Micro Actuators

e Electrostatic actuator
- comb drive actuator
« Magnetic actuator
e Thermal actuator
=) « Piezoel ectric actuator
« Shape memory alloy actuator

* Pneumatic actuator

Ref: AIP Handbook of Modern Sensors
http://www.measurementspecialties.com/piezo _film_manual.htm



Fundamental of Piezoelectric Effect

(I) Background:

Piezoelectricity, Greek for "pressure” electricity, was discovered by the Curie brothers more than
10O years ago. They found that quartz changed its dimensions when subjected to an electrical field,
and conversely, ;-_,uuratu_l electrical ch: arge w hen mechanically deformed. One of the first practical
applications r;»f the techne mlr;»g\ was made in the 1920's by another Frenchman, Langevin, who
developed a quartz transmitter and receiver for underwater sound - the first "3(}‘4 AR.

(I1) Simplified model illustrates that crystalline material can develop electric charge :

Fig. 3-6.1 Piezoelectric effect in a quartz crystal



(111 Lead attachment: Conductive electrodes are applied the crystal at the opposite sides
of the cut to pick up e ectric charge.

OT PATTERN WITH COPFER TAPE
WIRE
/ COPPER TAPE
e
e
— SOLDER ‘/— TP ELECTROU
C FIELD FILM
"—|;|-_|_.-r
electrodes :
BT TOM ELECTRRODE

Fig. 3-6.2 Piezoelectric sensor is formed by applying electrodes COPPER TAPE WITH 2.5
AL IS ALY

to a poled crystalline material



(IV) Piezoelectric coefficients:

The magnitude of the piezoelectric effect in a simplified form can be represented by the vector
of polarization [4]

P=Pex+ Py + Py @36

where X, y, z refer to a conventional ortogonal system related to the crystal axes. In terms of axial
stress ¢ we can write!

Pxx =dj10xx + dIZny +d36;; ,
Charge Pyy = d2;0xx + d220yy + d230,; Stress (3.6.2)

P;; = d;;0xx + d320yy + d330,, ,

where_constants d,,, are the piezoelectric coefficients along the ortogonal axes of crystal cut.
Dimensions of these coefficients are C/N (coulomb/newton), i.e., charge unit per unit force.

The piezoelectric effect isareversible physical phenomenon. That

means that applying voltage across the crystal produces mechanical
strain.



(V) 9,,,, coefficients:

s

For the convenience of computa@;m,\!wo additional units have been introduced. The first is a
g-coefficient which is defined by a division of corresponding d,,,,-coefficients by the absolute di-
electric constant

Emn = -~ : (3.6.3)

This coefficient represents a voltage gradient (electric field) generated by the crystal per unit
applied pressure, i.e., its dimension is

VN

m'm2
(VI) h_coefficients: _
mn hmn - Egmn
Another coefficient which is designated 4 is obtained by multiplying the g-coefficients by the
corresponding Young’s moduli for the corresponding crystal axes. Dimension of the
h-coefficient is
ym

mm

(VII) coupling coefficientsk.. :

Piezoelectric crystals are direct converters of mechanical energy into electrical. Efficiency of
the conversion can be determined from the so-called coupling coefficients kyy:

kmn = Ndpnhmn (3.6.4)



Table 3-5 Properties of piezoelectric materials at 20°C

o PVDF BaTiO3 | PZT | Quanz | 7GS |
Density {x103 kg/m?3) 1.78 5.7 7.5 2.65 169 |
Dielectric constant, & 12 1700 1200 4.5 45
Elastic modulus (1010 N/m) 0.3 11 8.3 7.7 3
d3 1=20
Piezoelectric constant (pC/N) d3o=2 78 110 2.3 25
d33=-30
Pyroelectric constant (10™4 C/m2K) 4 20 27 - 30
| Electromechanical coupling constant (%) 11 21 30 10 -
Acoustic impedance (108 kg/m?s) 2.3 25 25
. . Relative
Material Type Piezoelectric Constant Permittivity
pC/N
(&)

Quartz single crystal d;3 =233 (2, 3] 4.5[2],4.0[3]

Poly\_finylidene polymer d3) =20,d3p =2,ds3 =-301[2] | 121, 2}

fluoride d3; =23 (1]

(PVDF) d33 = 1.59 [3]

Barium titanate | ceramic d3; =7811,2] 1,700 (1, 2]

(BaTiOy) (Perovskite d;3 =190 (3] 4,100 [3]

crystal)

Lead zirconate | ceramic dy; =110(1, 2] 1,200 [1]

titanate (PZT) d33 = 370 [3] 300 to 3,000 [3]

Zinc oxide metal oxide ds3 =246 [4] 1,400 {4}

(ZnO)




Mechanical to Electrical - Charge Mode

Under conditions approaching a short circuit, the generated charge density is given by:

D=Q/A=d, X, (n=1,2 or3)

(THICKNESS)

The mechanical axis (1) of the applied stress (or strain), by convention, is:
1 = length (or stretch) direction
2 = width (or transverse) direction
3 = thickness direction

(WDTH)
2

where
[D = charge density developed -2
() = charge developed
A = conductive electrode area
d, = appropriate piezoelectric coefficient for the axis of applied stress or  strain
n = axis of applied stress or strain
X, = stress applied in the relevant direction

It is important to note that the d,, coetficient 1s commonly mgrc%cd in pico-Coulombs per Newton

(pC/N), but the more correct form would be (pC/m?)/(N/m?) since the areas (m?) upon which the
stresses or strains apply are very often different and cannot be "canceled".

