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Optimal Materials Selection for Bimaterial
Piezoelectric Microactuators
Prasanna Srinivasan and S. Mark Spearing, Member, ASME

Abstract—Piezoelectric actuation is one of the commonly em-
ployed actuation schemes in microsystems. This paper focuses
on identifying and ranking promising active material/substrate
combinations for bimaterial piezoelectric (BPE) microactuators
based on their performance. The mechanics of BPE structures fol-
lowing simple beam theory assumptions available in the literature
are applied to evolve critical performance metrics which govern
the materials selection process. Contours of equal performance
are plotted in the domain of the governing piezoelectric material
properties (d coefficients, elastic modulus, coupling factors and
dielectric constants) for commonly employed substrates to identify
optimal material combinations for various functional require-
ments. The influence of materials selection on the actuation
efficiency, quality factor and the electromechanical impedance
is also discussed. Selection of a suitable actuation mechanism
for a boundary layer flow control application is illustrated by
comparing the performance limits of BPE and bimaterial elec-
trothermal actuators considering the constraints on the func-
tional requirements imposed by the associated microfabrication
routes. [2007-0047]

Index Terms—Electromechanical effects, electrothermal effects,
microactuators, piezoelectric materials, scaling and materials
selection.

I. INTRODUCTION

MATERIALS selection is a critical process in the design

cycle of all engineering systems. The design of micro-

electromechanical systems (MEMS) in particular is challenging

because of the availability of a limited range of materials [1] to

meet increasingly multifunctional requirements. Although the

selection of suitable actuation mechanisms has been illustrated

using performance maps at macro and microscales [2], [3], the

potential of MEMS technology can be fully realized only if

a wider range of promising candidate materials is explored.

Therefore, the design guidelines for selecting suitable materials

for various functional requirements need to be established for

further development. This paper focuses on identifying opti-

mal material combinations for bimaterial piezoelectric (BPE)

microactuators.

Piezoelectric microactuators in general, are capable of de-

livering relatively large forces (10 µN–1 mN) but are limited

to small displacements (0.1–10 µm). Present generation mi-
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crosystems have generally preferred ferroelectric piezoceram-

ics such as BaTiO3, PZT, PZN-PT, PMN-PT, and PYN-PT due

to their high d coefficients and reasonably high Curie tempera-

tures, which are compatible with most transducer applications.

Despite their promising characteristics, applications of piezo-

electrics in commercial microsystems are not widely prevalent

but do include the important case of inkjet printer heads [4]

and noncontact atomic force microscope probes [5]. However,

a much wider range of research or prototype applications of

piezoelectrics in MEMS include linear micromotors [6]–[8],

high power transformers [9], micropumps [10], [11], and power

generators [12].

The optimal selection of a suitable active material for a

given elastic substrate is of great importance from the MEMS

perspective considering the need to develop reliable devices

with high performance. This challenge is equally supported

by the growing interest in developing thin films of arbitrary

materials on various substrates thereby improving the capability

of existing microfabrication routes. Therefore, guidelines for

optimal materials selection in the preliminary design stage

become essential. These have not yet been established for

microsystems despite the hitherto limited available choices of

the active materials [13]–[15]. This paper is aligned with the

aims of previous studies on identifying promising candidate

materials for bimaterial electrothermal (BET) actuators to meet

defined functional requirements [16], [17], properly accounting

for the discrete nature of the properties of engineering ma-

terials. The key objectives of this paper are to identify and

rank optimal combinations of active materials and elastic sub-

strates to deliver maximum performance against the functional

requirements and to compare the performance of electrother-

mal and piezoelectric actuators in bimaterial architectures at

microscales. The performance metrics considered are tip slope

(displacement), blocked moment (force), work/volume and fre-

quency. Tip slope is a critical performance metric for applica-

tions such as micromirror devices which requires large out of

plane deflection. Blocked moment (force) is a governing metric

for microflow control devices such as fluid-mixers in biochips.

Work per volume is an important metric for applications such as

boundary layer flow control actuators and fiber-optic switches.

The influence of materials selection on the quality factor (Q)

and the electromechanical impedance of actuators are also

discussed in this paper.

