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Module -3
Engineering Mechanics for
Microsystems Design

Structural integrity is a primary requirement for any device or engineering
system regardless of its size.

The theories and principles of engineering mechanics are used to assess:

(1) Induced stresses in the microstructure by the intended loading, and

(2) Associated strains ( or deformations) for the dimensional stability, and
the deformation affecting the desired performance by this
microstructural component.

Accurate assessment of stresses and strains are critical in microsystems design not only
for the above two specific purposes, but also is required in the design for signal transduction,

as many signals generated by sensors are related to the stresses and strains Induced by the
input signals.

Mr. Hemanth Kumar G



Chapter Outline

Static bending of thin plates

Mechanical vibration analysis
Thermomechanical analysis
Fracture mechanics analysis

Thin film mechanics

Overview of finite element analysis



Mechanical Design of Microstructures

Theoretical Bases:

e Linear theory of elasticity for stress analysis
e Newton’s law for dynamic and vibration analysis
e Fourier law for heat conduction analysis

e Fick’s law for diffusion analysis

e Navier-Stokes equations for fluid dynamics analysis

Mathematical models derived from these physical laws are valid for micro-
components > 1 um.



Mechanical Design of Microsystems

Common Geometry of MEMS Components

Beams:
Microrelays, gripping arms in a micro tong, beam spring in micro accelerometers

Plates:
e Diaphragms in pressure sensors, plate-spring in microaccelerometers, etc

e Bending induced deformation generates signals for sensors and relays using
beams and plates

Tubes:
Capillary tubes in microfluidic network systems with electro-kinetic pumping
(e.g. electro-osmosis and electrophoresis)

Channels:
Channels of square, rectangular, trapezoidal cross-sections in microfluidic network.

- Component geometry unigue to MEMS and microsystems:
Multi-layers with thin films of dissimilar materials



Recommended Units (SI) and Common Conversion
Between Sl and Imperial Units in Computation

Units of physical quantities:

Length:
Area:
Volume:

Force:
Weight:

Velocity:

Mass:

Mass density:

Pressure:

m
m?2
m3

N
N

m/s

g/cms3

Pa

Common conversion formulas:

1 kg =9.81 m/s2

1kgf = 9.81 N

1 um=106m

1 Pa=1N/m2

1 MPa = 106 Pa = 106 N/m2

1 m=39.37in=3.281t
1 N =0.2252 Ib;(force)
1 kg; = 2.2 Ib;(weight)
1 MPa = 145.05 psi



Static Bending of Thin Plates

We will deal with a situation with thin plates with fixed edges subjected

to laterally applied pressure:
b
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in which, P = applied pressure (MPa)
M,, M, = bending moments about respective y and x-axis (N-m/m)
h = thickness of the plate (m)
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The governing differential equation for the induced deflection, w(x,y) of the plate is:
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' igidity,D = En (4.2)
with D = flexural rigidity,Y = 12(1=17) .

in which E = Young’s modulus (MPa), and = Poisson’sratio



Static Bending of Thin Plates-Cont'd

Once the induced deflection of the plate w(x,y) is obtained from the solution of
the governing differential equation (4.1) with appropriate boundary conditions,
the bending moments and the maximum associated stresses can be computed
by the following expressions:

Bending moments (4.3a,b,c): Bending stresses (4.4a,b,c):
6(M )
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Special cases of bending of thin plates

Bending of circular plates
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Let W = total force acting on the plate, W = (1ra)p and m=1/
The maximum stresses in the r and 8-directions are:
3V
(G). = AW and (O o) =, (4.5a,b)
rr/ max 47Z'h2 41h
: 3

Both these stresses at the center of the plateis: O = Opg= gy (4.6)

The maximum deflection of the plate occurs at the center of the plate:
__3W(m*-1)a’
Wmax 167E m2h® (4.7)




Example 4.1 (p.113)

Determine the minimum thickness of the circular
diaphragm of a micro pressure sensor made of
Silicon as shown in the figure with conditions:

Diameter d = 600 um; Applied pressure p = 20 MPa
Yield strength of silicon o, = 7000 MPa

E = 190,000 MPaand = 0.25. Pressure loading, p piaphragm
Solution: Diaphragm iiiiiiiiu,i_thickness,h
() = 3W he | 3W silicondie — || I
rramax 47T h? 47T(Grr)max //'
o Constraint base
3W 3WV
(Gae)max = A h2 — =
7h 477( o 60) max

Use the condition that o,, < o, = 7000 MPa and 0g < 0, = 7000 MPa, and

W = (ra?)p = 3.14 x (300 x 10-6)2x (20 x 106) = 5.652 N, we get the minimum thickness
of the “plate” to be:

o 3x5.652
1\ 4x3.14x(7000x10°)

=13.887x10°m  or 13.887 um




Special cases of bending of thin plates-Contd

Bending of rectangular plates

le

a

|‘

y
The maximum stress and deflection in the plate are:
4
pr = pb
(O-yy)max = ﬂ 5 and Winax 3 (4.8 and 4.9)
h Eh
in which coefficients a and 8 can be obtained from Table 4.1
a/b 1 1.2 1.4 1.6 1.8 2.0 00
o 0.0138 | 0.0188 | 0.0226 | 0.0251 | 0.0267 | 0.0277 | 0.0284
B 0.3078 | 0.3834 | 0.4356 | 0.4680 | 0.4872 | 0.4974 | 0.5000




Example 4.2 (p.115)

A rectangular diaphragm, 13.887 um thick has the plane e >
dimensions as shown in the figure. The diaphragm is
made of silicon. Determine the maximum stress and

deflection when it is subjected to a normal pressure,

P =20 MPa. All 4 edges of the diaphragm are fixed.

Solution:

We will first determine a = 0.0277 and 8 = 0.4974 with a/b = 752/376 = 2.0 from the
Given Table. Thus, from available formulas, we get the maximum stress:

b? 20x10°)(376x10-6)?
(oyy) max= p_2 =0.4974 ( )( 2 )
" (13.887x10-6)

and the maximum deflection:

= 7292.8x10%Pa

6

4 3 6 -6 —
bb] 0.0277x(20x1(Q")x376x1(Q " - 376x]

W= e BB s icAlloN kxS
Eh E Cho 190000x1 0 13.887x10

B
% = -21.76x10
L]

at the center (centroid) of the plate

_6m



Special cases of bending of thin plates-Cont'd

Bending of square plates:

A
d
A 4
d
¢ g
. . 0.308 pa?
The maximum stress occurs at the middle of each edge: 0 .« = th 4 (4.10)
_ _ 0.0138pa*
The maximum deflection occurs at the center of the plate: Wrax =~ ——¢ 3 (4.11)
The stress and strain at the center of the plate are: 1
-V
2
0 = bp(m+1)a and &= E o (4.12 and 4.13)

47mh?

Square diaphragm (idealized as a square plate) is the sensing element in
many micro pressure sensors



Example 4.3 (p.116)
a=>532um

Determine the maximum stress and deflection in _

A 4

A

a square plate made of silicon when is subjected .
to a pressure loading, p = 20 MPa. The plate has =t
edge length, a = 532 um and a thickness, §
h=13.887 um.

Solution:

From the given formulas, we have the maximum stress to be:

2 6 -6
o _0.308pa _ 0.308x(20x10 )(5_3;2510 ) _ .
mx (13.887x10°°)

and the maximum deflection:

0.0138pa*  0.0138palar’’
W == = — D =
max EhS E D

6 -6 % [
~ 0.0138(20x10°)x532x10 ﬁ 532107 £ 10104m  OF W= 43pm
190000x10° -13.887x10°° -




Geometric effect on plate bending

Comparison of results obtained from Example 4.1, 4.2 and 4.3 for plates made of
silicon having same surface area and thickness, subjecting to the same applied

pressure indicate saignificant difference in the induced maximum stresses and

deflections:
Geometry Maximum Stress (MPa) | Maximum Deflection
(M)
Q 7000 55.97
7293 21.76
9040 43.00

highest stress output

The circular diaphragm is most favored from design engineering point of view.
The square diaphragm has the highest induced stress of all three cases. It is

favored geometry for pressure sensors because the high stresses generated by
applied pressure loading — result in high sensitivity..




