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Effect of Heat Transfer on Materials Selection for
Bimaterial Electrothermal Actuators
Prasanna Srinivasan and S. Mark Spearing, Member, ASME

Abstract—Bimaterial electrothermal actuation is a commonly
employed actuation method in microsystems. This paper focuses
on optimal materials selection for bimaterial structures to maximize the thermomechanical response based on electrothermal
heat-transfer analysis. Competition between different modes of
heat transfer in electrothermally actuated cantilever bimaterial is
analyzed for structures at the microscale (10 µm ≤ L ≤ 1 mm)
using a lumped heat-capacity formulation. The choice of materials has a strong influence on the functional effectiveness and
the actuation frequency even though the electromechanical efficiency is inherently small (∼10−5 ). Frequencies on the order of
∼100 Hz to 15 kHz can be obtained for bimaterial structures at
small scales by varying either the operating temperature range
or the rate of heat dissipation. It is found that engineering
alloys/metals perform better than other classes of materials for
high-work high-frequency (∼10 kHz) actuation within achievable
temperature limits.
[2006-0177]
Index Terms—Electrothermal effects, microactuators, resistance heating, scaling and materials selection, thermomechanical.

I. I NTRODUCTION

M

ATERIALS selection is a critical step in the design cycle
of any engineering system. The selection of materials
for microelectromechanical system (MEMS) is complicated by
the highly integrated multifunctional roles of the components.
Seldom will a material have properties delivering maximum
performance in all the governing physical domains. The conventional set of MEMS materials [1], although compatible with
existing micromachining methods, are not an optimal choice
for the maximum performance. This represents an opportunity
to expand the MEMS materials set in order to improve the
functionality of devices.
Bimaterial electrothermal (BET) actuation is a commonly
employed actuation method due to simplicity in the micromachining processes and its ability to provide out-of-plane
actuation, which is, otherwise, difficult to achieve. There have
been few published works on electrothermal heat transfer in
microsystems, which include the following: 1) estimation of
the time constant and lateral resonances of Al–Si bimaterial [2] for resonant sensors and microswitches applications,
2) evaluation of the buckling characteristics of micromachined
polysilicon beams [3] under thermal load using electrothermal
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and thermoelastic studies, 3) experimental investigation of the
electrothermal behavior of a diamond-like carbon (DLC)–Ni
microcage device for handling living biological cells [4],
4) estimation of the temperature field in an SU8-Pt polymeric
microgripper [5] by numerical simulations, 5) evaluation of the
transient thermal field of an Au–Si microcantilever actuated
by a laser pulse for wireless MEMS applications [6], and
6) effect of electrical/thermal properties on the temperature
of silicon microcantilevers used in atomic-force microscopy
for nanotopographic measurements [7]. These works analyzed
the performance of the specific BET actuators employed in
different microsystems for various applications. However, a
more generalized electrothermal analysis to guide the materials
selection for such actuators has not been previously attempted.
This paper aims to identify promising candidates for BET
actuators at small scales (10 µm ≤ L ≤ 1 mm) by building
on previous works focused on the overall selection of actuation
principles, at the macro [8] and microscales [9].
The key performance metrics for BET actuators are the
displacement (slope), force (moment), work per cycle, the actuation frequency, and the effectiveness. This paper discusses a
strategy for selecting suitable candidate materials for bimaterial
structures based on electrothermal heat-transfer analyses in
order to improve the performance. The process of materials
selection explained in this paper follows previous work, where
displacement, force, and work/volume of the actuators were
maximized for a constant uniform temperature difference [10].
Therefore, the resulting set of materials identified in these two
studies would be promising candidates for BET actuators. The
objective of this paper is to develop an analytical framework for
materials selection for BET actuators considering electrothermal heat-transfer effects.
The relevant performance metrics for BET actuators which
depend on the heat-transfer response are the frequency, effectiveness, and electromechanical efficiency. A high actuation
frequency is required for applications such as micromirror
positioners [11], microgrippers, fiber-optic switches [12], and
boundary-layer flow-control devices. Effectiveness is a measure
of displacement/force/work achieved within a cycle per unit
electrical energy consumed. The characteristic electromechanical efficiency is defined here as the ratio of the total mechanical work done by the actuator to the electrical energy
supplied.
The competition between different modes of heat transfer
which constitutes the total heat dissipation varies according
to the actuator scales. This variation in the competing heattransfer modes affects the thermomechanical response of the
actuators. The effect of scaling and its influence on the response
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which eventually determines the materials selection is therefore
addressed.
This paper is organized as follows. Section II gives an
overview of the thermomechanical design of BET actuators.
Section III discusses the evaluation of the equivalent thermal
properties of a bimaterial. Evaluation of the steady state and
transient thermal responses of a bimaterial are presented in
Sections IV and V, respectively. Section VI discusses the
estimation of the functional effectiveness and the electromechanical efficiency of a bimaterial. Section VII illustrates
the application of thermal models for materials selection.
Section VIII discusses the materials selection process and the
influence of scaling on the selection process. Section IX provides concluding remarks drawn from this study.

