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Abstract—This paper investigates the dynamics of bent-beam
electrothermal actuators and their use in impact actuation of other
micromechanical elements, and in particular the issue of energy ef-
ficiency achieved by temporal variations in electrical drive signals.
A transient thermal model of an actuator beam shows that the uni-
formity of temperature profile is greater when activating with short
electrical pulses, which results in larger achievable displacements
and forces. A dynamic force analysis reveals that using a train of
pulses, referred to as a burst pulse, for activation achieves signif-
icant impact forces due to high velocities at the point of impact.
The analytical trends are confirmed through experimental obser-
vations of microfabricated metal test structures in which actuators
work against bistable mechanisms. Measurements of 2 mm and
3mm long actuators show that pulsed activation results in 5

reduction in energy consumption, with the activation energy falling
from over 1000 J at dc activation, to less than 200 J using a
0.2-ms voltage pulse. The actuators however consume higher in-
stantaneous power levels at shorter pulses, which may inhibit the
use of pulses less than 1 ms in width. Further, the energy consump-
tion through burst activation is 70% that of a single pulse, if suffi-
cient impact forces are generated. [1566]

Index Terms—Bent-beam electrothermal actuator, bistable
structure, burst pulse drive, single pulse drive.

I. INTRODUCTION

E LECTROTHERMAL actuators have proven to be effec-
tive in a number of applications and are favored for their

ability to generate forces in the milli-Newton range, while
being comprised of relatively simple structures occupying a
small footprint. A measure of their versatility may be obtained
through the wide spectrum of devices in which they have
been employed. They have been used to construct linear and
rotary motors [1], [2], variable optical attenuators [3], [4],
fully mechanical oscillators [5], high-voltage generators [6],
radio frequency switches [7], [8] and tactile displays [9]. The
actuators are typically implemented in two configurations:
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bent-beam and pseudo-bimorph. Pseudobimorph actuators use
the difference in the thermal expansion of two joined beams
to generate displacement along an arc by Joule heating, and
are inspired by conventional thermostats. On the other hand, a
bent-beam actuator, constructed of a single conductive material,
consists of a V-shaped beam that generates linear motion due
to the outward expansion of its apex. Electrothermal actuators
are capable of generating tens of microns of displacement.

Since reported by Que et al. [10], [11], a significant amount
of effort has been invested in understanding the physics of oper-
ation of bent-beam actuators. An accurate model is desirable in
order to optimize the performance of these actuators and push
the limits of operation. Lott et al. [12] developed a steady-state
model, which was improved upon by Giesberger et al. [13].
These models were expanded to include the transient response
of actuators. The transient characteristics indicated that, instead
of using a dc voltage, superior performance might be obtained
through the use of a pulsed voltage supply. In addition to insights
gained through modeling, experiments carried out by Que et al.
[14] showed that the lifetime of actuators might be substantially
improved by pulsed activation.

Actuators are generally used to overcome an opposing force,
which may be in the form of a compliant spring, air damping,
etc., or more often than not, a combination of these effects. In
order to employ these actuators, a designer would like to use a
minimum amount of energy to overcome this opposing force.
Energy conservation is especially important for electrothermal
actuators as they dissipate Joule heat, imposing challenging de-
mands on electrical power sources. The analysis and experi-
ments conducted explore methods to improve the energy effi-
ciency of these actuators by a suitable pulsed activation method.
In particular, the effort described in this paper addresses the
power and energy necessary to switch a bistable mechanism.
Such mechanisms [15]–[17] have been used with electrothermal
actuators to maintain a displacement or force, even after the ac-
tuator power is turned off. Applications include, for example,
RF and optical fiber switches. Further, the dynamics of actua-
tors have been analyzed to understand the characteristics of the
generated forces, and the influence of impact. Experiments car-
ried out validate trends indicated through theoretical studies.

For an electrothermal actuator, an increase in the displace-
ment under a zero force condition implies an increase in the
maximum force that can be generated for a given displacement
as seen from a typical force-displacement curve in Fig. 1[11].
Throughout this paper the maximum force and displacement at-
tainable by a given actuator are used as complimentary perfor-
mance metrics.
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Fig. 1. Typical force displacement curve for a bent-beam electrothermal
actuator. An increase in the maximum displacement implies an increase in the
maximum output force generated.

Fig. 2. Model to determine the temperature profile T (x; t) along the length of
an electrothermal actuator.

Section II describes the thermal model developed for the actu-
ator beam and its use to determine the energy efficiency and ve-
locity of bent-beam actuators under various driving conditions.
Section III explains the use of the bistable mechanism to im-
pose a calibrated loading force, and an analysis of the velocity
required to generate an appreciable impact force, in relation to
the mass of the actuator. This analysis guides the design of a
test structure consisting of the bistable mechanism, which is
described. The fabrication process is described in Sections IV.
Sections V and VI, respectively, present simulations and exper-
imental results that validate analytical trends obtained and Sec-
tion VII end with concluding remarks.

II. ANALYSIS OF PULSED ACTUATION

In order to develop an intuitive understanding of the bene-
fits of pulsed actuation, we develop a simplified thermal model
of a bent-beam actuator, shown in Fig. 2. The actuator is con-
structed as a floating, V-shaped beam, clamped at its two ends to
anchors, with Joule heat generated along the length of the beam.
The constitutive equation for the temperature , changing with
distance , along the length of the beam, and time , is [18]

(1)

where, is the thermal diffusivity, and are the width and
height of the beam respectively, the density, the specific
heat capacity, is the heat transfer coefficient from the beam
to the substrate, which is at a fixed temperature , and is the
heat generated per unit volume of the beam. The anchors and
substrate are assumed to be at a constant ambient temperature

.
In obtaining a solution to the model developed, constant

values are assumed for , , , and at all locations along

Fig. 3. Temperature profile along the length of the beam changing with time.
The temperature during the transient state is fairly uniform at all positions
along the beam. However as time progresses, the profile becomes elliptical, as
indicated at a time of 10 ms, which can be regarded as steady state.

