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MEMS Devices



Fundamental MEMS
Processes and Devices

+ Example: surface micromachined polysilicon comb
drives

= Mechanics for MEMS
- Stress and strain
- Cantilever beams
- Resonanog

» Electrostatics for MEMS
- Paraliel-plate capacitors
= PulHn voltage
- Comb drives



Electrostatic Comb Drives

Principke: interladng comb fingers
create large capadtor area; S tatic (Fixed) Comb
electrostatically actuated

suspended microstructures (Tang, /
MNguyen and Howe, 1989)

|
Features: E—— \S]'Eing
« Linear relationship between ] | SUSPEpSions
capadtance and displacement |

= Higher surface area [ capadtance f ] ‘ ‘ ‘ ‘ ‘

than parallel plate capacitor Rel |

= Electrostatic actuation: low power {Moving) Comb
(no DC current)



Electrostatic Comb Drives

Comb drives combine mechanical and electrostatic issues:
= Elasticity
=« Stress and strain

= Resonance (natural frequency)

= Capadtance
* Electrostatic forces
= Electrostatic work and energy

Tang Mguwen and Howe
T 19ET



Axial Stress And Strain

Stress: force applied to surface ol -
o= F/d

measured in N/me or Pa

compressive or tensile

Strain: ratio of deformation to length wood
g= Al /1
measured in %, ppm, or microstrain .

; ! Young’s Modulus:
/ E=de

»  Hooke's Law:
K=FAl=E A1l




Shear Stress And Strain

Shear Stress: force applied parallel to surface
r= Fid
measurad in N/m? or Pa

Shear Strain: ratio of deformation to length
yu Al

I : Shear Modulus:

:f/ G=r1/y




Poisson’s Ratio

Tensile stress in x direction results in compressive
stress in y and z direction (object becomes longer
and thinner)

Poisson’s Ratio:
v =-¢g/ g

— - transverse strain [/ longitudinal strain

Metals: v=10.3

Rubbers: v=10.5
Cork: va ()




Cantilever Beams

Axial Straim: &) = we
o radius of curvature

L Axial Stress: afy) = E &v)

v

Axial Force: dF = ofy) w dy

Bending Moment:
M=1I28wE/p

Assume that x axs lies =El/p

in center of heam

I=1/12Fw
(area moment of inertia)



Cantilever Beams

Flx)=F,
M(x) =M, + F(L-x)

i
~
‘.JM” For M,=0
oo

i yix) = F /(6El) (3 Lx? - %)
‘ y(l) = FL? / 3E1

. Spring Constant, K
a moment 4,003 bean wikth g L — Ffy = 3EI?
= Efw / 413



Cantilever Beams
Point Load Distributed Load

Cantilever yiw = FisED (3 La<x) yo) = pdif24ED) (6L7 - 4Lx + x7)
o =FLt/2 a = plit /4]
Bridge Y1) = Fr48EN (3 Le-4c%)  yfx) = pel/(24ED (L -x)?
Jor L2 2x 20
o, =FLi/ & @, = gt/ 12

L length of beam, ¢ thickness of beam, w width of beam
f = wi¥/12 bending moment of inertia



Example:

L=100pm

SCS Beam

l

E =100 GPa
K = Eg’bh /413
— 0.4 N/m = 0.4 pN/pm

=2um - pow much does beam bend

w=2pum

in a lg gravity field?

m = g ¥ (assuma mass at end of baam)
= 2.3 gram/cm’ 400 pnr’
= 1012 kg
Ay=25100"m=025A
detectable!



Resonators

nx''+ '+ Kx=F
(Newton dynamics with
damping and springs)
L = 100pm For b = 0.

‘ f=2pm
w=2um K 1 |E'w

¥ B=J— == 3
m 2\ mL

fo=@/2n=100kHz

Notice: if = Ium
f.=52
I =1



Electrostatic Forces
. Parallel Plate Capacitor:
\ T Capacitance:
C=0V=gegAd/d
5= 8854 10" F'm

dielectric constant of fres space
&, dielectric permittivity

A

Stored energy:
W=#CKr=8QR/C

Electrostatic force between plates:
F=14%Cd©rE



Pull-In Point

The higher ¥, the closer the plate
is pulled in. F,;— =« when d — 0.
What is the closest stable
distance x,,;,?