II. O VERVIEW OF THE T HERMOMECHANICAL
D ESIGN OF A BET A CTUATOR
Fig. 1 shows a schematic of an electrothermally actuated bimaterial. The relevant material properties are Young’s modulus
(E), thermal-expansion coefficient (α), thermal conductivity
(K), thermal emissivity (ε), specific-heat capacity (C), and
density (ρ). The subscripts correspond to the material layers 1
and 2, respectively. The thicknesses of the two layers are t1 and
t2 , respectively. The width of the beam is b, and its length is L.
The base and ambient temperatures are Tb and T∞ , respectively.
Using Timoshenko bimetallic strip theory [13], the relevant performance metrics which gauge the thermomechanical response,
namely, free-end slope (Θ), blocked moment (M ), and work
done per volume (W ) were developed [14]
6L(∆α)(∆T )


Θ= 
(1 + λξ)(1 + ξ 3 λ)
t 3+
λξ(ξ + 1)2
E1 bt2 (∆α)(∆T )

M= 
(ξ + 1)(1 + λξ)
2
ξ

(1)

(2)

3E1 (∆α)2 (∆T )2
 (3)
W = 
2
(1 + λξ) (1 + ξ 3 λ) 3(1 + λξ)(ξ + 1)
8
+
ξ
λξ 2 (ξ + 1)
where λ = E1 /E2 is the ratio of Young’s moduli of the bimaterial, ξ = t1 /t2 is the ratio of the thicknesses of the two
layers, ∆α = α1 − α2 is the difference between the thermalexpansion coefficients of the bimaterial, and ∆T = T − T∞
is the difference between the nominal temperature of the
bimaterial T and the ambient temperature T∞ . A strategy
for selecting optimal material pairs which deliver maximum
thermomechanical performance for a constant ∆T was previously developed [14]. The optimality condition pertaining
to the maximum steady-state thermomechanical response of a
bimaterial is given as
λξo2 = 1

(4)

where ξo is the optimal thickness ratio corresponding to the
maximum thermomechanical response for a given pair of materials. Substituting (4) in (1), (2), and (3) gives the optimal
thermomechanical response
Θo =

Θno L(∆T )
3L(∆α)(∆T )
=
2t
t

Mo =

E1 bt2 (∆α)(∆T )
= Mno bt2 (∆T )


1 + ξo 2
2
ξo


Wo =

3E1 (∆α)2 (∆T )2
32



ξo
1 + ξo

(5)
(6)

2
= Wno (∆T )2

(7)

where Θo , Mo , and Wo are the optimal thermomechanical
responses for a given pair of materials. Θno , Mno , and Wno
are material parameters which correspond to the optimal slope,
moment, and work normalized with respect to geometry and
temperature. The variable ∆T is a non-linear function of electrical and thermal properties of the materials employed for a
given geometry. Since for an optimal response, the ratio of
thicknesses of the bi-layers is a function of the elastic moduli
ratio of the bi-material as given in (4), it is possible to express
∆T as a function of mechanical, electrical, and thermal properties. This paper investigates the influence of the competing
heat-transfer modes on ∆T , which in turn affects the thermomechanical response of the bimaterial.
A BET actuator is a microscale structure with in-plane
dimensions in the range of 10–1000 µm. Actuation is typically
achieved by resistive heating followed by uncontrolled cooling.
The small scale allows a lumped heat-capacity formulation to
be used, as the surface convective resistance is large as compared to the internal conduction resistance. This is quantified
by the Biot number (Bi) [15]
Bi =

hLc
Keq

(8)

where Lc = V /As is the characteristic length, which is given by
the ratio of the volume, V to the surface area, As of the actuator,
Keq is the equivalent thermal conductivity of the actuator
materials, and h is the heat-transfer coefficient of the actuator
surface. The surface area to the volume ratio for microscale
structures is usually very large, and therefore, the Biot number
is very small (∼0.01–0.1), which justifies the use of a lumped
heat-capacity model.
III. E VALUATION OF E QUIVALENT T HERMAL P ROPERTIES
From (4), it is clear that the optimal thickness ratio of the
bimaterials depends only on the ratio of the Young’s moduli
and is independent of the thermal-expansion coefficients of
the materials. Therefore, the equivalent thermal properties of
a bimaterial with an optimal thickness ratio also depend on
the Young’s moduli of the bimaterials. The equivalent thermal
properties relevant to the present analysis are thermal conductivity, volumetric thermal capacity, and thermal emissivity.
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Schematic of a cantilever bimaterial heated electrically.