Example 4.4

(p. 118)

___________________

View on Section “A-A”

Passage for
Pressurized

I Medium

<
|

(Pressurized Medium)

Silicon die

A

Silicon
Wafer

v

Pyrex Glass
Constraining
Base

Uniform pressure loading

B /7

v 7

Adhesive /7

Thin Silicon Membrane
with signal generators
and interconnect

y4

Determine the maximum stress and deflection in a square diaphragm
used in a micro pressure sensor as shown in the figure. The maximum
applied pressureis p = 70 MPa.

| 783 um |

Diaphragm 1 =---- =
. =
Uniform pressure ™M
loading: 70 MPa 783, m>| 266 pum o&'-
S s\ || [8oum Thickness h = 266 um
/ _1085um | |
/’ 2500 um
Vi
7 v . .
A By using the formulas for square plates, we get:
0.308x70x10°x(783x107°)?
Metal Omax = ( 5 ) = 186.81Mpa
co (266x107°)

and the maximum deflection:

~ 0.0138x70(783x10°)*
190000(266x1076)3

Wmax -

= -10153x10 ' m

or 0.1015 pm (downward)



Mechanical Vibration Analysis

Mechanical vibration principle is used in the design of micro-
accelerometer, which is a common MEMS device for measuring
forces induced by moving devices.

Microaccelerometers are used as the sensors in automobile air bag
deployment systems.

We will outline some key equations involved in mechanical vibration
analysis and show how they can be used in microaccelerometer
design.



Overview of Simple Mechanical Vibration Systems

(a) Eree vibration: (b) Damped vibration: (c) Eorced vibration:

Sprmg Force on Mass:
O = F(t) =F,Sinat
Mass

Nﬂummm' m X(t) Damping Il
f— a mlem | Coefficient

2r X o c/(2m)

X(t) = instantaneous position of the mass, or the displacement of the mass at time t.
X(t) is the solution of the following differential equation with C; and C, beingconstants:

d 2 X(t)

md—t2+ kX () =0 Eq. (4.14) for Case (a) — X(t) = C, cos (ot) + C,sin (ot)
2
s dxz(t) dﬁft) +kX (t)=0 Eqg. (4. 19) for Case (b) —
t X (t)= e ~2t (Cletwl +C26_t“, ) for A2- w2> 0
X (t) = e*(C1+C2t) for A2- w2=0

X (1) =e‘“(Clcos\/a)2—/12t+Cgsin\/w2—ﬂ}t) for A2- w2< 0

d::ft) KX (t) = F, Sin(at) Eq (4.21) for Case(c) — X(0)= EOF;Q—@'SWHWS'”"“)

In a special case of which a = w — Resonant vibration: X (t) =7 Sinwt —bthosa)t
@ )



A typical p-accelerometer: Proof

Determine the amplitude and frequency of vibration Spring 7 o
) N°' o

of a 10-mg mass attached to two springs as shown M{g\\o

in the figure. The mass can vibrate freely without v&c’ec,e\e

friction between the rollers and the supporting floor. ©

Assume that the springs have same spring constant Math Model: | «

ki =ky,=k =6 x 10>N/m in both tension and \ : >

compression. The vibration begins with the mass
Spring constant, k;

being pulled to the right with an amount of &, =5 pum.
(as induced by acceleration or deceleration) AYAYAVYE

Solution: i

We envisage that the mass in motion is subjected to two spring forces:

One force by stretching the spring (F; =k,x) + the other by compressing (F, =k,Xx).
Also If the spring constants of the two springs are equal, (k; =k5,).
And also each spring has equal magnitudes of its spring constants in tension and
Compression. We will have a situation:

Dynamic force, F

<

F, = Spring force, k;X Spring force, koX = F,
< Mass, m |[¢

Spring constant, ks

In which F, = F,, This is the situation that is called “Vibration with balanced force”



Example 4.6-Cont'd

Since the term kX(t) in the differential equation in Eq. (4.14) represent the “spring force”
acting on the vibrating mass, and the spring force in this case is twice the value.

We may replace the term kX(t) in that equation with (k+k)X(t) or 2kX(t) as:
d2X (1)

m +2k X () =0
dt? (1
: e e dX(t) - :
with the conditions: X(0) = &= 5 pum, and e =0 (zero initial velocity)

t=0

The general solution of the differential equation is: X(t) = C; cos (wt) + C, sin(wt),
in which C; = 05, = 5 x 106 m and C, = 0 as determined by the two conditions.

Thus, the instantaneous position of the mass is: X(t) = 5x10-6 cos (wt) meter

The corresponding maximum displacement is X5, = 5x106 m

The circular frequency, w in this case is:

2k [(6 +6)x10™
w=_|—= =3.464 rad /s
m 10°°




Microaccelerometers

Micro accelerometers are used to measure the acceleration (or deceleration)

of a moving solid (e.g. a device or a vehicle), and thereby relate the acceleration
to the associated dynamic force using Newton’s 2ndlaw: E(f) = M a(t), in which
M = mass of the moving solid and a(t) = the acceleration at time t.

An accelerator requires: a proof mass (m), a spring (k), and damping medium (c),
in which k = spring constant and ¢ = damping coefficient.

Early design of microaccelerators have the following configurations:

k
Conventional M %
—_— M
accelerometers
k I_I_|C

Casing Casing
(a) Spring-mass (b) Spring-mass-dashpot
Silicon beam

Piezoresistor
Microaccelerometers —» K M
Fluid: ~
Constraint
C_ base

(c)Beam-Mass (d) Beam-attached mass



Design Theory of Accelerometers

In areal-world application, the accelerometer is attached to a moving solid. We realize
that the amplitude of the vibrating proof mass in the accelerometer may not necessarily
be in phase with the amplitude of vibration of the moving solid (the base).

X(t) = the amplitude of vibration of the base

Assume x(t) = X sin(wt) — a harmonic motion
y(t) = the amplitude of vibration of proof mass
m| 4y in the accelerometer from its initial static
equilibrium position.
K % |_|_|C X z(t) = the relative (or net) motion of the
L proof mass, m

Moving (vibrating) Base Hence Z(t) = y(t) = x(t) (4.26)

The governing differential equation for z(t) is:

M8+ cz&(h)+ kz(t) = mX w2 Sinak (4.29)

Once z(1) is obtained from solving the above equation with appropriate initial conditions,
we may obtain the acceleration of the proof mass in a relative movement as:

d?2(t)
= e




Design Theory of Accelerometers-Cont'd

The solution of z(t) with initial conditions: z(0) = 0 and dz_it) =0 is:
t=0
z(t) = Z sin(wt — @) (4.30)
in which the maximum magnitude, Z of z(t) is:
2X
z= a)ﬁ (4.31a)
K N e
\/ T o0 00
[m 0 Om [

where X = maximum amplitude of vibration of the base. The phase angle difference, ®
between the input motion of x(t) and the relative motion, z(t) is:

aC

¢=tant—M__ (4.31b)

— @
m



Design Theory of Accelerometers-Cont'd

An alternative form for the maximum amplitude of the relative vibration of the proof mass in
the accelerometer, Z is:

®?X

2 4.32a)
Y 2 (
a)n2 'I—DQ []oo +'YZ1 Q/oo

< [(()n[ﬂf < nf

Z:

where w = frequency of the vibrating base; w, is the circular natural frequency of
the accelerometer with:

a)n: -
m

The parameter, h = c/c. = the ratio of the damping coefficients of the damping medium
in the micro accelerometer to its critical damping with ¢, =2mo,,

For the case of which the frequency of the vibrating base, w is much smaller than the
natural frequency of the accelerometer, w,, i.e. w << w,;:

7 & Adbase,max

W}

(4.33)




Design of Accelerometers

The engineer may follow the following procedure in the design of appropriate
microaccelerometer for a specific application:

(1) Set the target maximum amplitude of vibration, X of the base (e.g., a
vehicle or a machine) and the anticipated frequency of vibration, i.e. w.