This paper assumes linear elastic material behavior for the

actuator design in the estimation of the performance. This as-

sumption restricts the impact of the results; however, in practice

a majority of piezodevices operate within the linear range.
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Fig. 1. Schematic of a cantilever BPE actuator structure.

Furthermore, this paper does not take into account the effect of

thin film stresses developed during deposition and issues such

as depoling and aging of active materials which significantly

degrade the performance. Also a particular, simple, actuator

design is chosen to allow a straightforward comparison of the

choices of material combinations. Detailed design clearly re-

quires more refined models for the material and actuator geom-

etry. Nevertheless, the estimates obtained from this paper are

sufficiently accurate to facilitate materials selection decisions in

the preliminary design of actuators. The conclusions regarding

the ranking of the material combinations are sufficiently clear

cut that they will not be altered by introducing more refined

models.

This paper is organized as follows. Section II discusses the

optimal performance of BPE actuators. Section III focuses

on the materials selection strategy for BPE actuators using

performance maps. Section IV discusses the process for iden-

tifying suitable material combinations for various functional

requirements. Section V summarizes the conclusions drawn

from this paper.

II. OPTIMAL PERFORMANCE OF BPE ACTUATORS

Bimaterial actuator structures find wide applications in

MEMS devices because of the simplicity of their microfabrica-

tion and their ability to provide out of plane motion. Although

the mechanics of uni-material and BPE actuator structures are

well documented, little attention has been given to the materials

selection process. This paper focuses on identifying promising

materials for BPE actuator structures applying mechanics rela-

tions developed previously [18]–[20]. Fig. 1 shows a schematic

of an ideal cantilever BPE actuator. The actuator structure con-

sists of a piezoelectric layer and an elastic substrate referred to

by subscripts 1 and 2, respectively. The layers corresponding to

the electrodes are neglected in the present analysis. The actuator

length and width are given by L and b, respectively. The layer

thicknesses are denoted by t1 and t2 and t is the total thickness.

The Young’s moduli of the bimaterials are denoted by E1 and

E2. The ratio of the Young’s moduli of the bimaterials is defined

as, λ = E1/E2 and the ratio of the thicknesses of the bilayers,

ξ = t1/t2.

Actuation in piezoelectric bilayers can be achieved either in

d31 mode or d33 mode (using an interdigitated configuration) as

shown in Fig. 2(a) and (b). The tip slope, blocked moment and

maximum work per volume of the BPE actuator in d31 mode

are given as

Θf =
6d31EpL

t

(

λξ(ξ + 1)2

(λξ3 + 1)(1 + λξ) + 3λξ(ξ + 1)2

)

(1)

Mblk =
E1bt

2d31Ep

2

(

ξ

(1 + λξ)(ξ + 1)

)

(2)

W =
3E1(Epd31)

2

8
(

3(λξ + 1) +
(

(1+λξ)2(1+λξ3)
λξ(ξ+1)2

)) (

ξ+1
ξ

) (3)

where Ep = V/t1 is the electric field parallel to the polarized

orientation in V/m and d31 is the material constant of the

piezoelectric layer in m/V or C/N. The compliance relations for

BET and BPE actuator structures are the same except that the

thermal strain is replaced by the piezoelectric strain. Therefore,

the condition pertaining to optimal performance for a given

pair of materials under a constant electric field [16], [19] is

given as

λξ2
o = 1 (4)

where ξo is the optimal thickness ratio corresponding to maxi-

mum performance. Substituting (4) in (1)–(3) and normalizing

the geometric parameters (L, b, and t) gives optimized critical

performance metrics for a constant electric field which serves

as a basis for candidate materials selection

Θno =
Θft

EpL
=

6d31

4
(5)

Mno =
Mblk

bt2Ep
=

E1d31

2
(

ξo + 1
ξo

)2 (6)

Wno =
W

E2
p

=
3E1(d31)

2

32
(

ξo + 1
ξo

)2 (7)

where Θno, Mno, and Wno are material parameters which

correspond to optimal slope, moment and work normalized

with respect to geometry and electric field.