Furthermore, the power generated per unit volume due to Joule
heating also must be evaluated for the thermal analysis.
A. Equivalent Thermal Conductivity Keq
The equivalent thermal conductivity Keq is defined as the
property of an equivalent homogenous material of unit thickness and unit area of cross section, which, when maintained
under a unit thermal gradient, would transfer the same energy
as the bimaterial layers under the same conditions, giving
Keq =

K1 ξo + K2
.
1 + ξo

The equivalent thermal capacity (ρC)eq is similarly defined
(ρ1 C1 )ξo + (ρ2 C2 )
.
ξo + 1

(10)

C. Equivalent Emissivity εeq
The equivalent emissivity εeq is defined as the property of
an equivalent homogenous material which would emanate the
same amount of radiation from its surface when maintained at
a given temperature as the bimaterial layers under the same
conditions, i.e.,
εeq =

ε1 (b + t1 ) + ε2 (b + t2 )
.
b+t

Qv =

V2
+ 1/ξo )

4ϕL2 (1

(12)

(9)

B. Equivalent Volumetric Thermal Capacity (ρC)eq

(ρC)eq =

often considered as the heating element, because its electrical
resistivity can be varied over a wide range (103 −10−7 Ω · m)
by doping with boron [16]. The electrical conducting path runs
along the U-shaped heating element, as shown in Fig. 1. End
effects are ignored, and the length of the conductor is assumed
to be 2L. The power generated per unit volume of the actuator
when heated by a constant-voltage source is given as

(11)

D. Power Generated Per Volume Qv
The heating element in the actuator is usually one of the
bimaterial layers; typically, the one which requires least voltage
for generating a large heating current. Silicon, being the most
commonly employed substrate material in microsystems, is

where V is the constant actuation voltage used for Joule heating
and ϕ is the resistivity of the heating element. The effect of
any insulating oxide layer sandwiched between the bimaterial
layers is ignored in the present analysis.

IV. S TEADY -S TATE T EMPERATURE
F IELD OF A B IMATERIAL
Fig. 2(a) shows a 1-D heat-transfer model of a cantilever
beam with equivalent thermal properties heated electrically by
a constant voltage V . The base which acts as a heat sink
is maintained at a constant temperature Tb , and the ambient
temperature is T∞ . The cross-sectional area of the beam is
A, and the perimeter of the cross section is P . The total heat
generated due to electrical heating is dissipated by conduction,
convection, and radiation. The heat transfer at the free end of
the beam at x = L is negligible and, therefore, is modeled as a
thermally insulated section.
Consider an elemental control volume with the temperature
T at distance of x from the base. Let dT be the temperature
change over the length dx. Fig. 2(b) shows the energy flow
across the control volume considered. The total thermal energy
generated within the control volume is dissipated by diffusion
to the base, convection to the surrounding fluid medium, and
radiation. Using the energy-balance relation, an expression for
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Fig. 2. (a) Thermal model of a cantilever bimaterial. (b) Energy flow across the control volume considered.

the temperature field T (x) along the length of the beam is
obtained with/without convection and radiation effects

T (x) − Tb =

xQv
Keq



L−

x
2

(13)

is the temperature field without taking into account convection/
radiation effects


Qv
T (x) − T∞ +

cosh m(L − x)
Keq m2 


 
=


cosh mL
Qv
Tb − T∞ +
2
Keq m


(14)

is the temperature field considering the convection/radiation
effects. The variable m = ht P/Keq A, ht = hc +
2
)(T (x) + T∞ ) is the overall heat-transfer
σεeq (T (x)2 + T∞
coefficient, hc is the convective heat-transfer coefficient,
and σ = 5.67 × 10−8 W/m2 · K4 is the Stefan–Boltzmann
constant. The characteristic temperature of the bimaterial is
defined by the average temperature, Tav along its length, which
is given by
Tav − Tb =

L2 Qv
3Keq

(15)

in the absence of convection/radiation effects




T∞ + Qv
Keq m2av

Tav −




Tb − T∞ +



Qv
Keq m2av


 tanh mav L

 = mav L

(16)

is the average temperature considering the convection/radiation
effects. The variable mav is the value of m at T (x) = Tav .

Using (15), a parameter called the electrothermal power
index PI is defined considering the heat dissipation due to
conduction


(Tav − Tb )
1
(∆T )
=
.
(17)
PI =
≈
2
3Keq
Qv L
Qv L2
PI is a material-dependent parameter, which gives a measure
of the achievable temperature for a bimaterial of fixed length
when heated by a source generating unit power per volume of
the material. Since materials selection is generally based on the
relative estimates of the performance, convective effects are
ignored in the evaluation of the PI as they do not have any
bearing on the selection criteria.
V. T RANSIENT T HERMAL R ESPONSE OF A B IMATERIAL
The frequency of BET actuators depends on the time taken
by the actuators to heat and cool alternately between the prescribed operating temperatures. The time taken by the actuators
to be heated to a given temperature can be controlled to a
certain extent by altering the electrical resistivity of the heating
element (e.g., silicon) by doping. The cooling phase is usually
uncontrolled, and it depends on the thermal properties of the
substrate materials. If Tp and Tv are the operating temperatures
of a bimaterial with Tp > Tv , then the time corresponding
to heating (th ) and cooling (tc ) phases can be obtained by
solving the implicit transient thermal model using numerical
integration



2
T i + Fo Tb + BiT∞ + QKvteqL
(18)
T i+1 =
1 + Fo (Bi + 1)
correspond to heating phase
T i+1 =

T i + Fo (Tb + BiT∞ )
1 + Fo (Bi + 1)
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correspond to cooling phase. T i and T i+1 are the temperatures
of the bimaterial at the successive instants t and t + ∆t, Qvt
is the constant electrothermal power generated per unit volume during the heating phase, Fo = Keq ∆t/(ρC)eq L2 is the
Fourier number, and Bi = ht P L2 /Keq A is the Biot number.
The losses associated with the heating phase for a high constant electrothermal power generation per unit volume (Qvt ∼
1012 −1013 W/m3 ) is usually low (< 0.1 Qvt ). As a result, the
electrical energy supplied can be assumed to be equal to the
internal thermal energy stored within the bimaterial. Therefore,
for a linear ramp up from Tv to Tp , the transient thermal
response corresponding to the heating phase given by (18)
reduces to
Qvt ≈