(2) Select the parameters: m, k, ¢ and calculate w, and h.

(3) Compute the maximum relative amplitude of vibration of the proof mass,
Z using the available formulas.

(4) Check if the computed Z is within the range of measurement of
the intended transducer, e.g. piezoresistors, piezoelectric, etc.

(5) Adjust the parameters in Step (2) if the computed Z is too small to
be measured by the intended transducer.



Design of Accelerometers-Cont'd

Spring constant of simple beams

Simple beams are commonly used to substitute the coil springs in microaccelerometers.
It is thus necessary to calculate the “equivalent spring constant” of these beam springs.

Since the spring constant of an elastic solid, whether it is a coil spring or other geometry, is
define as k = Force/Deflection (at which the force is applied), we may derive the spring
constant for the three simple beam configurations to be:

L F Appliedforce, F 3El

>
Cd
A

> N Induceddeflection,5_ |3

[ [ [
—=¥ &

 — 4SEl ( _ 192E]
L3 IE

in which E = Young’s modulus; | = section moment of inertia of beam cross-section.

/3

AN

-
= |
219




Design of Accelerometers-Cont'd

Damping coefficients

In microaccelerometers, the friction between the immersed fluid and the contacting
surfaces of the moving proof mass provides damping effect.

There are two types of “damping” induced by this affect:

(a) (b) Micro damping in shear:

M U 2
M o : T 5,
k% |_|_|! C '

Casing Casing

(a) Spring-mass (b) Spring-mass-dashpot

Siliconbeam

RESPONDING TO AN APFLIED
ACCELERATION

C

Casing

Piezoresistor
Kk M
:-
Fluid: Fluid: C

Constraint
base

(c)Beam-Mass

Casing

(d) Beam-attached mass

Numerical values of damping coefficients depend on the geometry of the vibrating
solid components and the fluid that surround them.



Example 4.10 | (p.133)

Determine the displacement of the proof mass from its neutral equilibrium
Position of a balanced-force microaccelerometer illustrated below:

The structure of this accelerometer
can be graphically represented below:

-, ‘ Anchors Beam mass, m 1
RESPONDING TO AN APPLIED
ACCELERATION

Beam springs

Rigid bars

Anchors
Beam mass

Beam springs

oum
AN -l

600 pum ]

Beam mass E 1um
View “A-A”

-
i

Beam springs



With: b = 106m, B = 100x10-6m, L = 600x10-6m and L, = 700x10-6 m, we have
from Example 4.9 the moment of inertia of beam spring cross-section to be:
| =10.42x10-24 m4

For simply-support beam spring: k = 0.44 N/m, w,,= 23,380 rad/s
For rigidly fixed beam spring: k = 1.76 N/m and w, = 147,860rad/s

Assume the “rigidly held beam spring case is adopted, the equation of motion of
the proof mass is:

d2x(t) ,
+ @*X (t)=0
dt? ®©
with initial conditions:  X(t) _, =0 initial position
dX(t)
, and | =50km/h =138888m/s initial velocity

t=0

The solution of the equation of motion with the given initial conditions is:

X (t)=9.3932x107° Sin(147.86t)

leading to X(1 ms) =-2.597x10->m or 26 um opposite to the direction of
deceleration.



(a) Damping coefficient in a squeeze film:

Damping Velocity

yT H(t) fluid profile
)
}4 2L »‘ Moving strip with
width 2W v

‘W
The damping coefficient can be found to be: C = 16 fD_E{NS L H3

0]

where H, = nominal thickness of the thin film. DL B
The function, fgﬁg can be obtained by the following Table 4.2:
ok O
W w
f WL
L 1o L fBLDD
0 1.00 0.6 0.60
0.1 0.92 0.7 0.55
0.2 0.85 0.8 0.50
0.3 0.78 0.9 0.45
0.4 0.72 1.0 0.41
0.5 0.60




Example 4.11 (p.136)

Estimate the damping coefficient of a micro accelerometer using
a cantilever beam spring as illustrated.

A
- 10 um
1000 pm . S
Hy=20 um Damping fluid:
Y_ _ _Silicone oil LR - 50 um
Ho=20 um m )
° _ Beam cross-section
Mass, m =10 mg

A
Vibrating Base Frequency,® ‘ i

We have the beam dimensions as: 2L = 1000x106m and 2W = 10x106m —

W/L =0.01 — F(WI/L) =0.992 from Table 4.2.

The nominal film thickness, H,=20x10-m. From Eq. (4.38) we get: ¢ = 8x10-33 N-s/m.



By

&g —*-.IVeIocity profile
Gap, H ERGT(Y
v L v _
| Moving mass, m| —» Velocity, V
A
'.-'l.: V
Gap, H y X

RESPONDING TO AN APFLIED
ACCELERATION

—\elocity profile
—

[, u(y)

N-s/m (4.43)

where L = length of the beam (m); b = the width of the beam (m); H = gaps (m)
K = dynamic viscosity of the damping fluid (N-s/m2), see Table below.




A.Compressible fluids:

Dynamic Viscosity for Selected Fluids (in 106 N-s/m2)

0oC 20°C 60°C 100°C 2000°C
Air 17.08 18.75 20.00 22.00 25.45
Helium 18.60 19.41 21.18 22.81 26.72
Nitrogen 16.60 17.48 19.22 20.85 24.64
B. Non-compressible fluids:
0oC 20°C 400C 60°C 80°C
Alcohol 1772.52 1199.87 834.07 591.80 432.26
Kerosene 2959.00 1824.23 1283.18 971.96 780.44
Fresh water 1752.89 | 1001.65 651.65 463.10 351.00
Silicone 740

oil*




Example 4.12 (p.139)

Estimate the damping coefficient in a balanced-force microaccelerometer as illustrated,
with (a) air, and (b) silicone oil as damping media. The sensor operates at 20°C.

L = 700um
1|um Eq. (4.43) is used for the solutions.
1+ A
We have L = 700x10-m and b = 5x10m
-|—> VeIOC|tyv View “A-A"
The dynamic viscosities for air and silicone oil
Top View at 20°C may be found from Table 4.3 to be:

Hair = 18.75%10-6 N-s/m2, and

Gap, H = 20um
H L = 740x10-6 N-s/m?2

IH (Damping fluid)

Thus, the damping coefficient with air is:

2. b 2(18.75x107)(700x10°)(100x10°)

H 20x10°°
and the damping coefficient with silicone oil is:

2 11 Lb -6 -6 -°
o Fa _ 20740A0)(T00A0)(A00K0) _, a0 i

H 20x10°°

Elevation

C= =2.625x107* N-s/m




Example 4.14] Design of an inertia sensor for airbag deployment system in automobiles (p.142)

Two vehicles with respective masses, m; and m, traveling in opposite directions at velocities
V;and V, as illustrated. Each vehicle is equipped with an inertia sensor (or micro
accelerometer) built with cantilever beam as configured in Example 4.8.

Estimate the deflection of the proof mass in the sensor in vehicle 1 with mass m.,
and also the strain in the two piezoresistors embedded underneath the top and bottom
surfaces of the beam near the support after the two vehicles collide.