F,, and -F¢must be tangential:
g & AP =-K, 50
VI=Kx*/eg,e A

Substitute into F; = -F;to get
Xy = 2/3 dj
can control x only from 23 d,to 4,




Electrostatic Comb Drive

Capacitance is approximately:
C =g & Aid
=2n g & lhid
Change in capacitance when
moving by Ax:
AC=g, e A4 /d

=2n g & Alh/d
Electrostatic force:
F, =% dCidx =n g & hid V?
Note: F ; independent of A over wide
range (fringing field), and quadratic in V.




Electrostatic Accelerometer
Example: use MEMS comb structures as accelerometer

fr= 100 pm
n= 10
gd= 1 pm

Spring Constant: K = 1 N'm
Proof Mass: m = 0.1 mg
Acceleration: a= 0.1 g

Ar= 0.1 pm
AC = 17.7 IF
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Acceleromerers

g T

: SANDIA's IMEMS Process
(== | =
st il PR http o/ f'www.sandia.govimens
T ENE FR. T mhmﬂirﬂlfpwmhwm-ﬂf

SML Integrated Micromachanical | CMOS
CRYDE Dodiod Arca 1|lu'li.'.n:lmL*l:.h:nll:-.:llI:Ir.-.lll:-n: A.r-l:a‘_

Thraa-axs accalaramatar

micrograph with labaling
of funclional urits as
reported by Lamkin et al,
Procaedings ISSCC

1947.




Gyroscop

F. Ayari and K. Wajafi, “Design and
fabrication of a high-porformance
palysilicon vibrating ring gyroscope,” in
Proe, TEEE Micro Elecire Mechanical
Syaenes Workshop { MEMS 1998),
Heidelberg, Germany, Febnary 1998,
Pp. 521626,




Tmm

(8. Clk, R, Horowilz and R, T. Howe, 1996)



Comb Drive Design

Combs Suspensions
Linear HLIM’[I. Cantilever / Bridge
E:‘ :-
=l =
Rotational

e




Comb Drive Failure Modes

Comb drives require low stiffness in x direction but high
stiffness in y, z direction as well as rotations.

Note: comb fingers are in unstable equilibrium with
respect to the y direction.

Good Poor Poor

= [l TU
E-. 3
B B B,

p—



Comb Drive Fabrication

Surface micromachining
with 1 released

polysilicon layer

Tamg, Nguyer and Howe (LT Barkeley)

This process formed
basis for many
subsequent MEMS
designs

Fguie.! Tang, Noupen and Howe, 1959




Electrostatic Actuators

Ideas
Comb drive
Rotars
Scratch drive
T-drive
Parallelogram
Zipper
DMD (torsional mirrors)
Impact actuator
Microengine
Inchworm motors (see
actin and myosin)

Issues
 Force, F
Range, s

Frequency, 1/t
P=Fs/t

Linearity
Efficiency



Translation
Acceleration, velocity, distance
da=v=Xx

Force, momentum
F

p=mv=Ff
Kinetic energy

Ezémf
Dynamics {spring,damper,mass)
F = Kx+ bx + mx

Os=cillation (assume b=( )

f =g K[m

Rotation

Angular acc., ang. vel., angle
o :,ﬁj:,ﬁ

Torque, angular momentum
T=rxF
L=rxp=Ilp=T

Kinetic energy

1 p

E= lw

Dynamics {moment of inertia)
T=K¢+ fp+1p

Oscillation (assume jg=0 )

f= K/



Coriolis Force

Force generated when rotating a rotating system
Underlying principle: conservation of angular
momentum.

Turgu-r:: i
T=VL =‘?’{I&i}= IV

Time-dependent angular veloeity:
sin {1

e mﬂ[mn] Coriolis Force :
“ F=T/r=IoQ/r

Valt) = oY nn ring: I =mr’, F. =mv,Q

a

Gradient: [—cnxﬂ.l]
T =V dél=la.0 disk:7='mr, F ='mv,Q



Thermal Transducers

e Thermal sensor: heat causes measurable

(electric) effect
= Change in resistivity % ----- 'Eﬁf L Vs
= Thermocouple '

o Thermal actuator: heat causes motion
= Thermal expansion

e

= Advantages: small size, hi-_jh force/volume, ...
= Disadvantages: high power, ...