Charge Q=a,,X,A=d,,F, Force



Mechanical to Electrical - Voltage M ode

The ﬂpcn-cir{:uit output x-nltagc 15 gix-cn hg.-':

Vi = ma Xyt (n=1, 2, or 3, as above)
where
o = appropriate piezoelectric coefficient for the axis of applied stress or strain
X, = applied stress in the relevant direction
t = the film thickness

Q: dBanA: d3nFn

Stress
Voltage v=Y=—¢ A dgnxnj\\ = X,t= G Xt = GuFe or
¢ €E.,,— €&, €oCmn A

oTmn t Force



Examples
EXAMPLE 1:

A 1.45 psi load (10,000 N/ m?) is applied to a piezo film switch of 2.54 cm length,

2.54 em width and 110pm in film thickness. The switch element is rigidly backed, so
the force acts to compress the film's thickness {terLfnrc g mode). In this cxamplc
the load acts on the length by width area of the ple film. The open circuit voltage
developed across the thlEI{HC% of the piezo film is:

(THICKNESS)

V=T o
- Vi im .
g4 = ~339x10%——  for PVDF film
MNy/m-
where: -2 {LENJ“H ,
V/m is Volts out per meter of plezo film thickness -3

N /m” is stress applied to the relevant film area, The conversion from
PP
psi to N/m™ is approximately 7,000.

Wi m
N/m~

V =- [ ~330x 107 ] (-10000 Ny/m 3)[1 10 = 10 _flIT.l:I

V_=-0.373vols



EXAMPLE 2:

The same piezo film element as in EXAMPLE 1 is subjected to a force (11'] (o0
N/m” x 0.0254m” = 6.45 Newtons), but in this example, the film switch is configured
as a membrane having a anpllant har:lunh Now, the force acts on the thickness
cross-sectional area (wt). The piezo film is being stretched by the load, so it is acting

in the g;, mode.
i , F F
v, = _'-.E’EM[ J () =-lg; l{ J
Wi

5 V/m

gy, =216x10 - for PVDFfilm
MNim-
V.= 2165 1070 || __OAON
N/m L 2.54%107m
WV = -50volts

The sharp imcrease in output vnltﬂgc results because the force is applicd to the much

smaller cross-sectional area of the film. The small area results in a correspondingly
hicher etrece

(THICKNESS)

(WDTH)
2



Electrical to M echanical

When a voltage 1s applied to a sheet of piezo film, it causes the film to change dimensions due to the
attraction or repulsion of internal dipoles to the apphLd field.. With one voltage polarity is applied,
the piezo film becomes thinner, longer and wider. The opposite polarity cauﬂ;cq the film to contract
in length and width and become thicker. An ac voltage causes the film to "vibrate".

The amount of deformation is given by the piezoelectric "d," constant:

for length change Al = 1d;, Vit
where
Al = change in film length in meters e —— v
I = original film length in meters o . e
d, — piezoelectric coefficient for length ("n=1" direction) change in meters per volt

V= applied voltage across the thickness (t)

for width change — Ow = wd;,V/t
where
dy, = piezoelectric coefficient for width ("n=2" direction) change

for thickness change At = d V/t = d,V
where
dy, = piezoelectric coefficient for thickness ("n=3" direction) change



EXAMPLE 3:

A piezo film of 3 ecm length (1), 2 em width (w) and 9um thickness (t) is subjected to
an appll-::d v nltag:: of V= Eﬂ[} volts in the 3 (thickness) direction. The amount ot
strain 5 resulting from this electrical input 1s d times the applied field.

In the 1 direction:

- my
: W,/ m
Al = |'"‘-, fl:I]— ( «10712 10, I?Il] IZUU‘H:] G107 'I?Il:I
Y ,'m (9x10° f.mj

Al=153x10"m or 153 pm
In the t direction:

- |"I ) _x =
At = d,. W ={ -33x 107" 1:?}111] (200W)=6.6x10"m or GGA
. fm




Bimorph Piezoelectric Actuators

Like a bimetal strip, two sheets of piezo film of opposite
pr}lﬂﬂtlr:c; adhered tngcter form a bLndmt_, r element, or

"bimorph" (Figure 29). An applied voltage causes one film to

lengthen, while the other contracts, causing the unit to bend. An

applied voltage of opposite pnlantj bends the bimorph in the

opposite direction. The bimorph configuration converts small

length changes into sizable tip detlections, but producing low force. Thicker films and multilayers
improve the torce developed by the bimorph, but sacrifice displacement unless the unit can be
operated at higher fields.