Vi

m; = 12,000 Kg, m,= 8000 Kg; V;=V,=50 Km/h

Solution:
Let us first look into the property of the “beam spring” used in Example 4.8, and have:

—6 —6\3
| = 1OX207)BOXI07)" _ 1 04049028 e

— le10um 12
m
6 18
e ,I m=10mg . IE) §m K = 3(190000x10 )(O.lOA;ZXlO ) 5939 N/m
| Cross-section (1000x10°°)

of the beam
k
on= ,/— = 1/59'39 =2437 Rad/s
m 107



Postulation: The two vehicles will tangle together after the collision, and the entangled
vehicles move at a velocity V as illustrated:

Thus, by law of conservation of momentum, we should have the velocity of the entangled
vehicles to be:

v = MiVi—maV2_ 12000x50 —8000x50 _
m1+ m2 12000 +8000

10  Km/h

The decelerations of the two vehicles are:

%=V ;tvl for vehicle with m,, and %= V—_A;/Z for vehicle with m

in which At = time required for deceleration.

Let us assume that it takes 0.5 second for vehicle 1 to decelerate from 50 Km/hr to
10 Km/hr after the collision. Thus the time for deceleration of the vehicle m; is
At = 0.5 second, in the above expressions.



We may thus compute the deceleration of vehicle m1 to be:
(10 — 50)x10°%/3600
)&: dbase = 05

=-22.22 m/s?

Let w = frequency of vibration of the vehicles.

Assume that w<< w,, (w, =the natural frequency of the accelerometer = 2437 rad/s?).

Consequently, we may approximate the amplitude of vibration of the proof mass in the
accelerometer using Eq. (4.33) as:

. abase: = 22.22 :3.74)(10—6 m, or 3.74 m
wh (2437)?
We thus have the maximum deflection of the cantilever beam of 3.74 um at the free end in
the accelerometer. The equivalent force acting at the free-end is:
_3ElIZ 3(1.9x10%)(0.1042x10718)(3.74x107°)

L3 (1000x10°°Y

From which, we may compute the maximum bending moment at the support to be:

VAR

=2.2213x107* N

F

Max = FL in which L is the length of the beam. The numerical value of M, IS:



N-m

M max = 2.2213x107*x107°= 2.2213x10"’

The corresponding maximum stress,0 .y IS:

Mmax C  (2.2213x1077)(25x107°)
| 0.1042x1078

—532.95x10° N/m2orPa

O max —

and the corresponding max. strain is obtained by using the Hooke’s law to be:

O max _ 5330X105
E 190x10°

—02.81x107* = 0.0281%

Emax —

Depending on the transducer used in the microaccelerometer, the maximum stress, O ,ax
can produce a resistance change in the case of “piezoresistors”. Alternatively, the maximum
strain, €,,,, Will produce a change of voltage if “piezoelectric crystal” is used as the transducer.

(Detail descriptions available in Chapter 7)

Piezoresistor Proof mass

Beam spring -l I

Piezoelectric

A\

ANNN



Overview of Finite Element Stress Analysis| (p.173)

Finite element method (FEM) is a powerful tool in stress analysis of MEMS and
microsystems of complex geometry, loading and boundary conditions.

Commercial FEM codes include: ANSYS, ABAQUS, IntelliSuites, MEMCad, etc.

The essence of FEM is to discretize (divide) a structure made of continuum into a finite
number of “elements” interconnected at “nodes.” Elements are of specific geometry.

One may envisage that smaller and more elements used in the discretized model
produces better results because the model is closer to the original continuum.

Continuum mechanics theories and principles are applied on the individual elements,
and the results from individual elements are “assembled” to give results of the overall
Structure.



I/O in FEM for Stress Analysis

e Input information to FE analysis:
(1) General information:

e Profile of the structure geometry.

e Establish the coordinates: + Yy

= < @

um&wmmwnﬁmﬂlmﬂﬂ

(2) Develop FE mesh (i.e. discretizing the structure):
Use automatic mesh generation by commercial codes.
User usually specifies desirable density of nodes and elements in specific regions.

(Place denser and smaller elements in the parts of the structure with abrupt change of
geometry where high stress/strain concentrations exist)



(3) Material property input:

In stress analysis: Young’s modulus, E; Poisson ratio, v; Shear modulus of elasticity, G;
Yield strength, o,; Ultimate strength, c,.

In heat conduction analysis: Mass density, p; Thermal conductivity, k; Specific heat, c;

Coefficient of linear thermal expansion coefficient, a.
(4) Boundary and loading conditions:

In stress analysis: Nodes with constrained displacements (e.qg. in x-, y- or z-direction);
Concentrated forces at specified nodes, or pressure at specified element edge surfaces.

In heat conduction analysis: Given temperature at specified nodes, or heat flux at

specified element edge surfaces, or convective or radiative conditions at specified
element surfaces.



e Quiputfrom FE analysis
(1)Nodal and element information

Displacements at nodes.

Stresses and strains in each element:
- Normal stress components in x, y and z directions;
- Shear stress components on the xy, xz and yz planes;
- Normal and shear strain components
- Max. and min. principal stress components.
- The von Mises stress defined as:

1 2 2 2
— _ _ _ 4.71
0 = 5 \/ (GXX GW) +(0XX o, +(0yy o, ) +6(0Xy +o,, + sz) (4.71)
The von Mises stress is used to be the “representative” stress in a multi-axial stress

situation.

It is used to compare with the yield strength, o for plastic yielding, and to g, for the
prediction of the rupture of the structure, often with an input safety factor.



Application of FEM in stress analysis of silicon die in a pressure sensor:

by V. Schultz, MS thesis at the MAE Dept., SJSU, June 1999 for LucasNova Sensors
In Fremont, CA. (Supervisor: T.R. Hsu)

Regionfor

AN N
FE Model N T P

Silicon diaphragn"f

Silicon\( '

Die Attach
View on Section“A-A”
X
. \ Signal generators
PyreX Constraint ] and interconnect v
A . A
\
Pressuriged Medium
Silicon L // Metal
—
Diaphragm Adhesive Casing
Pyrex Glass 7 1
Constraining // \ A Passage for
Base | Pressurized
Medium

Note: Only quarter of the die structure was
in the FE model due to symmetry in
geometry, loading and boundary

conditions.
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modification. One such system, profilometry, was introduced earlier for measyr
surface features after etching.

Many of the following methodologies are based on the sensor princip)eg anq
climieal laboratory methods already introduced. Some may be used for Cithe
detection or characterization; and a few are suitable for integrating within ¢
fluidic chip, making them especially attractive for implanted medica
devices, Packaging, powering, and communicating with these
systems, and making them biocompatible is discussed in Chapter 14.

While a few specific applications are discussed here for illustration Purposeg

the recommended reading provides a broader understanding of the role of these
techniques in bioMEMS.

1 micro_
SPecializeq

10.2 Detection Schemes

10.2.1  Electrochemical (EC) detection
Electrochemical anal
electrical quantities,
information about th

ysis in liquid solutions is concerned with the measurement of
such as potential, current, and charge in order to gaip
€ composition of the solution and the reaction kinetics of
its components. Various methods for EC detection were described in Chapter
6. Typically less expensive than the fluorescent techniques described below, EC
detection in LOC devices has considerable value. The emerging technologies
incorporate microfabrication of electrodes within the device as opposed 1o external
electrodes.

Capillary electrophoresis devices were among the first to incorporate micro-
fab

rication of integrated electrodes. To illustrate the steps for accomplishing the
work of Baldwin et al. (2002) is considered for developing a LOC device with inte-
grated EC detection. Much of their work is built upon earlier efforts [Pai et al.,
2001].