Thermal Transducers

Heat capacity, ¢ : ability to hold thermal energy; energy neaded to
change unit mass by unit temperature. Usually measurad in
Ifkg-K. Analogous to electrical capadtor.

I TS T

]m 1

Thermal conductivity, « : abllity to transfer heat, usually
measured in W/m-K. Analogous to electrical conductivity.

+1K

W, F
5 lrl'l ]
Coefficient of thermal expansion (CTE), « : relative change in

length per unit temperature change, usually measured in 1/K.
A=, e AT

+1K
Mote: thermal strain = @ AT < » ! ‘

thermal stress gy= E &= EaAT L Al



Thermal Transducers

¢ () kaK EW/am:K) a (105/K)

Si 712 1.49 2.6

Polysilicon 920 (?) 0.34 2.33
Sio, 745 0.0138 0.35
Al 903 2.37 25.0
Au 129 3.18 14.2
GaAs 325 0.56 5.4

Polyimide (Dupont PI12611D) 3.00

Polyimide (Amoco Ultradel 1414) 191




Thermal Transducers

wf109K
#

Ni Co Fe Alloy
¢ W

Note: Different 4

coefficients of _.-‘Il

thermal expansion Fyren

cause stress in 2

bonded layers and SiO,

thin films. .

200 400 600 B0 T/K

[Afer Macby 19977



Thermal Transducers

Heat flux, 4 : thermal energy flowing across unit area
per unit time ("heat current™)
dQ dT

Founier'slaw : g = —= = —xd— measured in W
= dx

- W
more common : § = —xV I’ measured in—
"

(= quantity of heat transferred (in J)

k= thermal conductivity (in W/mK)

A = cross -sectional area (in m” )

T = temperature (in K)

x = distance in direction of heat flow (in m)




Thermal Transducers

Temporal diffusion of thermal energy:

Diffusion Equation: ar _ X gir
d  po
x = thermal conductivity (in W/m-K)
p = mass density (inkg/m")
¢ = heat capacity (in J/'kg -K)
I' = temperature (in K)
X — thermal diffusivity (in m’/s)
i

Thermal diffusivity: ratio of thermal conductivity to
"normalized” thermal capacity




Thermal Pressure Sensor

Thermal conductivity changes with temperature
K =4 minve,
m = average molecular mass (kg)
A = mean free path (m)
n = number of molecules per unit volume (1/m*)
v = mean velocity of gas molecules(m/s)
¢, = specific heat of gas (J/kg -K)

Want to measure pressure in volume with dimensions < A:
gas molecules collide mostly with heater/sensor
lingar relationship between condudtivity «and pressure P
[Keovacs 1998, p. 594]



Thermoresistive Effect
Resistivity changes with temperature
R, = R,(1+a,AT)
R, =resistivity at temperature T,
R, =resistivity at temperature T
AT =T - T, = temperature difference
a, = temperature coefficient of resistivity Resistivity TCR

C (graphite) | 1390 -500
Al 2.83 3600
Au 2.4 8300

(pa-cm) — (109/K)




Shape Memory Alloy (SMA)

Materials that exhibit a temperature-dependent
phase transition ("martensite” - "austensite”
crystal structure)

Mostly Ni/Ti alloy, but also Au/Cu, In/Ti

Advantages: Disadvantages:
+ considerable temperature « special alloy material
dependent expansion/contraction

+ high temperature annealing
+ low efficiency (=3%)
+ thermal: long time constants (?)

« relatively linear control

+ very high stress (> 200 MPa)
* arbitrary shapes

+ simple actuation

+ life time: millions of cycles (?)