The amount of tip deflection and the torce developed are given by:

Ax = 3/4d, (17/tHV  meters

and
o= 3/2vwd, (t/IV Newtons
where
Ax = displacement at dc
I = generated force
d;, = piezoelectric coefficient in the "1" direction
Ltyw = length, thickness, and width of piezo film
V = applied voltage (Volts)
Y = Young's modulus of piezo film (2x10°N/m”)

By applying an ac voltage, the bimorph can act as a fan, similar to an insect wing. Although the piezo
film bimorph does exhibit a de response, maximum tip detlections are obtained when the unit is
operated at resonance, determined by the length and thickness of the bimorph beam.



EXAMPLE 4:

100 volts are applied across a 2 em long cantilever bimorph comprised of two strips
of 9um PVDF. The resultant tip displacement Ax is:

N 3/4vd, 17
N T —

1

- mi/m
|2 1M,

3740100 ‘-.-"{ 23x 107

) (2x10~ mY
Ax =

Wi'm
(9%107 my

Ax = B.52mm



Scrolled Piezoelectric Actuators

The generated force and displacement of a scrolled piezoelectric
cylinder in Figure 31 are expressed as follows:
) DISPLACEMENT (X}
. PORCE ()
x=d, El  Meters
F =W/t Volts/meters
F=Yd, BEA Newtons |
F = (1/2x) Y A/TIM, 04050 ) * .
where 1
x = displacement at de (meter)
I' = generated force (Newton)
f = resonance frequency
Lt = Leng ez . VOLT,
) ength, thickness of piezo film (meters)
M, = externally loaded mass (kilograms)
M,, = piezo actuator mass (kilograms)

A = cross sectional area (m”)
Y = Young's modulus (N/m”)
E. = electrical field (volt/meter)

As shown in the equations, a scrolled actuator can generate more force and can respond with a
higher resonant frequency by increasing the cross sectional area. A longer actuator generates more
displacement but reduces the response speed. Note that the actuator output, with M, = 0, will be
maximized when the length /1s adjusted to satisty the resonant condition. As an example, the
performance of a 12 mm diameter, 25 mm long scrolled actuator can be maximized at 32 kHz

operation.



Folded (Stack) Piezoelectric Actuators

Folded Actuator Figure 32. Folded piezo film
actuator

Another design option for a high speed, high force actuator
is to fold over a long sheet of piezo film as shown in Figure
32. This design effectively creates a parallel wired stack of
piezo film discs. The center hole is used to secure the
actuator to a base. Design equations of the scrolled actuator
also can be applied to this type of actuator. In the previous
equations, dy, should be replaced with dy (-33x107=C/ m’)
for a tolded actuator. An example of specifications tor the
tolded actuator 1s shown below:

Displacement: 1 um/1 mm length
Generated force: 15 kg/10 mm dia.
Frequency: de - 100 kHz

Drive voltage: 800 volts

Large force and large displacement!



Piezodlectric Microvalve

(b) . e



Piezoelectric Bimorph Cantilever on STM Tip

Location of
Piczoelectric STM Tip

lllustration of a micromachined, multifayer plezoelectric scanning tunneling micro-
scope tip. After Akamine, et al. (1990). |

The required high voltages make piezoel ectric materials poor actuators for displacement
In the micron range, but they are precise actuators on the subnanometer scale.
Piezoelectric actuation isideal for scanning tunneling microscopes (STM) and scanning
force microscopes (SFM).



Ultrasonic Microfluidic Devices

Micromachined ultrasonic devicesto perform fluidic functions such as pumping, stirring,
filtering, and manipulation of gases and liquids, cells, bacteria, and other biological substances

Flexible plate-wave (FPW) pump

channel cap

\

/  Vacoutic  flow
thin plate pressure fronts profile
f=V /P

f. frequency of applied voltage.
V. phase velocity
P: spatial period of transducers.

Top view of microfabricated silicon t:hlp

o
IDTs (Al, 0.2-0.5 pm)
e (0.2-0.5um
Cross section A-A': plan { g J .. ,Zn0(0.3-1.5 um)

.............

Ref: Prof. Richard White U-C Berkeley



Flexible plate-wave (FPW) Pump Fabrication

1. depostt sillkon nkrids

silicennirids (0.5 pm)
silicon (00 pm)

2. plasima &b nitide, KOH &b silicon

-

aliqnirnent window

i II"FIIE!LE&

3.gputter andpafternaluminumbansducers
u'ana-duaerq_‘ _
- - - - - e AIUINIRUTT 3 prTa)

4, sputerzing oxide, spultsraluminum greund plans

FPW pump package

Photograph showing awafer of FPW devices,
asingle FPW die mounted in a zero insertion
force package, and an oscillator board

Ref: Prof. Richard White U-C Berkeley
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