Actuation in d33 mode can be obtained by depositing inter-

digitated electrodes parallel to the polarized direction as shown

in Fig. 2(b). The actuation voltage for such a configuration has

to be increased by approximately five times to achieve the same

performance as that obtained in d31 mode considering the dis-

tance between the electrode fingers, Lp ∼ 10t1. Hence, the d33

mode configuration is more appropriate for sensor applications

than for actuator structures [21]. The present materials selection

process considers only d31 mode actuation which is commonly

preferred in MEMS devices.

III. MATERIALS SELECTION PROCESS

FOR BPE ACTUATORS

The promising active/substrate material combinations are

to be identified and ranked for various performance metrics.

Table I shows a list of available piezoelectric materials which

might be considered for MEMS applications. The properties are
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Fig. 2. Schematic of a cantilever BPE actuator. (a) Actuation by d31 mode. (b) Actuation by d33 mode.

obtained from the sources cited in the last column of Table I.

Active materials for which sufficient data are available are only

considered to allow for consideration in a practical actuator

design. Both thin film and bulk properties of piezoelectric

materials are presented, to indicate the variation in property

values and to provide realistic estimates of what might be

achieved via present and future microfabrication processes.

The materials selection strategy is based on plotting per-

formance contours in the domain of governing active material

properties for different substrate materials. Silicon is the most

commonly used substrate material in MEMS devices. There-

fore, the materials selection strategy is primarily illustrated

using Si (E = 165 GPa) substrate, but other substrates could be

considered using the appropriate properties in conjunction with

(5)–(7). Fig. 3(a) shows contours of equal slope (log10(Θno)),
blocked moment (log10(Mno)), and work per volume

(log10(Wno)) plotted in the domain of governing properties (d
versus E) for a range of active materials on silicon. Similar

plots are generated at the extremities of the range of substrate

properties, i.e., for diamond-like carbon (DLC) (E = 700 GPa)
and polymethyl methacrylate (PMMA) (E = 2.5 GPa) to pro-

vide an indication of the practical limits on performance.

Fig. 3(b) and (c) shows performance contours for DLC and

PMMA substrates respectively. The variation in blocked mo-

ment and work/volume are within an order of magnitude of that

for Si, while the variation in tip slope is relatively small.

Actuation frequency is another important performance met-

ric governed partly by materials selection. BPE actuators typ-

ically operate close to mechanical resonant frequencies. The

fundamental flexural frequency of a bimaterial can be estimated

using Euler–Bernoulli beam theory

fs =
1

2π

(

1.8751

L

)2
√

(

E1t2

3λ(ρ1ξo + ρ2)(ξo + 1)

)

(8)

where ρ1 and ρ2 are the densities of the bimaterials. Fig. 4

shows contours of equal actuation frequency for different ma-

terial combinations with respect to silicon, DLC and PMMA

substrates for a length scale of 100 µm and L/t = 30. The influ-

ence of materials selection on actuation frequency is relatively

small because the densities of the active materials only vary

within an order of magnitude (∼103−104 kg/m3).
Another important target for materials selection is the ac-

tuation efficiency. Actuation efficiency is defined here as

the ratio of mechanical work done/volume (W ) to electrical

energy/volume (Es) supplied

η =
W

Es
. (9)

The electrical energy supplied is assumed to be equal to the

dielectric energy stored in the parallel plate capacitor, thereby

ignoring electrical losses in the external circuitry (which are

independent of any material selection decision). Therefore, the

energy/volume supplied, Es is given as

Es =
CV 2

2At1
=

εrE
2
p

2
(10)

where εr is the relative dielectric constant of the active material

employed. Substituting (7) and (10) in (9) gives efficiency in

terms of material properties

η =
3E1d

2
31

16εr

(

ξo + 1
ξo

)2 =
3K2

16
(

ξo + 1
ξo

)2 (11)

where K is the electromechanical coupling factor of the piezo-

electric material. Fig. 5 shows the contours of equal efficiency

for various piezoelectric materials plotted in the domain of

governing active material properties (K versus E) for three

different substrates considered. Actuation efficiency varies over

three orders of magnitude (η ∼ 10−3−10−1) for the given

range of material combinations considered.