(ρC)eq (Tp − Tv )
.
th

(20)

Since the electrothermal heating rate is faster than the cooling
rate (∼10−100×), it can be ignored in the computation of the
cyclic frequency. The characteristic actuation frequency can
thus be evaluated as
1
f≈ .
tc

(21)

Assuming that th = 1/(10f ), the electrothermal power generated per unit volume of the bimaterial during heating phase can
be evaluated from (20) in terms of the actuation frequency.
Qvt = 10f (ρC)eq (Tp − Tv ).

(22)

It should be noted that the actuation frequency depends on the
operating temperatures Tp and Tv for the given pair of materials
and the length scale.
VI. E FFECTIVENESS AND E FFICIENCY
OF THE BET A CTUATOR
A thermomechanical design criterion, which governs materials selection for many BET actuators, is the displacement/
force/work per cycle achieved for the given amount of electrical energy supplied. Therefore, the effectiveness of BET
actuators is quantified here based on the optimal displacement/
force/work per cycle achieved from a given pair of materials for
unit electrical energy consumed. The effectiveness can be either
displacement (slope) based Θeﬀ , force (moment) based Meﬀ ,
or work based Weﬀ . Designing an actuator with the required
effectiveness is determined by the functional requirements.
Using (5)–(7) for the effectiveness of the BET actuators are
obtained
Θeﬀ =

Θno (∆T )
Θo
=
Qv Lbt
bt2 Qv

(23)

Meﬀ =

Mno t(∆T )
Mo
=
Qv Lbt
Qv L

(24)

Weﬀ =

Wno (∆T )2
Meﬀ Θeﬀ
=
.
8
Q2v Lbt

(25)

Effectiveness can also be regarded as the performance of the
actuator within a cycle. Substituting (17) in (23)–(25), effec-
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tiveness can be obtained in terms of the mechanical/thermal
properties of the bimaterial
Θeﬀ =

Θno (∆T )
(∆α)L2
=
bt2 Qv
2Keq bt2

Meﬀ =

Mno t(∆T )
=
Qv L

E1 (∆α)Lt


1 + ξo 2
6
Keq
ξo

Weﬀ =

Wno (∆T )2
=
Q2v Lbt

E1 (∆α)2 L3
.


1 + ξo 2 2
96
Keq bt
ξo

(26)
(27)

(28)

By normalizing (26), (27), and (28) with respect to geometry,
indices for effectiveness based on the displacement, force, and
work per cycle can be obtained
ΘEI =

Θeﬀ bt2
(∆α)
=
2
L
2Keq

MEI =

Meﬀ
=
Lt

WEI =

Weﬀ bt
=
L3

E1 (∆α)


1 + ξo 2
6Keq
ξo
E1 (∆α)2


1 + ξo 2
2
96Keq
ξo

(29)
(30)

(31)

where ΘEI , MEI , and WEI are indices for effectiveness based
on slope, moment, and work, respectively, for a fixed geometry
of actuator.
The candidate materials selected besides being functionally
effective should also be efficient in performance. Therefore, the
electromechanical efficiency ηem is defined here as the ratio
of the optimal mechanical-power output to the electrical-power
input for a given pair of materials, i.e.,
ηem =

Pav
Pav
=
Qvt
10f (ρC)eq (Tp − Tv )

(32)

t+∆t

where Pav = (1/(∆t)) t
|dWo /dt|dt is the average
mechanical-power output, which depends on the transient thermal response of the bimaterial during the cooling phase for
the temperature difference achieved with the given amount of
electrical power supplied. The choices of materials which are
functionally effective are not necessarily efficient, because ηem
depends on the rate at which the thermal energy is dissipated by
the bimaterial for the achievable temperature difference due to
the electrical energy supplied.

VII. T HERMAL C ONSIDERATIONS IN THE
M ATERIALS S ELECTION
The competition between the different modes of heat transfer
which contribute to the thermal-energy dissipation varies with
the length scale of the bimaterial structure. As a consequence,
the thermomechanical response affecting the materials selection will also depend on scale (10 µm to 1 mm). Hence,
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TABLE I
PROPERTIES OF SINGLE-CRYSTAL SILICON