Shape Memory Alloy (SMA)

Energy densities for different actuation principles

Actuation Maximum Energy Density Equation
Magnetic 0.95 %Bﬁ Ho
SMA, 10.4 -

Lo K
Electrostatic 0.4

% R
Piezoelectric 52

[10¢) ]

[iter Magby 19977



“Chevron” Actuator

« Current flows through
expansion members (legs)

+ Legs expand and push shuttle
towards right

{Cragun and Howely ASME IMECE, 1999]



Thermal Actuator

Hat Armm

"Pseudo bimorph”

Current runs through
loop of released
structure (usually
polysilicon, “cold arm”
with gold layer)
Regions with higher
current density ("hot
arm”) are heated up
more and expand more

("pseudo bimorph™)

Slen, Mowea, Aol and Kolesae, T, 19977



Thermal Bimorph

Two layers of materials with different coefficients
of thermal expansion

Approximation: ‘t}‘t\l\
R

& = thermal stram of layeri




Polyimide Bimorph MEMS

Surface Micromachining of
two polyimides with very

different CTE :

Al connectors, bonding pads, _m
and sacrificial layer for , A
release of structures

TIW heater loop Lﬁ
Nitride masking material

Spin-on deposition of _ s
polyimide layers =

Lower temperature — higher - —
curvature 3 vamn S

B vilied Zeoonrence i PRI LIRS
B Lown Tz i il TorweTusEmy

Shgure: Suh & &, IFR @ veruza i camen,




Polyimide Cilia Array

« 8 x 8 motion pixels per
chip

* Up to 4 chips per array:
1024 cilia total

Right: MEMS cilia array

123118 2aN¥ %30, 4 " i5hhn




Fully Addressable Cilia Array

+ Polyimide on top of CMOS
« 8 x 8 motion pixels

« Serial [ parallel PC interface
= Interactive control software

ey

PECVE Eilican

1 HilidsErGazectalion

1Curled outeriplzne whennat heaied)

[From 1 Suh of al., 19997



Related Work

+« Micro Actuator Arrays
Pister, Fearing and Howe (UC Berkelay) 1990
VEro-aie bearig
Ataka, Omodaka, Konishi and Fujita (U. Tokyo) 1993 and 1995
vav ous L -achu skors
Bihringer, Donald, Mihailovich and MacDonald (Comell) 1994 and 1996

Liu and Will {USC ISI) 1995
magnelic

Suh, Glander, Daring, Storment and Kovacs [Stanford ) 1006
thermobimomph

Yonezawa et al, 1997
magnelic

Hirata et al. {Meuchlitel) 1008
micro-preumatics
Ebefors et al. (RIT Stockholm) 1909
polyimide Ehermal sctustor
- Hﬂﬂl‘ﬂﬂﬂplﬂ {Rﬂhlﬂtlt} Actuator .ﬁl‘l‘ﬂ'ﬁ
Luntz, Messner and Choset (CMU) 1597
Hﬂmﬂlﬂ'ﬂl‘ﬂﬂf

Berlin et al. (PARC) 1997
e jebs for paper transp ort

Fred, Wiesendanger, Biichi and Ruf (ETH Zurich) 1998
efectromotors



Kinematics of Actuation

2-Phasas Actuation | 4-Phase Actuation
Mation
l | | I 1 1 l | a1 L& "
—= | 2 2 ~| |
" [seealso 5 |
| TR | 1| Ataka et al.
1993] R
Maximum speed: 4 | |
=10 pm 25Hz o
=250 pmls I !

|/VVI/1 Motion Traces W




MEMS Cilia Array in Action

MEMS cilia moving a 3 x 3 silicon chip
» Translation

« Rotation

« Centering and aligning

[5ub ot &, SEA-N, 1997 IMEMS {2 [999] . .
[Bahringer &t al, IRR 2, 1999]




Cilia Summary

MEMS cilia actuator array with integrated control
circuitry

Electrostatic and thermal bimorph sensing and
actuation

High lifting capacity (= 70 pN [ per cilium)

Large motion range (up to = 25 pm horizontal and
= 125 pm vertical)

Implementation of open-loop manipulation strategies
(transport, rotate, position, orient, ...)