The overall size of the integrated components for piezoelec-

tric MEMS actuators is dependent on the off-chip voltage and
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Fig. 3. Contours of equal tip slope (log10(Θno)), blocked moment
(log10(Mno)) and work per volume (log10(Wno)) for a range of piezoelec-
tric materials on (a) Si, (b) DLC, and (c) PMMA.

power amplifier requirements which are prone to make the

system bulky. The higher the actuation voltage, the larger the

amplifier required. Hence, a comparison is made of the voltage

requirements for a constant electric field with variation in active

material properties over the range of substrates considered. The

voltage required for actuating different BPE actuators for a

constant electric field can be quantified by a parameter termed

the electromechanical voltage index (VI)

VI =
V

Ept
=

1
(

1 +
(

1

ξo

)) . (12)

Fig. 4. Contours of equal actuation frequency (log10(f)) for different piezo-
electric materials on Si, DLC, and PMMA substrates.

Fig. 5. Contours of electromechanical efficiency (log10(η)) for different
piezoelectric materials on Si, DLC, and PMMA substrates.

Fig. 6. Effect of different material combinations on the actuation voltage for
an optimal performance under a constant electric field.

Fig. 6 shows the variation in VI for a range of piezoelectric ma-

terials on the three different substrates considered previously. It

is clear from the plot that the voltage required for a constant

electric field varies by about an order of magnitude (VI ∼
0.1−1) for the range of material combinations considered.
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Fig. 7. Effect of material combinations on the loss coefficient (hence the
Q-factor) of BPE actuators for a range of substrates considered.

The candidate materials selected strongly influence the qual-

ity factor (hence the loss coefficient) of the actuators. The

loss coefficient, χ associated with the material damping is

quantified here based on the elastic moduli of the bimaterials

[22] which is a reasonably good estimate for most material

combinations, except those prone to deformation by twinning

(such as magnesium alloys, zinc alloys, quartz, etc.)

χ =
0.1

Eeq
(13)

where

Eeq =
E1I1 + E2I2

I
=

4E1
(

ξo + 1
ξo

)2

is the elastic modulus in gigapascal of an equivalent beam with

rectangular cross section whose width is identical to that of

the bilayer (b) with thickness equal to the total thickness t.
I1, I2 are the moments of inertia of each of the bilayers about

the centroidal axis of the actuator structure and I is the moment

of inertia of the equivalent beam about its centroidal axis. Fig. 7

shows a plot of the loss coefficient of the actuator as a function

of the elastic modulus of the piezoelectric material for the

range of substrates considered. BPE actuator structures made

of polymeric substrates have a lower Q-factor compared to

those made of metallic or ceramic substrates. This is due to the

viscous damping effects which are predominant in polymeric

substrates compared to other classes of materials.

A possibly more realistic material selection strategy for an

optimal dynamic response can be evolved by establishing a suit-

able condition for electromechanical oscillation matching the

required external impedance. Fig. 8(a) shows an ideal electro-

mechanical transduction circuit for BPE actuator structures. An

input electrical signal (Vin) applied across the terminals AB

is transformed into an output mechanical signal (Fout) across

terminals A′B′ to drive the external load. The dissipation due to

the leakage charges in the electrical capacitor is ignored and the

input circuit therefore includes only a capacitor corresponding

to the blocked electrical capacitance, Cbe parallel to the voltage

source. The output circuit is the electrical analog of a lumped

mechanical model for a damped vibration system. Lm, Cm,

and Rm correspond to the mass, the bending stiffness and

the mechanical damping constant of the bimaterial actuator

structure, respectively. φ is the transduction ratio of the circuit.

The parameters relevant to the electromechanical transduction

are given as

Cbe =
(1 − K2)εrLb

t1

=

(

(1 − K2)εr(1 + ξo)

ξo

) (

Lb

t

)

(14)

φ =Kbd31

=

(

16Mblk

3L2Θf

)

d31 =

(

16E1bt
3ξ2

o

9L3 (ξo + 1)2

)

d31 (15)

where Kb is the bending stiffness of the bimaterial can-

tilever evaluated based on the average energy of the bimate-

rial bounded by extreme compliant conditions (fixed–free and

fixed–fixed). Using the Thevenin and Norton [23] theorems,

an equivalent electrical circuit of the electromechanical trans-

duction circuit is obtained as shown in Fig. 8(b). The total

impedance of the equivalent circuit, ZT is given by

ZT =(Rm+Z ′
L)+j

(

ωLm−
1

ωCm
−

φ2

Cbeω
+Z ′′

L

)