the performance of different classes of materials on a given
substrate is examined as function of scale to identify promising
candidates.
Silicon is one of the most commonly preferred substrate
materials for microsystems due to its wide availability and ease
of microfabrication besides having favorable properties in the
various physical domains. For illustration, silicon is chosen
as one of the bimaterial layers and is also assumed to act as
the heat source. Table I shows the properties of single-crystal
silicon used for this analysis. The bimaterial is assumed to be
actuated using a constant dc-voltage source. The heat generated
by the bimaterial is dissipated by diffusion to the base and
convection to the surrounding fluid medium. The temperature
of the base is assumed to be at Tb = 50 ◦ C, and the ambient at
T∞ = 20 ◦ C. The heat loss by radiation is neglected, which is
reasonable, given sensible temperature limits for most materials
(∼500 ◦ C). The steady-state thermal field considering the combined effect of conduction and convection depends on the ratio
of the perimeter to the area of the cross section, which is a function of thickness of the bimaterial considering b > t for most
actuator structures. A conservative estimate of the temperature
is therefore obtained by assuming the cross section of the beam
to be square with L/t = 30. The operating temperature range
for most microsystems varies from ∼100 ◦ C to 300 ◦ C with
the peak temperature not exceeding ∼400 ◦ C considering the
temperature limits for the different classes of materials at small
scale. The operating temperature range is therefore assumed to
be 250 ◦ C with the peak temperature Tp = 300 ◦ C in this paper.
In order to make an effective selection between the candidates, contours of equal response were plotted on an Ashby
materials-selection chart [17] in the domain of the governing
properties. Materials which lie close to the contours indicating a high response were then considered for further detailed
analysis. The materials selection for BET actuators is based
on the electrothermal and thermomechanical performances of
the bimaterials. Therefore, the performance of different classes
of materials on silicon is evaluated on these considerations to
identify novel material combinations.
The electrothermal characteristics of different materials can
be better understood if contours of PI are plotted in the
domain of relevant properties. Fig. 3(a) shows contours of
equal log10 (PI ) plotted in the material domain (E versus K)
for silicon. It is evident that PI for engineering polymers is
greater than for engineering alloys/metals on silicon. Therefore,
polymers require less power than metals to attain a given
temperature. But the voltage required to attain a given temperature varies with the electrical resistance of the heating
element, which depends on the electrical resistivity of the substrate materials and the thickness ratio of the bimaterial layers.

Fig. 3. Contours of (a) log10 (PI ) and (b) log10 (VI ) for different classes of
materials on silicon, which acts as a heat source.

A parameter termed as the electrothermal voltage index (VI ) is
defined by eliminating Qv between (12) and (17)
V2 =

(∆T )ϕ
VI

(33)

where VI = 1/(12Keq (1 + 1/ξo )) is the voltage index of a
material layer for a fixed heat source. The influence of VI on
the actuation voltage is small considering the range of variation
in the electrical resistivity of different classes of materials
(10−9 −1015 Ω · m). Polymeric substrates would require much
higher voltages than semiconductor and metallic substrates and,
therefore, are not preferred heating elements. Furthermore, it
is also possible to estimate the actuation voltage for a range
of materials on a given heat source. Fig. 3(b) shows contours
of log10 (VI ) plotted in the material domain (E versus K) for
silicon (which also acts as the heat source). It is clear from
the plot that the actuation voltage required to attain a given
temperature for different classes of materials on silicon varies
only within an order of magnitude (VI : 10−3 −10−4 mK/W),
although the power required varies by two orders of magnitude
(PI : 10−1 −10−3 mK/W). Fig. 4(a) and (b) shows similar

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on July 1, 2009 at 12:40 from IEEE Xplore. Restrictions apply.

SRINIVASAN AND SPEARING: EFFECT OF HEAT TRANSFER ON MATERIALS SELECTION FOR BET ACTUATORS

659

Fig. 5. Comparison of the isotherms for different classes of materials on
silicon with Ashby selection chart [17], considering heat dissipation due to
conduction (V = 5 V).

Fig. 4. Contours of equal log10 (PI ) for materials of different classes on
(a) DLC and (b) PMMA substrates.

contours of log10 (PI ) for DLC and polymethylmethacrylate
(PMMA) substrates.
The achievable temperature for different material combinations due to Joule heating can be estimated from the isotherm
contours plotted in the relevant material domains considering
different modes of heat transfer. Fig. 5 shows steady-state
isotherm contours (in Kelvin) obtained using (12) and (15)
for different classes of materials on silicon for an optimal
thickness ratio ξo , considering heat dissipation due to conduction only. The voltage required for heating was assumed to
be 5 V, considering the range of Tp preferred for microsystems applications. Fig. 6(a) and (b) shows similar contours
for aluminum and PMMA substrates. Although the influence
of materials choice on the achievable temperature is dictated by the power supplied, it is also limited further by the
failure characteristics of the materials employed (e.g., yield/
fracture stress and creep/melting temperature), which are not
addressed in this paper. The effect of free convection on
the isotherms obtained using (12) and (16) for lengths L =
100 µm and 1 mm are shown in Fig. 7(a) and (b), respectively.

