31 + 1

Array length: ca. 6 mm —

'LI..
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The artificial pancreas gives the diabetic patient a continuous
and correct dosing of insulin
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By the micro holes an aerosol can be dispensed with
droplets of a very well defined droplet diameter
(droplets of circa 1 micron diameter)
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Medspray specializes in micro sprays, based on
Rayleigh spray principles. Basically this means that we
create small fluid jets. These jets break up in droplets
of the same size. By varying nozzle sizes we can
‘engineer’ the spray you have been looking for.

Medspray uses lithographic micro machining technology
or 'nano technology' to create these spray nozzles.

By keeping the nozzle holes thin, the spray pressure
needed is low and can easily be generated by simple
mechanical disposable devices.
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Lab-on-a-Chip

Lab-on-a-Disk

Fundamentals
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By capillary action the sample is pulled to the reactive spots
Small sample volume + large nhumber of analysis simultaneously
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Source:IMM
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| Design

25 reaction chambers supplied
by microfluidic channels

Reaction volume 20 nl

Liquid transport by combination
of capillary forces and membrane
actuators

sl

Only one temperature level
required (41 °C)

Well suited for RNA
amplification
(information related to active

genomic sequences) .i'-.-i

Micro channels are used more and more in ‘Lab on a Chip’ products
The example is a capillary with a width of 100 micron
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Gyros: Lab-on-a-Disk

The Gyros device uses a passive valve principle. Some parts of the
micro-channels have hydrophobic properties. These will act as a closed
valve, fluid can not pass due to the hydrophobic surface. As the device is
rotated, centrifugal forces will overcome the hydrophobic forces and pass
the hydrophobic valve region.

By,
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One important manner in which microfluidics differs from micro
electronics. Is that the fundamental physics changes more rapidly as
the size scale is decreased

Micro fluidics quickly reach length scales were fundamental fluid
physics change dramatically.

E.g.

Reynolds (Re) = inertial / viscous =1 . Uy L,/ h

Péeclet (Pe) = convection / diffusion = U, . L,/ D

Capillary (Ca) = viscous / interfacial =h . U,/ g

Jan Eite Bullema MST and Medical Applications
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Reynolds (Re) = inertial / viscous =1 . Uy L,/ h

Flow in micro channels has typically Re 10 ¢ to 10

{ water (h )1 mPa.s, diameter (L, 1 — 100 mm, flow (U, 1nm/s to 1cm/s }
Flow in micro channels is always laminair as

viscous forces >> inertial forces

Spermatazoa ~ 1x10 2
Blood flow in brain ~ 1x102
Blood flow in aorta ~ 1x103

Person swimming ~ 4x106

Aircraft ~ 1x107

Blue whale ~ 3x108

A large ship (RMS Queen Elizabeth 2) ~ 5x10°
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Péclet (Pe) = convection / diffusion = U, . L,/ D

Particle Typical Size Diffusion constant

Solute ion 10 -1 nm 2 x 103 nm?/s
Small Protein 5 nm 40 mm?/s
Virus 100 nm 2 mmé?/s
Bacterium 1 mm 0.2 nm2/s
Human Cell 10 mMm

Washing
Solution

Extracted
Particles A O . ® o0
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. Solution
Particles A + B

WESCRS
Particles B
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Capillary (Ca) = viscous / interfacial =h . U,/ g

Large surface to volume ratios of micro devices make surface effects
increasingly important

Capillary manipulation by two strategies:
- Modifying the solid-liquid surface tension
(electro wetting, surface gradients, reactive flows)

- Inducing a gradient in liquid-gas surface tension
(thermo capillary, electro capillary)
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Humans
60 trillion (10*?) cells
320 cell types

69 Jan Eite Bullema MST and Medical Applications

FERN 160,000,000,000
LUNGHSH 139,000,000,000
SALAMANDER 81,300,000,000
NEWT 20,600,000,000
ONION 18,000,000,000
GORILLA 3,523,200,000
MOUSE 3,454,200,000
HUMAN 3,400,000,000
Drosop hila 137,000,000
C.Hegans 96,000,000
Yeast 12,000,000
E Coli 5,000,000
smallest Genome ????7?7
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hierarchy of relationships:

genome

B
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transcription

b

trandation
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massive data sets from simultaneous
expression levels of thousands
of genes

impossible to grasp directly by the
human mind

methods are needed for finding

meaningful results and patterns
from

the bulk of data
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Ambient environment including
electronic patient records, hospital and
laboratory information systems, users
home PCs, and on-line interface.

Communications access,
utilising best local facilities
available

Base station / portable unit

integrating access, processing,

control, sensor analysis, data

analysis, user displays and

interface, communications. )
Biometric access,
smartcard interface

Jan Eite Bullema MST and Medical Applications

Clinical validation and integration
into healthcare systems

Disposable fluidic cartridge with integrated
biosensors (contaminated with patient sample)
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! sample - 9 Filtering / = © |ysis/ = erating |
Biopsy Concentrating Extract DNA A/ Rest
o e @Washing/ ° DNA

Sample preparation and analysis on a 1’ x 3’ (25 x 75 mm) lab-on-a-chip

By,
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Cell in DNA Out

50 micron
250 micron

7y
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Réser, T.; Drese, K.; Futterer, X.; von Germar, F.; Hansen-Hagge, T.; Ritzi, M.; Bullema, J.-E.; Bolt, P.:
Comparison of the efficiency of different methods for the lysis of cells in lab-on-chip systems
In: Technical Proceedings Nanotech 2007 Vol. 2, 2007, 235-238
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Onsager (J = L X)

Bullema, J. E.; ‘Drukval over een Microkanaal’, In: Mikroniek, no 6, 2007, p 38 -41
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The text book micro channel

Ideal rectangular

Structuring in PDMS v
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KOH etching of silicon

Laser ablation (Gaussian)
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Machined Silicon costs circa 0,05 EUR/ mmZ (5 x 10 -2 EUR/mm?2)
Machined Plastics costs circa 0,00002 EUR/mm?2 (2 x 10 - EUR/mm?2)

Relevance
MEMS based products are applied in a growing number of applications

VDC (Natick, MA) expects that the market for this devices starts to grow from
3.4 billion (2002) to 10.4 billion with an expected value of $34 billion (2006).

Specific products are:

- Microfluidic biochips

- Glucose monitoring sensors
- At home kits for analysis.

Many existing solutions are still to
expensive or incomplete

TNO & C2V: FMCM Technology
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Steag Microparts: Micro Array TNO Science and Industry: Legionella Detection

Micro fluidics: small sample volumes, fast analysis times.

In most cases passive structures in micro fluidic devices

Jan Eite Bullema MST and Medical Applications
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Realization of free-standing MEMS structures in plastics with the
possibility to actuate these structures. These structures are made
with a replication technology that enables high-volume, low-cost
manufacture of these free standing plastic MEMS structures.
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World Market

Microfluidic Chips
Pressure Sensors

Drug Delivery

IR Sensors
Microspectromers
Other

Jan Eite Bullema

2004
600 M USD

65%
23%
1%
5%
3%
3%
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2009 (prognosis)
1,5B USD

67%

13%

13%
3%
2%
2%
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