(16)

where ω is the frequency of the input signal and Z ′
L and Z ′′

L

are the real and imaginary parts of the external impedance,

respectively. The output force required to overcome the external

impedance is given by

Fout = φVin
|ZL|

|ZT|
. (17)

Neglecting the mechanical damping effects in the electro-

mechanical system, the transfer function, G for the electro-

mechanical system is given as

G =
Fout

Vin
=

φZLωCmCbe

Cbe

(

(

ω
ωn

)2

− 1

)

+ Z ′′
LωCmCbe − φ2Cm

(18)

where ωn is the undamped natural frequency of the actuator

structure. It is evident from (18) that the frequency of the input

signal has to be tuned for a given material combination to match

the required external impedance. The external impedance de-

pends on the nature of the system utilizing the work delivered

by the actuator and this typically can be modeled as a spring-

mass system under free or forced vibration. The physical signif-

icance of (18) is illustrated by considering a simple application

such as a fiber-optic switch, where the external impedance can

be modeled as a spring mass system under free vibration. For

instance, a large Fout at high ωn can be attained for a given

input voltage Vin only if the signal frequency ω is increased

which in turn requires a large integrated power amplifier unit. A

reduction in the requirements for an amplifier could be achieved

if optimal materials were to be selected which would require
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Fig. 8. (a) Ideal electromechanical transduction circuit for BPE actuators. (b) Equivalent circuit of the ideal transduction circuit obtained by applying Thevenin
and Norton theorems.

evaluation of the limiting value of G at ω = ωn. Therefore,

substituting ω = ωn in (18) gives

G =
Fout

Vin
=

Z ′′
L

(

Z ′′
L

φ
−

φ
Cbeωn

) . (19)

Electromechanical oscillation occurs as G → ∞, i.e., the de-

nominator of (19) should tend to zero to obtain a large Fout for

an infinitesimally small Vin. Therefore, (19) reduces to

Z ′′
L =

φ2

Cbeωn
. (20)

Equation (20) is the relevant performance metric for select-

ing optimal material combinations to match the external im-

pedance. Material combinations with a large φ and a small Cbe

are desirable to overcome a large impedance considering the

variation in ωn bounded within an order of magnitude. Using

(14) and (15), performance indices are obtained by normalizing

φ and Cbe with respect to the geometry and dielectric constant

[Cbe]I =Cbe

(

t

Lbεr

)

=

(

(1 − K2)(1 + ξo)

ξo

)

(21)

φ1 =
φL3

bt3
=

(

16E1ξ
2
o

9(ξo + 1)2

)

d31 (22)

where [Cbe]I and φI are the capacitance index and transduction

index, respectively. Figs. 9 and 10 show contours of equal

[Cbe]I and log10(φI) for different piezoelectric materials on

the range of substrates considered. For performance metrics

described as a function of many variables, relevant nondi-

Fig. 9. Contours of blocked capacitance index ([Cbe]I) for different active
materials on Si and DLC substrates.

mensional indices that dictate the materials selection can be

formulated applying the Buckingham π theorem.

IV. RESULTS AND DISCUSSION

Selection of suitable actuation for an application requires

estimation of the performance limits achieved from different

actuation methods. Piezoelectric actuation in general, is par-

ticularly promising for high force applications. It is evident

from the contours shown in Fig. 3, that BPE actuators are

more applicable for high force/work (Mno ∼ 10 N/mV,Wno ∼
10−8 N/V2) applications than for large displacement appli-

cations (Θno ∼ 10−8 m/V). Although the work/volume, W
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Fig. 10. Contours of equal electromechanical transduction index (log10(φ)I)
for different active materials on the range of substrates considered.

delivered by piezoelectric actuation [2], [3], [24] is ∼105 Jm−3,

the drop in the d coefficient at microscales by an order of mag-

nitude reduces W by two orders of magnitude (∼103 Jm−3)
which is evident from the results presented herein. Also from

Fig. 4 it is clear that an actuation frequency of ∼100 kHz can

be attained for an actuator length of 100 µm with L/t = 30.