A macroscale value of the convective heat-transfer coefficient
hc = 10 W/m2 · K was assumed. Figs. 5 and 7(a) are almost identical, which confirms that conduction is dominant at
smaller scales (L < 1 mm). The effect of convection becomes
apparent at larger scales (L > 1 mm), as shown in Fig. 7(b).
However, even at this scale, the variation in the isotherms is
not very large. Hence, the power dissipated due to convective
currents is minimal at a small scale, which further confirms the
applicability of the lumped heat-capacity formulation.
The materials-selection strategy for BET actuators is based
on complicated tradeoffs between the electrothermal and thermomechanical performances. Therefore, the overall selection
criteria for promising candidates depend not only on the electrothermal response (achievable temperature difference for a
given pair of materials due to Joule heating by constant voltage)
but also on the thermomechanical response (effectiveness and
efficiency). Establishing design trades based on the effectiveness is cumbersome due to the interaction between three material properties (E, α, and K). This complexity, however, can be
resolved if one of the governing properties is normalized [for
example, (∆α)] and its effect is subsequently superimposed on
the resulting response. It is evident from (29) that polymers on
silicon are effective in delivering high displacement within a
cycle for a given amount of electrical energy expended. Fig. 8
shows contours of equal effectiveness indices for different
classes of materials on silicon obtained using (30) and (31)
by normalizing with respect to (∆α). It is surprising to note
from Fig. 8(a) and (b) that polymers are essentially equivalent
to engineering alloys/ceramics for delivering high work/force
per cycle considering their large thermal-expansion coefficient. However, the large thickness required to compensate for
the low Young’s modulus may not be acceptable for many
applications.
Another important target for materials selection is the
electromechanical efficiency, which depends on the maximum
mechanical-power output generated from a given amount of
electrothermal power supplied, as given by (32). Fig. 9 shows
a typical cooling curve for a bimaterial with the prescribed
range of operating temperatures. Curve a represents a realistic
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Fig. 6. Steady-state isotherms for different classes of materials on (a) aluminum (V = 0.1 V) and (b) PMMA (V = 5 V).

transient thermal response of a bimaterial, which can be closely
approximated by an exponentially decreasing nonlinear function of time t. The area under the curve bounded by the temperature limits gives a measure of the achievable temperature
difference for delivering the work per cycle for a given pair
of materials. In order to evolve a relevant closed-form solution
for the efficiency metric which guides the materials selection,
a linear transient cooling with an instantaneous heating (sawtooth response) is assumed, considering that the losses associated with the heating phase are very low. The equation
corresponding to curve b is given as
T = Tp − (Tp − Tv )f t.

(34)

Substituting (34) in (32), ηem for a given material pairs can be
obtained
ηem =

Wno (Tp + Tv − 2T∞ )
.
10(ρC)eq

(35)

Fig. 7. Isotherms for different classes of materials on silicon considering heat
dissipation due to conduction and free convection for (a) L = 100 µm and
(b) L = 1 mm.

The volumetric specific of different classes of materials is
∼106.5 J/m3 · K [17], and therefore, it can be assumed constant.
Hence, (35) further reduces to

ηem =

Wno (Tp + Tv − 2T∞ )
.
107.5

(36)

Fig. 10 shows contours of equal log10 (ηem ) plotted in the
domain of E−α for the assumed values of operating temperatures. Since materials from different classes are clustered
around ηem : 10−5 , it is evident that ηem for all these materials
on silicon is almost constant.
The effect of temperature difference on the actuation frequency can be better understood if a relationship is established
between the cooling rate and the operating temperature range.
For a linear transient cooling curve from the initial temperature
Tp to the final temperature Tv < Tb , a relationship can be
evolved between the actuation frequency and the operating
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Fig. 10. Contours of equal efficiency log10 (ηem ) for different bimaterial
combinations with reference to silicon substrate.

Fig. 8. Contours of effectiveness indices normalized with respect to (∆α) for
different classes of materials on silicon. (a) Contours of equal log10 (MEI ).
(b) Contours of equal log10 (WEI ).

Fig. 11. Effect of operating temperatures on the actuation frequency and the
work/volume.

temperatures. Substituting T i − T i+1 = Tp − Tv and f =
1/∆t, (19) reduces to


Keq
(Tp − Tv )f =
((Tv − Tb ) + Bi(Tv − T∞ )) .
(ρC)eq L2
(37)

Fig. 9. Typical transient cooling curve of a bimaterial approximated by linear
response.

Fig. 11 shows two curves a and b, which correspond to
two different lower operating temperatures Tv1 and Tv2 for
a constant peak operating temperature Tp . The slope of the
curves (−(Tp − Tv )f ) depends on the thermal diffusivity of
the materials chosen and the length scale for a given set of
operating temperatures. It is also evident from (37) that the
actuation frequency can be increased either by decreasing the
operating temperature range or by decreasing the actuator’s
length. However, in either case, the increase in frequency is
compensated for a corresponding drop in the work per cycle,
as shown in Fig. 11.
Fig. 12(a) and (b) shows contours of equal actuation frequency for a range of materials on silicon plotted in the domain
of governing properties (K versus ρC) at small (L = 100 µm)
and large (L = 1 mm) scales, respectively, using (19) and (21).
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Fig. 12. Contours of equal actuation frequency log10 (f ) for different classes
of materials on silicon for (a) L = 100 µm and (b) L = 1 mm at ξ = 0.5.

Fig. 13. Contours of equal actuation frequency log10 (f ) for different classes
of materials on (a) DLC substrate and (b) PMMA substrate at ξ = 0.5.