Both CE channels and all CE/EC electrodes were incorporated directly onto
glass substrates via traditional microfabrication techniques, including photolitho-
graphic patterning, wet chemical etching, dc sputtering, and the
bonding. Critical electrode characteristics,
were fabricated into the chip, eliminating the need for external clectrodes.
Figure 10.1 shows the CE/EC device layout and the side view of the EC detection
cells and electrodes. The four CE reservoirs (sample, waste, buffer, and detection)
were formed by drilling through the upper glass substrate. The corres
Pt CE clectrodes were patterned onto the bot
deep, 50-pm wide, and 1-cm long.

To achieve the 250 V /em electric fields re
Baldwin used a battery-operated
the injection and separ

rmal waler
» including size, shape, and positions

ponding
tom plate. Channels were 20-pm

quired for the short-length CE tubes,
power supply delivering 250 V and 2000 v de for
ation channels, respectively. EC detection w,
amperometrically with a three-electrode potentiost
amplifiers and various p

as carried out
at constructed from oper

ational
assive components powered by a single 9.y

atlery.
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Electrode
Bonding
Pads

Top Bsnded Glass

Reservoir

Bottorn
Glass
Substrate

Top gless sibstrata wih
et hco o siched
. oo

Figure 10.1 Capillary electrophoresis with electroz':t:imigg g;leeg::g: ;;;zq(m
g i i e - e
device layout, and (b) the side view of e
Zgitgiéz.cmeprimedy with permission from Baldwin et al. (2002), copyrig
American Chemical Society.)

oA S siste siem thick, 2.2-mm wide, and 6.9-mm

Thf b ClL:‘l:Fmd\i‘ccdmll:ﬂ:i;\)r(::'.311'\2 CE rcscrvgirs, located M|ﬁ;rh|u.:

‘“”l{ » ’jl‘fl‘("'ll-“ [E‘F channels to minimize the possibility that any .m.)’ L,f

I]\)\MM? '“"f‘ “L' ‘d‘ disturh the flow of fluid. EC clectrodes 'L‘l)ll'\I\lL( u'

e “"'"“ ilj‘ ywits placed i the detection reservoir only I‘I‘m \Tl.m.“lm}'

03{}“‘?_ B I:Lz:.l‘:d:\ »\‘L’IL‘ 40 pm wide semicircular Pt hingers” located in
and reference ele -

various positions.
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Catechols were sclected for separation :m(j detection, and pcrﬁ)”ﬂancg
i ,‘1; lc() hybrid devices with external CE or EC electrodes. W
S'm,\nozhcf application area of EC is the delffclmn of organismg ¢, diagy
discase, prevent food poisoning, and alert to bioterrorism threats. Sey, Ose

as

A . . i _ al ¢ :
niques for bacterial detection, mcludmg‘ f:(,, SAWs, optical ang mOleciclhﬁ‘ .
beacons, and aptamers are reviewed by Deisingh and Thompson (2004), ar

10.2.2 Chemiluminescence and bioluminescence

Chemiluminescence (CL) is the generation of light (visible, ultravio]et,
red) caused by the release of energy from a chemical reaction, and wag di
Chapter 8. Unlike fluorescence, where an excitation source s needed
specific radiation can be produced, CIL oceurs only when the rege
present, and noise is inherently low.

Detection of hybridizations using enzyme-catalyzed CL reactions and 3
channel glass array has been performed by Cheek et a]. (2001). A
consisting of a 3D-ordered set of microchannels and 5 microarray Platform ywpg
fabricated as shown in Fig. 10.2. Analyte-specific reagents, or probes, are depos-
ited on the chip in an array of spots. Each SPot incorporates several individuay
channels, and imaging was accomplished ‘with a CCp camera.

Rapid bacterial detection is also possible usin
(2004) harness the specificity of bacterial phage
quorum-sensing amplification signal, to produc
detection on a silicon microluminometer. Envisi
tamination monitors as part of an environ
signal processing and network interfacing,

and infy,_
SCussed in
and noy,_
tants gre

Micrg.
“flow-thry” chi

g CL techniques. ‘Ozen ¢ al.
for their host with 2 modified
€ quantifiable bioluminescen,
oned are nTAS microbial con-
mental control system with on-chip

Figure 10.2 Conceptual schematic of
Planar surface for detection. [Reprinted
copyright American Chemical Society.]

a microchannel glass array connected to a
with permission from Cheek et al. (2001),

— e Oaprg,

: e o f1
T lightogl?:c[ lens and, being ©
 the

8
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Fluorescence
3

ed at different

T

wavelengths, some n‘mlcculcs cl'ni( light of
:n dye emits green light \_.vhv:n illuminggeq
ﬂuorescc";] ){]ighcr-cncfg)' blue light then 1oge O of
s absorb tnecrgy photons—here, green light. Dyes i |
ight: in the form of 10:;‘;‘;’[:rgct molecule can fl!?ﬁc,mng{‘w‘::}){\p_mﬁ“?nalya,\.
ener8Y andanachmc_ﬂl to .ope is shown schematical y in Fig. 103, ["‘C"iimm s
ent microscope ! or, through the objective lens ony the Sample
dichroic mll.rrh[' shorter than a certain wavelengy, and a“‘
ors reflect l,glh Fluorescence from the sample iy Collecteq
e waveleng (;ngel' wavelength (lower energy), Passes by
i a detector (or human eye).
h the dichroiC'mlnisxt;sui)llduibifming the specimen from above while iy trans.
lhroggiﬂuorescencc nvo light comes from below the sample [Weeks, 2004
re}:ccnce the ex_cnau?"c[uding use of optical ﬁfscrs) hu\,"c b””" (lc_\'clupcd by
ﬁuoLbC laser devx_ces (in and offer the potential for on-chip excitation, ye for
mber of investigators 004), Jensen-McMullin et al. (2002), Lamontagy,
canple Helbo ¢t al. @ Thrush ct al. (2002), and Yang et al, (200,
?;83;[)) Nilsson et al.l (dzeol(c)gt)mn uséd for fluorescence measurement hag also been

: <ol ietal. (2002), Thrush et al. (2002), ang
Integrated optic t al. (2002), Cui et al. (20 o
ished by Boppart et al.
accomplishe

- (2000). izau of a di.\posuhlc illlcgmlcd micro-
Yang et al. ( :ati d characterization
: p ation, an
Design, fabric.

R ith self-aligned planar microlenses, l.ighbcm.iuing dl(tdcs (LEDs)
fluidic device wil Sff and photodiodes as detectors is described by Seo angd Lee
as excitation e d»nl'opn is based on the orthogonal arcangement of excitation
(2004, Theippricao e ;crol;:ns ‘inlcumlcd onto the microfluidic channel hy
light Viaha leDorr;lﬁir;l; ::nmiss'ion. Thix}ﬁr()vidcs an cffective detection mechanism
collects the fluores *

a diffcmm
With blye

>
T ——

r than th

Beam

Pinhole

= { "
|
|-

Ftar

Otjective Cofector i Photomuttiplier
lens lens e

Figure 10.3 Fluorescent microscopy 15 used in the confocal scann;ngeﬁ;:
microscope. The addition of a pinhole removes light that is out of the pam and
the desired sample. Additional mirrors are used ta scan the entire Sa'gp‘ai it
signals must be digitally reconstructed. [Reprinted with permission from Bal
Hatfield (2002), copyright Cambridge University Press.
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with an increased signal-to-noise ratio, minimal optical aberration, Amplifie, -

fuorescence, and self-alignment of the micro-optical system. LED-based flugy.
escence 18 also reviewed by Dasgupta et al. (2003). Camou et al. (2002) dﬁscn‘heS
a novel application using organic light-emitting diodes (OLED) as an eXCitatigy,
source for the optical detection based on fluorescence Spectroscopy.