Interactive PC control interface
Abstraction: force vector field



MEMS Robot Summary

Thermal bimorph cilia arrays work for micro robot
locomotion

Maximum velocity of 635um/s and carrying capacity
of 1.4 g observed

Each cilium has undergone close to 1 million
actuations with no failures

Accurate method for tracking robot investigated
Linear plus negative exponential model closely
describes movement of the robot

Further work includes:

* Temperature — velodty correspondence
= Walking surface effects

= Actuation voltage effects



Piezoelectric Effect

Plezoelectricity: forces applied  The source of this phenomenon is
to a segment of material lead the spedfic distribution of
to the appearance of electrical electric charges in the unit call
charge on the surfaces of the of a crystal.
sagment.

+ + + +

(sr)

ORI )



Piezoelectricity

Force deforms crystals and displaces
centers of positive and negative charge

Q=dF=doAd=decEA

d = charge sensitivity coeflicient (matrix)

for example:

V.= Q’ = dﬂFr - l!an'z %

—,

Effect is reversible: applying voltages
causes the piezo crystal to deform
Typical values for d in the pC/N range

C C Eu &, A \,;



Piezoelectricity: Examples

Apply F, = 1IN force on a lem = lem x Imm
slab of PZT (lead zirconate titanate)

d Fz

V, = =i = 035¥
&,8,4,

d Fx S ' P

= B I I b

¥, el = 10V ﬁ (%)

d_=110pCIN,.d_=310pC/IN, & =1200
How much has the shape changed?
F Al o
og=—=Fg=K—
A {
M==£=ﬂ.lﬂmn
EA,

F—2 2 10Y AT/ e



Piezoelectricity: Examples

Change in length per unit applied voltage:
Al CAl g6, AN _ g8, Al _ &,
AV AQ IdF ldo dE Az

PZT: %
E — E.lilﬁ".lf
AV dE

Note: Al'ls independentof I | It only depands

on the voltage AV, and on material
properties

— plezo stacks

=1.23nm/V



Piezoelectric Materials

Material | Type Plezoelectric Relative Deposition
Constant Permittivity
(pCN) (s)
Quartz |single 2.33 4.5 growth, oxidation
crystal
PVDF | polymer 20/2/-30 12 spin on
BaTiO; ceramic 78/190 1700
PZT ceramic 110/370 1200 spin=on
Zn0 metal 246 1400 sputter
oxide

[Ater Kowacs, 1998 p, 217]



Scanning Probe Microscopy

Limitations of optical microscopy / lithography:
» Resolution (wavelength)
» Complexity / cost increases with decreasing scale

ot De.we|
Instead: use scanning e .
pl:::be ;n.rith extremely ..V S
sharp tip ;
("aperture-less ::;Ip
microscopy”) )

Barypke swra e

-+ Pigeo wkarmenis



Scanning Probe Microscopy

Advantages:
+ Not limited by optics / wavelengths

+ Measure topography, and a wide range of phenomena
such as electrostatic, magnetic, capillary, van der Waals
forces, friction, conductivity, ...

Disadvantages:

» Contact with sample

» Precise feedback required

» Very sharp tips required (um ... nm)
+ Image convolution



Scanning Probe Microscopy

Tip Shape
Image convolution:

let A be the sample surface

let £ be the tip surface
then A @ (-B) is the image that w
observe when scanning £ over 4 Original Feature

Cormmaluted Feature

Definition: A® (-B) = {a-b| a=A
and be B}
("Minkowvski sum™)

Question: Can we reconstruct A
from A® (-B) and B?



Scanning Tunneling Microscope

(6. Binnig and H. Rohrer, 1BM Ziirch, Switzerland, Nobel Prize in Physics, 1986)

The electron cloud associated with surface atoms extends a small distance above
the surface. When a very sharp tip i brought sufficiently close to such a
surface, there is a strong interaction between the electron doud on the
surface and that of the tip atom.

When a small valtage i applied, an electric tunneling current flows. Ata
separation of a few atomic diameters, the tunneling cumrent rapidly increases
a5 the distance between the tip and the surface dedreases.

Tunneling curent: = Iu,e"""i’]
I, scaling factor depending on materials and geometry
B conversion factor (typical 10.25V 7 /nm)
¢ tunneling barrier height (typical 0.5¢V)
= tip/surface separation (typical Inm)



STM

Tunneling current 7= I & ¥

Is extramely sensitive to distance =
z= |nm =71 104 1,

O.Inm =048 7,

b

Feedback control for pasitioning of
cantilever [ tip to keap tunneling
current constant.