The initial average temperature at the instant to = 0 was assumed to be 300 ◦ C, and the actuator was allowed to cool down
to 50 ◦ C due to conduction and free convection. It is clear
from these plots that the actuation frequency increases with
reducing scale, as predicted by (37). Metals perform better than
other classes of materials on silicon having a reasonably high
actuation frequency ∼1 kHz. Fig. 13(a) and (b) shows similar
contours for DLC and PMMA substrates, respectively, at small
scale. Metals are capable of actuating at higher frequencies on
DLC as compared to Si by about half an order of magnitude.

on four different substrates, namely, silicon, DLC, Invar, and
PMMA. The properties of these substrates are located at the
extremes in the material domain (Young’s modulus, thermalexpansion coefficient, and thermal conductivity), and as a result, they provide an indication of the scope for exploration of
novel candidates, which can improve the performance.
It is evident from Table III that the materials selection has
very little scope for the improvement of thermomechanical
performance of the BET actuators. Unlike fluids, the thermal
diffusivity of different classes of solid-state materials depends
largely on their thermal conductivity due to constant volumetric
specific heat (∼106.5 J/m3 · K). Therefore, DLC substrates can
be considered for high-frequency actuators owing to their large
thermal conductivity, but this has to be compensated by their
power index, which is an order of magnitude (∼10−4 mK/W)
less than for silicon and Invar substrates. Zinc is the only
candidate which significantly betters conventionally employed
aluminum films with an effective and efficient performance
irrespective of the substrates considered. Zinc films on DLC
substrate have the potential to deliver high work at a high
actuation frequency (Wo = 4.35 J/m3 · K2 , f = 1.2 kHz), and
these have not been considered so far for MEMS actuators.

VIII. R ESULTS AND D ISCUSSION
The achievable temperature difference is a system-dependent
design variable, which affects the performance of different material combinations. Therefore, the design space available in the
material domain can be better explored for a given temperature
difference if a few promising candidates are considered for
further analyses. Table II lists the properties of films from
different material classes considered for this paper based on
their optimal thermomechanical performance [14] on silicon.
Table III shows the heat-transfer performance of these films
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TABLE II
PROPERTIES OF FILMS OF DIFFERENT MATERIALS CONSIDERED BASED ON THEIR THERMOMECHANICAL PERFORMANCE ON SILICON

Zinc films up to a few micrometers can be grown on silicon
by sputter deposition [18]. However, despite the potentially
superior performance to aluminum, zinc films require cautious
evaluation due to their chemically reactive nature.
The electromechanical efficiency of BET actuators is inherently low (ηem : 10−4 ) due to excess-heat dissipation, and it
is an order of magnitude lower than the efficiency of linear
(unimaterial) thermal-expansion actuators [8]. This is due to
inherently low Wo associated with BET actuators [7] as compared to unimaterial thermal-expansion actuators by an order of
magnitude for a constant temperature difference. Furthermore,
the work associated with electrothermal actuation is always
irreversible unlike mechanical actuation. It is evident from
Fig. 10 that there is no appreciable variation in the electromechanical efficiency (ηem : 10−5 − 10−6 ) for all the films
on the various substrates considered. However, their effectiveness varies significantly. Table IV shows a comparison of the
effectiveness indices of different films on various substrates.
Engineering polymers are very effective for high-displacement
actuators. Candidate materials such as PP, PMMA, PS, and
PDMS on Invar and SiO2 substrates and Zr2 O3 on PMMA

substrate are capable of delivering high displacement per cycle per unit electrical energy consumed (ΘEI ∼ 10−4 m/W).
Thin polymeric films up to a few tens of micrometers can be
achieved by spin coating, which is a proven microfabrication
route [19] for growing polymeric films on a substrate. For
actuators to deliver a high force per cycle effectively, material
combinations such as Zr2 O3 , steel, Zn, Ni on PMMA/Si and
Zr2 O3 , steel, Al2 O3 , Ti, Ni, Si3 N4 on Invar, and Zn on DLC
can be considered (MEI ∼ 103 − 104 N/Wm). It should be
noted again that polymeric substrates require a large thickness
to compensate for their low Young’s modulus, which may not
be acceptable in some applications. Material combinations such
as SiO2 on PMMA and Zr2 O3 , steel, Zn, and Ni on Invar can
be considered for actuators to deliver high work effectively
(WEI ∼ 10−0.08 −10−4 N/W2 ). It is noteworthy that the most
commonly employed material combination Al/Si is bettered by
many others for effectiveness. This is due to the high thermal
conductivity of aluminum, which causes more heat dissipation
despite its favorable mechanical properties.
However, for high-frequency applications, it essential to have
high dissipation rate, and therefore, the candidate materials
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TABLE III
PERFORMANCE BASED ON HEAT-TRANSFER ANALYSIS FOR DIFFERENT FILMS ON VARIOUS SUBSTRATES

TABLE IV
COMPARISON OF THE EFFECTIVENESS OF DIFFERENT FILMS ON VARIOUS SUBSTRATES

should possess a high thermal conductivity. The optimal material combinations in order to achieve high actuation frequency
are DLC/Zn, DLC/Al, DLC/Cu, Si/Zn, and Si/Al. Amorphous

DLC films (sp3 bonded) up to a few micrometers thick can be
prepared by pulsed-laser deposition [20], magnetron sputtering
with ion plating [21], or a filtered-cathode vacuum arc [22].
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Fig. 14. Effect of forced convection on (a) steady-state isotherms and
(b) actuation frequency for different classes of materials on silicon at small
scale (L = 100 µm).