Miniaturized electrophoresis has been successfully coupled with native flyg,.
escence detection for direct analysis of proteins in 1D and 2D scparations. Sluszp
et al. (2004) performed detection based on direct observation of the UV~induch
fluorescence of proteins using a CCD camera and an Hg (Xe) lamp for samplq
excitation. .

Tung et al. (2004) describe the design and performance of a microfluige
observation channel capable of performing flow cytometry measurementg
through the use of solid-state lasers and PIN-based photodetectors. The obser.
vation cell, made of PDMS, was fabricated with integrated microgrooves thay
permit the physical registration of optical fibers that serve as optical waveguides
for luser excitation and fluorescence detection. The technique is applicable 1o
the detection of scatter and fluorescent signals emanating from inorganic particles
and biological cells, and nTAS.

High-throughput analyses may be achieved with RTAS. Chartier et al. (2003)
describe dn automated genotyping system based on continuous flow analysis,
which integrates all the steps of the genotyping process (PCR, purification, and
sequencing). The genotyping device consists of a disposable hybrid silicon-plastic
microfluidic chip, equipped with a permanent external, heating/cooling system;
syringe-pump-based injection systems; and on-line fluorescence detection. High
throughput is obtained by performing the reaction in a continuous flow and in parallel
(48 channels) [Chartier et al., 2003]. Thrush et al. (2003) also describe high-
throughput analysis using VCSELS, optical emission filters, and PIN photodetectors
to realize monolithically integrated, near-infrared, fluorescence detection systems.

10.2.4 Molecular beacons (MBs)

Molecular beacons (MBs) are single-stranded oligonucleotide hybridization
probes that form a stem-and-loop structure. The loop contains a probe sequence
that is complementary to a target sequence, and the stem is formed by the anneal-
ing of complementary arm sequences that are located on either side of the
probe sequence. Figure 10.4 shows the molecular beacon and target hybridization.
A fluorophore is covalently linked to the end of one arm, and a quencher is

7\

+%=.——~:\C?<m:m§

Target Molecular Beacon  Fluorophore Quencher

Figure 10.4 Molecular beacon and target hybridization.

R

t
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] covalently linked to the end of the other arm. When MBs hybridize to the appro-

riate larget nucleic acid stands, the probe transitions from dark to fluorescent as
conformational changes move the fluorophore away from the nonfluoresence
quencher. This is known as fluorescence resonance cnergy transter. When the

« probe encounters a target molecule, it forms a probe-target hybrid that is longer
and more stable than the stem hybrid.

Multiple assays may be performed simultaneously by using up to seven differ-
ent colored fluorophores specific for different targets. MBs are very specific
and can distinguish a single nucleotide substitutidn; thus, they are ideal probes
for use in diagnostic assays designed for genetic screening, detection of single-
nucleotide polymorphisms, and pharmacogenetic applications [Kramer, 2004).
They are limited, however, in specificity of protein recognition.

10.2.5 Aptamers

Aptamers are artifical nucleic acid ligands that can be generated against amino acids,
drugs, proteins, and other molecules. They are isolated from complex libraries
of synthetic nucleic acids by an iterative process of adsorption, recovery, and
amplification [Luzi et al., 2003]. Aptamers are single-stranded DNA molecules
that fold into 3D shapes through which they can discriminate proteins or other
molecules in highly specific affinity interactions. Incorporation of photoreactive
5-bromodeoxyuridine (BrdU) creates a photoaptamer and covalently cross-links the
photoaptamer to a bound protein by irradiating it with 308-nm light [Bock et al., 2004].

When used as a capture-molecule, detection is achieved with a fluorescently
labeled antibody to the cross-linked complex. .

Aptamers may be synthesized through a process known as photochemical
systematic evolution of ligands by exponential enrichment (PhotoSELEX)
[Golden et al., 2000]. An affinity SELEX process is described by Petach and
Gold (2002), and is shown in Fig. 10.5. Protein targeted molecules are bound to

Mix protein
Protein bound +ssDNA
to beads
Wash
(select for
affinity)
ssDNA library/ _8\1 Replicate,
aptamers 6'\ amplify, )

Figure 10.5 Affinity SELEX process. [Reprinted with permission from Petach and
Gold (2002), copyright Elsevier.]
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a2 - o
beads and reacted with single-sirtanded DNA (ssDNA) hhmri“ t
snetic beads ¢ L \
'"J‘;L\l'“\”l\h u\!‘::nd\ to specttic proten targets without being removed by w
;EIL"‘; Th; high-attinity ssDNA that remains bound is \'uh\’cquenll_v
beads ah-2 y
PCR and cycled again for enrichment.

aship [l
AMplifieq by

10.3 Measurement Systems

10.3.1  Confocal laser microscopy
Confocal scanning laser microscopy has significant utility for DNA micm;m»ay
chips and other LOC devices. Normally, in sin.lple fluorescence microscopy the
entire sample 15 illuminated by the excitation light, causing the entire sample
fluoresce, thereby creating a blurred image. Refer back to Fig. 10.3, where tha
addition of a pinhole filters out light that is out-of-plane with the desired light,
The object lens forms an tmage at the pinhole surface, and the sample ang
pinhele planes are known as conjugate planes. The pinhole is Conjugate 1o the
Jocal pont of the lens thus the term confocal laser MICTOscopy. As in fluorescence
mucroscopy., light from the laser (higher wan elength) is reflected by the dichroic
murror through the objective lens onto the sample. The Auorescence (lower
wavelength) 1s gathered by the objective lens. passes through the dichroic
murror and is focused onto the pinhole surface. A photomultiplier tube measures
the fluorescent energy. Moving mirrors allow the entire sample 1o be scanned
[Weeks. 2004]

Figure 10.6 shows the Berkeley Rotary Confocal Fluorescence Scanner con-
figured for nCAE detection. where laser excitation ar 488 nm is reflected by a
dichroic beamsplitter through a hollow shaft stepper motor and deflected 1.0-cm
off-axis by a rhomb pPrism mounted on the motor shaft. Laser excitation is
focused and fluorescence is collected by the Mmicroscope objective, and reflected
back through the beamsplitter back 1o the detector. Fluorescence is spectrally
fitered (dichroic beamsplitter and bandpass filter), spatially filtered (pinhole)
and four-color processed. Each bandpass filier has 20-nm-wide bands centered
at 650, 580. 550 and 520 nm. respectively [Blazej et al., 2003).

A two-mirror microscanner suitable for building a miniaturized confocal laser
scanning microscope has been described by Hoffman et al. (1999). The electro-
statically driven torsional micromirrors are suitable for fast 2D
high angular precision over large scan angles.
improved imaging at the tip of an endoscope.

canning with
The planned initial use is for

10.3.2 lnterferometry

Interferometers are measunng instruments that tak

¢ advantage of the physical
phenomena of mterference patterns. Interference

occurs with the superposition
of two or more clectromagnetic waves. For coherent visible light (wavelengths
of 450 1o 700 nm) with similar frequency and phase, and traveling in the same
direction, this may be observed gy bands or fringes of light and dark, which