Furthermore, the maximum efficiency of BPE structures is

η ∼ 0.1, which is an order of magnitude less than the efficiency

of uni-material active structures estimated previously [2]. This

reflects the internal strain energy locked within the bimaterial

that is not available for performing external work.

It is apparent from Fig. 3 that ferroelectric piezoceramics

dominate in performance compared to other active materials

over the entire range of practical substrate materials. Quartz,

traditionally used for macroactuators and sensors is not suitable

for MEMS actuators due to its low piezoelectric constants

[25]–[27]. Despite its very high piezoelectric constants,

Rochelle salt (NaKC4H4O6 · 4H2O) is unlikely to be practical

for microactuators due to its unstable nature and low transition

temperature [28]–[30]. Material combinations such as PMNPT,

PZNPT, PZT and BaTiO3 on Si, DLC or other high stiffness

substrates are promising candidates for large force/work actu-

ators with high transduction indices and reasonable efficiency

(η ∼ 0.1). AlN on Si or DLC substrates is marginally superior

to other material combinations for high frequency applications

(> 100 kHz) by virtue of the relatively high modulus of AlN.

Although polymeric substrates exhibit a lower Q-factor than

other classes of materials due to viscous damping effects,

the actuation voltage required by the active materials when

combined with polymers in all cases is less for a given electro-

mechanical strain.

The present material selection strategy has certain limita-

tions. Variations in thin film properties of materials due to

processing routes, temperature and substrate effects have not

been captured in the present analysis. The processing routes

strongly influence the electromechanical properties of piezo-

ceramics. For example, thin film PZT grown by sol-gel has

a relatively high remnant polarization (∼56.8 µC/cm2) and

a lower coercive field than films grown by a pulsed laser

deposition process [31]. Furthermore, the electromechanical

properties are very sensitive to stoichiometric variation of the

piezoceramic constituents [32] which are not taken into account

in this paper although the materials selection decision is not

greatly influenced by this variation.

The operating temperature of the actuator structure signif-

icantly affects the performance. The electrical properties of

active materials are sensitive to temperature variation although

the change in elastic modulus is generally not significant. The

active materials selected for the BPE microactuator structure

should possess Curie temperatures greater than the operating

temperature. The influence of Curie temperature on the ma-

terials selection process can be better understood from the

data presented in Table I. The Curie temperatures for most of

the active materials considered are above 200 ◦C except for

Rochelle salt (−18 ◦C and 24 ◦C) and KH2PO4 (∼ −150 ◦C),
which make these materials suitable only for low temperature

applications. LiNbO3 and AlN can be considered for harsh

environment applications where the operating temperature ex-

ceeds ∼1000 ◦C.

The present materials selection strategy has not accounted

for the variation in coercive field of the piezoelectric materials

which further restricts actuator response. A desirable active

material selected should possess a large coercive field while

also having a high d coefficient. Although the d coefficients

increase at the stoichiometric combinations corresponding to

the morphotropic phase boundary (tetragonal–rhombohedral

transition) for ferroelectric piezoceramics, this is accompanied

by a drop in the coercive field [33], [34]. Furthermore, the ap-

plied electric field on the active materials reaches the maximum

achievable value only if the coercive field, Ec is as high as the

intrinsic coercive field, Eic. However, this is feasible only at

nanoscales considering the inverse dependence of the coercive

field on the film thickness [35], [36] which thereby reduces the

work done per cycle. For polymeric films, Ec approaches Eic

only at Langmuir–Blodgett scales [35] which are beyond the

capability of the present microfabrication processes and results

in actuators with very low absolute values of work or force

delivered. For ferroelectric piezoceramic films, values of Ec up

to a few megavolts per meter can be achieved at the microscale

given the present capability of microfabrication. This is smaller

than Eic by an order of magnitude. Although the coercive

field of piezoelectric polymers (Ec of Polyvinylidene fluoride

(PVDF) ∼55 MV/m) is greater than that of the ferroelectric

piezoceramics by an order of magnitude, piezoelectric poly-

mers require a large thickness to compensate for their low

elastic modulus to deliver optimal performance. This is unlikely

to be acceptable for many applications.