Contral signal gives extreamely

accurate position sensing
(up to 0.001 &)

mmpe




Noise

« _Johnson Noise:thermal

noise across a resistor Vinsrms) =V = J4kTRAS
= White naise with flat k=1.3810"JK Bolz 5o ot
frequency spectrum Mann's consta

« Obeys Gausdan dsrbution | Bosoluie temperature
i Reasan: Brownian motion R resistance

Af” bandwidth
* Shot Noise: fluctuations
in current due to charge f&.(ﬂ“ﬂ*htm
quanta . g .
= White Gaussian nose g =1.60-10""C electron charge
I, steady current
Johnson and Shot noise set "
limitations on il
performance of STMs



Noise - Sample Calculations

+ Jofhnson Noise: probe
at room temperature

» Shot Noise: calculate

the ratio between nolse
and current response.

0.1pVv
F . Ams)=F, !-.IIIHTR.EL = E

k =1.38-100"J/K Boltzmann's constant
T =300K

R =1ML}

Af bandwidth

r, e 24l T8107A
"d o ople JiE
g=160-10"C

T =1pA

A=1025eV" 'nm

O =05V




STM Gallery

Single atoms were

accurately placed with
an STM tip

N ﬂ-ﬁm i
.H-I'lu ' B
n. hn.n U
Fi
it

4
.ﬁ.m‘lh
'
A
il

Y I e
AL L L

[*The Beginming™ Xanon on MWickel {1100,
“Mpm” Iron on Copper (111) Eigler, [BM Zilrich, 190H)]
[Lutz and Eigler, [BM
Filrich]

[“Carbon Monoxide Man™ Carbon
Monoxide on Flatinum {1117,
[ itz smed Fioler THR Filrichl




MEMS STM

Two Micro-STM Designs Have Been Fabricated

= Single Crystal Silicon (SCS) XYZ Actuators
- Lateral (xy) motion provided by comb drives
- Vertical (z) motion provided by torsional drive
= Integrated SCS Tip



MEMS STM

# The tunneling tip is fabricated along with the mechanical scanning stage
# The single crysial silicon tip may be silicided or metal-coated

Tip Dimensions:
Lateral Motion:
Height = Spm Applied '-::tagu = 40 V
Shank Diameter = 1 pm Displacement =12 pm
Tip Radius < 10 nm La

Close-up of the tip on the stage Lateral Displacement of the tip



MEMS STM
Image Acquisition With The Micro-STM

* STM images acquired using commercial STM control electronics
» I-Positioning of the tip provided by the torsional cantilever

-_

0 ren

SEM image of test sample Micro-STM image of test sample



MEMS STM

Applications:

+ Imaging with atomic resolution
» Data storage: 10 bits/mm?

+ Sub-nanometer lithography

Problems:

+ Conductive material only

» Tunneling current required
+ Brownian motion (cooling)



Atomic Force Microscope

"
Similar to STM, but use forces Posiion Senstive | }Lmr
(at atomic level) instead of O)s L oL

tunneling current for
feadback

—
]
]

! a
"-"""
Compaber c

Requires force feedback, /
usually with cantilever i
spring, and laser optical ;‘; Cantilevar

deflection detaction or :
plezoresistors ' !'"""i

Sample




AFM

Advantages:

« Can be used in contact mode (atomic / ionic
repulsion forces) or non-contact mode (> 10 3., van
der Waals, electrostatic, magnetic, capillary forces)

» Non-destructive probing:

= Spring constants down to ImN/m = 1072 NjA
(compare with covalent bond 109 N)
= Motion controllable down to 1/1000 of atomic radius
» Different environments:
= Vacuum
= Ajr
o Liguid



Piezoresistive AFM

Tortenese et al. 1991: first AFM with integrated plezo force sensor
+ 5Scan generator moves sample in x and y direction
+ Controller adjusts z mation to keep atomic force constant