HODS 5|
£ASUREMENT MET Y
D MELZ==

pCAE device
Microseope
objective

30-560 nm

JE e .
Fluorescence

Dichmir_
beamsphtter

MY 505-530 nm

488 nm laser focal tluorescence scanner useq 1,
rotary con 1
pigure 106 The BETS Sapilary array eledmphT:ilrsthimche:h(i) i
interrogate radia is reflected by a dichroic beamsplitte i g ollow sh
excitation at 488 r:jmdeﬂected 1.0-cm off-axis by a rhomb lpngm mounted on 1py
stepper motor an excitation is focused and tlm)re'.c(nnce_ 15 collecteq ,
motor shaft. Laser tive, and reflected back through the beamsplitter back 1
the microscope objecti .cence 1s spectrally hltered (dichroic beamsplitter and
the detector. (;))s';le;‘t?;ﬁ; filtered (pinhole) and four-color processed. {Repringag
filter), a i ) o i .
:,i;dg:?riission from Oosterbroek and van den Berg (2003): copyright Elsevier)

are based on addition or \uhlrucl.mﬁ of wave components at a given pownt. These
eferre Z ima and minima

a f;{:::’\‘;i:tl‘l\l‘ I'l'lzl‘:'rfcrcncc helped establish the wave nature of light. Oheer
vations of colored tringe patterns on thin filins were atong the iirst observations

of interference. In 1801, Thomas Young denved i method called the double i

experiment whereby interference patterns could be obtwined without having
a coherent light source (lasers had not yer been mvented'y One wavefront &
denved by lig]u passing through a single shit was made 10 pass through two paralel
shts less than o millimeter APartocreatng two coherent wavetronts whose inter-
ference pattern coulq be observed on i sereen one Lo two meters away. Diffractin
oveurs whenever o wapy chrontis obstructed., w b passing theough a single sl
with resulting alteration of amphitude and phise Fringes or diffraction patts

are formed gy Some vln'\'lrl)m.q'm'llc fadiation bends around the obstacle o the
shadow ang mutually interfere

The Michelson
beam of

—_
nterferometey produces interference fringes by ‘P“"“‘E’
monochromage lieht so that one beam: stnkes a fixed nueror and e

« My ) g
ther o MOvAble murror The beams are reflected back to a common target
|\rml||cln;' mterterence Patterns,
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Young was also able 1o explain the phenomenon known as thin-film j,
ference, Rf)lllclllillg we observe when looking at the different colots op
bubbles, oil spots, or metallic surfaces. A thin film will divide an incoming W‘o-
front mto three components: (1) light reflected from the top surface; (E) l:}ve‘
reflected from the bottom surface: and (3) light transmitted through the mulel'.hl
The two reflected waves create an interference pattern on an observer's Ft‘lin?dl'

In modern optics, similar waves are usually derived by splitting a single (‘o}A.
ent light source and bending the split beam with front-silvered mirrors and prisi( 3
(thrcm light is typically obtained by a gas laser or solid-state /(l.vz'r—('rni.IIiT]SI
diode (not to be confused with a light-emitting diode (LED), which e i
incoherent light). i

) V?ry sensitive detectors for measuring wavelengths, small _distanceg
vibrations, and surface flatnesses can be produced using interferometry. lnlerfé'
rometers may be used to measure dyn:mﬁc displacement of micropump acluato-
surfaces and other dynamic bioMEMS processes [Husband et al., 2004; Tomar
et al., 2.002: Rembe et al., 2001]; identification of chemical weapons of l'nasc
destruction and other hazardous materials based on Fourier transform infrare;
(_FT—'IR)A spectroscopy [Norman et al.,, 2004]; and for precise positioning for
fabrication based on ion-projection lithography [Loeschne et al., 1994].

Interference-based integrated optical sensors such as the Mach-Zehnder intey.

fergnwter and the Young interferometer are among the most sensitive devices
which are able to detect refractive index changes as small as 1078 This corre:
sponds oa protein concentration of 5.3 x 10~% g/ml. The high sensitivity, com-
bined with fast and accurate measurement, makes these devices very attractive for
uTAS. For example, an integrated optical four-channel Young interferometer
microfluidic chip has been shown to be useful for immunosensing applications
[Ymeti et al., 2004].

iep.

10.3.3 Ellipsometry

An ellipsometer is a special arrangement of polarizers, phase retarders, light sources
and detectors for the generation and analysis of polarized light. It may be used tc;
measure optical properties and surface properties of materials and thin films.

In plane-polarized electromagnetic radiation, all the electronic oscillations are
parallel to each other and at right angles to the magnetic oscillation. Light can be
plane-polarized by reflection or by passing through certain substances such as a
Polarqid filter. Elliptical polarization consists of two plane-polarized radiations
traveling together, out of phase by 90 deg, and of unequal magnitude [Daintith
anfi Clark, 1999]. In an ellipsometer, laser light is used as the source, and retarders
shift the phase of one component of the incident light. If a light bea,m illuminates
a thin film/substrate surface under oblique incidence, reflection from th Im; :
changes the ellipse of polarization. € surace

In imaging ellipsometry, the incident light is still provid S ata
laser beam, but an imaging system is added to gathefthe r:geszle: lCiOI}ltm'ill‘(l:'d
system consists of an objective lens and a spatially resolving detector suchgqs- ;

sitive CCD camera. The detected signal is spatially resolved showing the gﬂ .

ample
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demils. A motorized focusing mechanism collects a serics of images with different
foci within the field of view. Superimposing the images with digital image proces-
sing, results in a sharp edge-to-edge image.

10.3.4 Surface-plasmon-resonance spectroscopy

surfacc—plasmon-resonance (SPR) measurements are made using optical systems
{hat control the angle and wavelength of incident light and the degree of polanz-
ation. This technique is commonly used to study ultrathin films, and may be used Lo
characterize immobilized molecules in bioMEMS devices.

A combination of substrate, noble metal, and sample in contact with the metal
allows for the generation and support of surface-plasmon polaritons (SPPs). These
are formed along the metal-dielectric interface, and are highly damped charge
density waves that oscillate at optical frequencies, and may be excited it the
materials and optical properties of an experimental system are chosen correctly.

SPPs are not measured directly, but their presence is inferred by monitoring
the light intensity reflected from the substrate/metal interface. The reflected light
contains a deep minimum in intensity, which occurs at what is termed as the res-
onance for the surface polariton, or plasmon. The monitoring of the surface
plasmon reflectivity curve, and in particular, the position of the resonance,
yields what is generally known as surface-plasmon-resonance Spectroscopy
(SPRS). The position of the reflectivity minimum is very sensitive to the
interface properties between the substrate face and the liquid. Changes in metal
film thickness, surface adsorbed species, and liquid dielectric properties are
all seen as changes in the SPR wavelength. SPR has been shown to be sensitive
to very low levels of material adsorbed onto a surface [McWhorter et al., 2003].

10.3.5 Raman microscopy (RS) and surface-enhanced resonance
Raman scattering (SERRS)

Raman microscopes use the Raman effect to identify and characterize the chem-
istry and structure of materials in a no-contact, nondestructive manner. The
Raman effect occurs when laser light is shined on a material and light is scattered.
a tiny fraction of which is shifted in frequency as atoms in the material vibrate.
Analysis of the frequency shifts (spectrum) of the light reveals the characteristic
vibration frequencies of the atoms and hence the chemical composition and struc-
ture of the material. Particles of 1 um can be uniquely identified.
The frequency shift is determined as follows [Poole and Owens, 20031

Aw = Wphonon = |®ine — Wscatls

where

®phonon 1S the optical. phonon mode vibration,
,nc 15 the incident light frequency, and
Weeqr 15 the scattered light frequency.
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In Raman microscopy the sample is typically luminated with a laser S .
light scattered by the material 1s analyzed by a conventional optical Microgg, g
coupled to a Raman spectrometer The Raman frequency shift is ;1n:1|y,(.(;]

different points in the sample, and is able to resolve parts with different chem .flt
composition in a sample. It may be used for analysis of thin films, L»,M,“K.dl
microelectronic integrated cireuits, mineral inclusions, biological Kissuiss ngs,
identification of narcotics and plastic explosives » And

Sutface-enhanced resonance Raman scattering (SERRS) yields informy
about the molecular structure of an analyte in the form of a vibrational .\/u'('lm?n
The frequency of the excitation source s tuned to be in resonance with an ang| 1"'
SERRS is an advancement of Raman spectroscopy and surface-enhanced \pycc'
troscopy by adsorbing target molecules onto silver colloid nanoparticles anc(;
applying excitation cnergy.