Selection of an actuation mechanism for a given applica-

tion determines the performance of MEMS devices. Table II

shows the comparison of the performances of BET (Al-Si)

and BPE (PZT-Si) cantilever actuator structures for sensible

limits on temperature (∆T = 150 ◦C) and electric field (Ep =
5 MV/m), respectively. The tip deflection, blocked moment and

work/volume delivered by the BET actuators are greater than

that of the BPE actuators for a fixed geometry. However, the

actuation frequency of the BPE actuators is greater than that of

the BET actuators by an order of magnitude. Although the force

delivered by the BPE actuator structures could be improved

without an appreciable drop in the actuation frequency at large

scales (∼10 kHz can be attained even for L ∼ 2 × 10−3 m
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TABLE II
COMPARISON OF THE PERFORMANCES OF BPE AND BET ACTUATOR STRUCTURES

and L/t = 30), the displacement and the work/volume which

could be achieved are still less than that for the BET actuators

corresponding to the assumed scale. For applications such as

arrays of small flap actuators for boundary layer flow control

[56], [57], it is necessary for the actuator structures to operate

at high frequencies (∼10 kHz) and to deliver a high work per

cycle. Since the BPE actuators operate at mechanical reso-

nance, an actuation frequency of ∼100 kHz can be achieved

even for a cantilever length of a few hundred micrometers;

however, the work/volume per cycle is relatively small. On

the other hand, BET actuators have the ability to actuate at

∼10 kHz only if their length is less than 60 µm [17]; however,

the work/volume per cycle is larger than that of the BPE

actuator. Unlike BET actuators which are characterized by high

losses due to the Joule heating effect, the losses associated with

BPE actuators due to charge leakage are very small. As a result,

the actuation efficiency of BET actuators is less than that of

BPE actuators by four orders of magnitude. However, in BPE

actuators, a large amount of input electrical energy is stored

within the blocked electrical capacitor without being utilized

for transduction. Also, the ability of BPE actuator structures to

operate at resonant frequencies can lead to energy losses due

to damping effects (material, and/or fluid) which are absent in

BET actuators. The BPE actuators are also prone to depoling

and aging issues which degrade the performance.

Unlike BPE actuators, BET actuators require relatively sim-

ple microfabrication steps involving sputtering of Al on SOI

wafers followed by etching. This involves comparably few

mask patterns. BPE actuators require relatively complicated

fabrication routes involving electrode deposition; spin coating

of the seed layer and sol-gel deposition of the piezoceramic

followed by pyrolysis and sintering [31]. Furthermore, the

range of variation in the electromechanical properties (such

as d coefficients, coercive field, and saturated polarization)

with scale is greater than that of the mechanical and thermal

properties. On balance, this analysis suggests that BET actua-

tors are (perhaps) surprisingly competitive with BPE devices,

unless high frequency and/or efficiency are the primary design

drivers.

V. CONCLUSION

An approach to the optimal materials selection for BPE

actuators has been presented. Critical performance metrics are

obtained by applying the mechanics of BPE actuator struc-

tures developed by earlier works. Using performance maps,

optimal material combinations are identified for various func-

tional requirements. Material combinations such as PMNPT,

PZNPT, PZT and BaTiO3 on Si or DLC are promising for

large force/work actuators with high transduction indices and

efficiency (η ∼ 0.1). AIN on Si or DLC substrates performs

better than other alternative candidates for high frequency

applications (∼600 kHz). A condition for electromechanical os-

cillation is obtained which serves as a useful basis for materials

selection to achieve matching of the external impedance. Poly-

meric substrates offer higher material damping due to viscous

effects compared to other classes of materials. Selection of an

appropriate actuation method for a boundary layer flow control

application has been illustrated by comparing the performance

limits of BPE and BET actuator structures. The potential of

active materials could be realized for MEMS applications if

better control over the properties of thin films could be achieved

during microfabrication. This can be accomplished only by en-

hancing our understanding of the process-property relationships

from further research studies.
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