Fig. 15. Increase in the actuation frequency accomplished by (a) reducing
the scale (L = 60 µm) and (b) reducing the operating temperature range
(573 K–423 K).

A few micrometer-thick aluminum films can be achieved by
sputtering [23], [24], which is an established and proven microfabrication route. These material combinations could at best
yield ∼1.2 kHz for L = 100 µm and are limited by the cooling
rates achieved by conduction and natural convection at small
scales. Frequencies can be further increased if the cooling rate
is accelerated by forced convection.
The length scale of the actuator structure is a critical design
parameter for applications such as flow-control devices. For a
subsonic flow (Mach number, M = 0.5), the Knudsen number
Kn evaluated at the atmospheric pressure and temperature for
a characteristic length L = 100 µm is ∼10−4 (< 10−2 ), which
ensures that rarefied gas effects can be neglected in the flow
analysis [25]. Using von Karman closed-form solutions [26],
the average heat-transfer coefficient due to forced convective
currents can be evaluated for the bimaterial actuator. Fig. 14(a)
and (b) shows isotherms and contours of equal actuation
frequency for a range of materials on silicon considering heat
dissipation due to conduction and forced convection. Although
there is a marginal drop in the steady-state isotherms (∼25 K),

the actuation frequency increases by almost an order of
magnitude ∼7 kHz. Frequencies on the order of ∼10 kHz can
be achieved for engineering alloys/metals if either the scale is
reduced to 60 µm or if the temperature range is restricted to
423 K–573 K. In either case, the work/volume delivered by
the actuator per cycle is reduced. Fig. 15(a) and (b) shows
the contours of equal actuation frequency for the two cases;
L = 60 µm and L = 100 µm, with the operating temperature
range of ∼423 K−573 K, respectively. Hitherto, piezoelectric
actuators [27], [28] and electrostatic actuators [29] have been
preferred for applications such as boundary-layer flow-control
devices, which operate at high frequencies on the order
∼10 kHz. The results presented herein suggest the point at
which electrothermal actuators might be considered as viable
alternatives.
The ability to achieve mechanical resonance is enabling for
many sensor applications, although it may be detrimental for
actuator structures. Electrostatic and piezoelectric devices are
often operated at resonance. The fundamental mechanical resonant frequencies of bimaterials are therefore estimated using the
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Fig. 16. Contours of equal resonant frequency (fundamental flexural mode)
log10 (fs ) for different materials on silicon for an optimal thickness ratio at
small scale (L = 100 µm).

Euler–Bernoulli relation to compare with the thermal-actuation
frequencies. The fundamental structural frequency fs (flexural
mode) for a bimaterial structure with an optimal geometry is
given as

fs =

1
2π



1.8751
L

2



E1 t 2
3λ(ρ1 ξo + ρ2 )(ξo + 1)


(38)

where ρ1 and ρ2 are the densities of the bimaterials. Fig. 16
shows contours of equal structural frequency (fundamental
flexural mode) for range of materials on silicon plotted in
the domain of governing material properties (E versus ρ) for
L = 100 µm at optimal thickness ratio. It is evident that the
structural frequencies are approximately an order of magnitude
greater than the thermal-actuation frequencies for different
classes of materials at optimal configuration. Thermal-actuation
frequencies were found to be always less than the structural
frequencies for realistic values of the scales and thickness
ratios. If electrothermal actuation was to be considered for highfrequency applications, it would have to be achieved either
by using a triggering mechanism or by exploiting nonlinear
structural behavior. It should also be noted that, unlike the
structural frequency, which is inversely proportional to the
actuator length, the thermal actuation frequency is inversely
proportional to the square of the actuator length.

IX. C ONCLUSION
The competition between the different modes of heat transfer
was studied at various scales using a simple lumped heatcapacity model for a BET actuator. The choice of materials
has a significant effect on functional effectiveness and actuation frequencies for the specified temperature limits. BET
actuators have the potential to operate at actuation frequencies
∼10 kHz at scales less than 100 µm with optimal choices

of engineering alloys/metals on Si substrates. DLC substrate
can be considered for high-frequency applications such as
micromirror positioners, microcage devices, and fiber-optic
switches, where high power consumption is permissible. The
potential of Invar as a substrate for high force or work at low
frequency requiring relatively low power is yet to be realized in
microsystems, even though it is promising and should therefore
be considered for further research studies. Although polymeric
substrates are promising for high-displacement low-frequency
applications, their time-dependent nonlinear response requires
further consideration. The influence of materials choice on the
electromechanical efficiency is very small for BET actuators,
and the overall efficiency is inherently very low irrespective of
the substrates. Thermally induced mechanical resonance cannot
be directly achieved using bimaterial structures with realistic
thickness ratios. In addition to the specific results presented
herein, we believe that the overall approach to the selection
of materials for microsystems is the very outcome of this
paper. Applying rational engineering criteria for the selection
of materials for new systems and the development of new
materials and processes is important to allow the potential of
MEMS technology to be fully realized.
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