Keir et al. (2002) describe a technique for producing the required SERRS
silver colloid substrate in site in mucrofluidic channels. An aggregated Sllvér
colloid is prepared by borohydride reduction of silver nitrate. Ports for infusin
an azo dye derivative of trinitrotoluene (TNT) solution as analyte, silver nilrati
and sodium borohydride were fabricated in the LOC device. The preparation
results in a thin line of colloid (about 30-pum wide) that remains stable over
extended periods of time and is suitable for detection with a Raman microscope
which collects signals from a small volume. Detection of as little as 10 fmoles,
of the azo dye was possible. The investigators envision a portable-explosive
detection device using such technology.

The development of ultra-sensitive spectroscopic techniques now makes poss-
ible the detection and the identification of single inorganic and organic molecules,
By approaching the single molecule level, phenomena usually hidden due to
ensemble averaging can be directly observed and, in addition, the real dynamic
behavior of the biomolecule can be followed [Bizzarri et al., 2002].

Grow et al. (2003) describe a surface-enhanced Raman scattering
(SERS) uTAS for label-free detection of pathogens and their toxins. The
RSERS process consists of an array of capture biomolecules immobilized on a
SERS-active metal surface combined with a Raman microscope to collect the
SERS fingerprints. Figure 10.7 shows the flow diagram of the pSERS process.
Their initial studies have shown that the gram-positive Listeria and gram-negative
Legionella bacteria, Bacillus spores, and Crypt sporidium oocysts can often be
identificd at the subspecies/strain level on the basis of SERS fingerprints collected
from single organisms. The physiological state of bacterial cells and toxins could
also be uniquely detected by their SERS fingerprint.

10.3.6 Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM)

The transmission electron microscope (TEM) was invented more than seventy
years ago by Knoll and Ruska (1932), who were driven by the desire to overcome
the limitations of light microscopy. Light microscopes are limited by the physics of
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7 Flow diagram of the wSERS process. [Reprinted with permises,

igure 10. ] :
z;g,.n Grow et al. (2003), copyright Elsevier.]

light, allowing about 1000 x rrg)agniﬁca_lion with a resqluliup of about 0.25 um. It 5
now possible to achieve 1-A TEM image resolution with concomitant ziom,
position information.

Electron microscopes use a focused beam of electrons for imaging ra
light. Scanning electron microscopes (SEM) use a “scanning” beam of ¢|
across the sample, making it possible to study the topology, morphology. co
sition, and crystallographic qualities of materials. Topology includes
features and texture from which such properties as hardness and reflzctvi
be inferred. Morphology is the shape and size of the particles making up =
object from which such properties as ductility, strength, and reactivity may be
inferred. Composition includes the elements and compounds that compose
object and their relative abundance from which such properties
point, reactivity, and hardness may be inferred. TEM is the primary tool fo
fJbservation of crystal defects including dislocations, grain boundaries. interph
interfaces, and other planar defects that control mechanical, chemical. phy
magnetic, and electrical properties of materials.

TEM may be coupled with x-ray detectors and electron spectrometers (STEY)
allowing quantitative analysis of almost all of the clements with a spat
rCeZ:)x:ug;T' Of] nanometers and ~sensitivity approaching - single-atom le
X*raypmam?: m_[ffgs may be achle}/gd with energy-filtered electron im3 .
[l'aditionallj?ms‘ e digital combining of these image planes, along Wit

ge and diffraction planes, may be used to generate vanious 74
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including clemental chemistry, local atomic bonding, llll‘]i“(l‘ﬁc U;nvﬁ_livln/l, SPecimen
thickness. and band gap. TEM is perhaps the most complete analytical tool yy,
able to the matenials researcher [Newbury a S 3
Commercial SEMs appeared about 25 years after TEMs. They l.m\'? A courg
resolution, 1n the 20-50 nm range, which 18 limited by a combination of the

incident-probe diameter and the scattering of the beam otﬂclcclj’onx wnhin the
target. They are lower cost and simpler to use than the TEMs. The 3D images

of SEM do not require an extensive theoretical and c:\lfnl;\l.lon base “’.T‘Cfform
mcaningful image interpretation. Contrast information dcrm‘& primarily from
surface topography or local compositional differences. I;.nw_rnmncnmlly con.
trolled SEMs allow examination of specimens without application of conductiy
coatings usually necessary for imaging in high vacuum SEMs and TEMg,
Dynamic experiments are possible with an SEM because of the large specimep
stage and the longer working distance between the objective lens and the focg
plane, which ranges from 1 to 6 cm [Newbury and Williams, 2000].

10.3.7 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a form of scanned-proximity probe microscope
in which measuring a local property such as height. optical absorption, or magnet-
ism is performed by placing a probe near the sample. The probe-sample separ-
ations are on the order of the system resolution, and imaging occurs by raster
scanning the surface ol interest.

AFM measures topography with a force probe, and operates by measuring the
attractive or repulsive forces between a probe tip and the sample. Unlike a stylus
protilometer, the AFM is measuring hard-sphere repulsive forces between the tip
and sample, and incorporates a positioning feedback loop. In contact mode a canti-
lever tip lightly touches the sample while deflection of the cantilever is measured
and related to height. Measuring cantilever defection with the angular deflection of
a laser beam allows picometer resolution. This technique may be used in the
presence of water. In noncontact mode the tip does not touch the sample, but
instead measures the attractive forces.

Cantilevers and probe tips are typically manufactured by micromachining.
Sample positioning in 3D below the tip is precisely done with piezoelectric posi-
tioners. While x-y positioning provides for raster scanning, feedback compensation
along the z-axis allows nearly constant cantilever beam deflection and hence faster
imaging. Topography is determined by the sum of the z-axis compensation and the
error signal (the latter is presumably negligible).

. {\n alternative methodology is to measure cantilever torsional deflection as
fnctmn between the tip t1nd sample cause the cantilever to twist. This lateral
tor.cc dnm may be combined with the topographical image to yield additional
information.

_ Sumplc_ clasticity can be measured by holding the x-y axis stationary while the
tip presses into the sample, and cantilever deflection is measured. This tecl

iologi hnique is
useful for biologically modified surfaces [Baselt, 1993]. mquet
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Recent advances in AFM allow one to perform complex an;lxlyseﬂ;loi ::;\;;3;1
s and near-surface regions with a nanometer scale rcs(;}ulxryrtl. : uelumcm.
ging of surface topography and the measurements of stiffness, y
ardness. and nanotribological characteristics.

: 0.4 Review Questions

|. Show diagrammatically how capillary electrophoresis 1s uffgomp“>htlg
" in a bioMEMS device and where electrochemical detection wou
be integrated. ) . .

2. Define cach of the following terms: (1) chemiluminescence, (2) biolumin
escence, and (3) electrochemiluminescence.

3. Explain how fluorescence works and how this may
detection in a bioMEMS device. ) +in how

4. Show diagrammatically how molecule beacons function and explain how
they may be useful in performing multiple assays slmultancously{. "

5. What are aptamers, how are they created, and by what means are they
detected? ) )

6. Show diagrammatically how a confocal laser microscope functions
and explain the function of each component. What is meant by
confocal? )

7. What is Young's double-slit interferometer? List some uses for inter-

ferometry in bioMEMS devices.

Describe how an ellipsometer functions.

9.  What 1s surface-plasmon-resonance spectroscopy? |

10. Describe the Raman effect and how it is used in surface-enhanced reson-
ance Raman scattering (SERRS) measurements.

11. How are electron microscopes useful? Describe how they operate, z}nd
distinguish between transmission electron microscopy and scanning

electron microscopy, both in operation and application. _

12. What does an atomic force microscope measure, and how does it
operate?

be used as a method of

o]
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