— feedback contral | ’PiEu Desecior
| z
Carrtlawas
-- AFM fip
" Forges

Garrple surface

Pieszo edomens




Piezoresistive AFM
Spnng constant ;
X Ei'wh

(53 - Ly +30w

Relative changein resistance
AR AL L)

b = =m0 = ™ F
_ mEbl L)
4L - )b +30w)

r

3 E
L

Minimum detectable signal ;

() 2o

{Binding Force of a covalent band: 109N)
Minimum force : £ =54 10MN



Scanning Probe Microscopes

The invention of the scanning tunneling microscope (STM) 15
years 290 has produced new family of proximal probes:

+ Atomic force microscope (AFM)

+ Scanning thermal microscopes

* Scanning capadtance microscopes
+ Magnetic force microscopes

+ Surface probing and analytical tools for a wide variety of
phenomena and materials

+ Nanoassembly, nanomanipulators, and nanorobots
+ Nanolithography

+ Ultra-high density storage: towards pick-and-place of single
atoms as bits



Scaling Effects

Scaling of a 3D Object

» Surface area Ael?
» Volume Voo l?
» Mass (weight) m= oV ol
+ Moment of inertia faemR?=1IL7

+ Torque (weight acting
on a moment arm) =R xmg «L?



Scaling Effects

Example:
Densely packed spheres

Spheres per fixad volume:
Nu W, /1 o [
Total mass: m a LY
Total surface area: A4 = N4a(L2F « I/

Scaling down spheres keeps total mass equal
but increases total surface area by a linear
factor

Useful, for example, for chemically active
surfaces



Mechanical Resonance

» Cantilever Beam: 1 [k
fo= 2 \m

' Kol , mel

_,i‘;],ncL'l

« Torsional Resonator:
oL [k
"o\

ke I, I I’

-1 Nofe consequences
fi—l oc L for life span



Electrostatics

» Parallel-plate capacitor:
F=%eAV/id?

» Electrostatic force is
scale-independent
Falf)?




Example: Comb Drives

F=nehV/d

n number of fingers

A height

d distance between fingers I

I vaoltage

Straightforward analysis for fixed n:
F oL/l o L9

Height is given by process:

Focl/l el

For given voltage ¥V, 4,
Foall

If operating close to breakdown voltage, V «d , hence:
Fongheoel! (orL27)

is fixed (breakdown):



Example: Cube in Electrostatic
Field

Electrostatic force acting on a small cube:

Q A o :
C===g— hence &F == =g (chareedensit
Sl y (charg ¥)

Charge density in air / atm. pressure: o, = @/4 =3 10°C/m?
(corresponds to a breakdown voltage of about 3 MV/m)

Fp= 2oV =gal \ \
1
& rt

z
F,=—eaf?=2 P
2 2

o’ _ _ aff
clectrostatics dominate
2epp ‘F

4

hence for L <



Example: Cube in Electrostatic
Field

kN
Fy=gpV =gpl’, gp=226—3

Force [N]

1 200 @ : r O : N

F,==gf'=—F, —=55.8—

‘72 2 2 m’
i
Ly Electasiatic foroe
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Electromagnetic Actuators

» Lorentz force: F,=g-vxB=11xB
F, ol?

« Coil: B=p,pu nil_,
Bal?

« Lorentz force on wire
inside coil: F_ oL’

=+ Lorentz force / coil
not well-suited for MEMS




Microrobotic Ant

» Actuator torque r=10% Nm [Shimoyama 1995]
F=weight of 1 mm?, »= 1 mm leg

+ Electrostatic farce:
Folf
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Generated torque [Nm)




Microrobotic Ant

» Magnetic force on moving permanent magnet:
« [= 300 mA, coil diameter 5.8 mm, ... F= 0.68 mN =« [¢

» Antneeds F=1.6 109981 /3 N =52 uN to support its
body on 3 legs, and F =« L?

(! Reguired Motor

Exasting Motor

Generated force [N]
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Scale Effects in Flight

Drag force: F,= !¢, pvid «L?, ¢, drag coefficient

Gravity: F,=mg oL
hence v oo L%
ik
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Power: P=F,xv=1Yc; 0V A xvol’?