TABLE I
PARAMETERS USED FOR DETERMINING THE TEMPERATURE PROFILE ALONG

THE ACTUATOR BEAM USING THE FINITE DIFFERENCE METHOD. THE VALUES

USED ARE TYPICAL FOR ELECTROPLATED COPPER

the length of the beam. Also, heat loss from the sides and top
of the actuator beam is neglected. (A shape factor could be
introduced to account for the additional heat loss [19].) Al-
though these assumptions can lead to errors while developing
an accurate model [12], [13], they help facilitate a working
solution that yields a qualitative understanding of pulsed actu-
ation. The model is solved using the finite difference method
(explicit form), to obtain the temperature profile along the beam
changing with time, shown in Fig. 3. The parameters used for
the analysis are shown in Table I, and are typical values for
electroplated copper.

We observe that in the transient state, the temperature pro-
file along the length of the beam is relatively uniform. This is
in stark contrast to the elliptical temperature profile generated
at steady state (10 ms). A flat temperature profile is desired, as
a given actuator, for the same peak temperature of the beam,
generates a larger displacement. This may be illustrated as in
Fig. 4, which shows the temperature profile when an actuator
beam is heated at power levels of 286 mW for 10 ms and 561
mW for 1 ms. The peak change in temperature reached, using
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Fig. 4. The peak temperature change of the actuator beam is 500 K, when
driven with pulse widths of 1 ms and 10 ms at different power levels. The
difference in the area under the curve (shaded area) for the two activation pulse
widths indicates the displacement generated will be different.

either actuation method, is 500 K. If this is the maximum tem-
perature change allowed by material constraints, then neither ac-
tuation method will damage the beam. However, the maximum
displacements generated are different, being determined by the
area under the curves. This may be further elucidated by the ex-
pression for the change in length of the bent-beam actuator

(2)

where is the coefficient of linear expansion and the length
of the beam. The increase in length, which determines the dis-
placement of the actuator, depends on the integral term. The in-
tegral term is the area under the curve in Fig. 4.

Since the area under the curve is greater using a 1 ms pulse,
pulsed activation of bent-beam actuators gives the potential
to generate larger displacements, which implies larger forces,
with a given actuator. The results of this analysis are validated
through experimental observations in Section VI.

A reduction in the pulse width achieves an increase in the
maximum displacement attainable with a given actuator, while
requiring a higher amount of instantaneous power. In an effort to
use the advantages of moving to shorter pulse widths ,
without using an excessively high instantaneous power level,
the use of a burst pulse, which is a series of short pulses [see
Fig. 5(a)], is investigated. Burst pulse activation results in a high
actuator velocity at the point of contact, determined using the
temperature profile obtained using the finite difference method.
Equation (2) is used to estimate the change in length of the ac-
tuator, hence its displacement and velocity. While using a single
pulse actuation method, the velocity of the actuator starts at its
maximum and then exponentially decays, so that at the time of
contact it has fairly small value [see Fig. 5(b)]. How-
ever the use of a burst pulse results in high velocity oscillations,
due to the alternating effects of Joule heating and thermal dissi-
pation. It will be shown through a force analysis (see Section III)
that this higher velocity achieved has significant implications on
energy consumption because of the impact force that it provides.

III. BISTABLE MECHANISM AND ROLE OF ACTUATION

VELOCITY

The pulsed and burst activation methods were compared by
imposing a minimum loading force requirement through the use

of a compliant bistable mechanism [15]–[17]. These mecha-
nisms have two states or modes of operation, which can be re-
ferred to as the “initial” mode and the “snapped” mode, and
can be discerned from their force-displacement characteristics
shown in Fig. 6(a). When an increasing force is applied to a
bistable mechanism in the initial mode, a modest increase in dis-
placement is observed up to the upper bifurcation point. At the
upper bifurcation point, a sudden large displacement is observed
without the application of any additional force. This large dis-
placement results in the structure being driven into its snapped
mode, and remains in this mode, without the application of an
additional force. A similar large decrease in displacement is ob-
served at the lower bifurcation point, when the applied force is in
the reverse direction. The mechanism returns to its initial mode
from the snapped mode. By scaling its various dimensions, the
bifurcation points of the bistable structure can be tuned.

An alternative method to analyze a bistable mechanism is
through its potential energy curve [see Fig. 6(b)]. It shows that
the structure has two energy valleys, which correspond to two
stable positions in the two modes of operation. The two valleys
are unequal, and the reaction force of the bistable structure is
highly nonlinear with displacement.

The test structure is constructed using a bistable mechanism,
sandwiched between bent-beam actuators on either side [see
Fig. 7(a)]. The actuators are used alternately to switch the
bistable mechanism between its two modes. Actuator A is used
to switch the bistable mechanism from initial to snapped mode
and actuator B is used to go from the snapped mode back to
initial mode. A change in mode is observed as a structural
change through the microscope.

The bistable mechanism [see Fig. 7(b)] is derived from its
counterpart constructed using springs and pin joints, shown
in Fig. 7(c). In order to microfabricate the mechanism, it is
redesigned using compliant members. Every element of the
bistable mechanism is important to get well-defined potential
valleys, shown in Fig. 6. The slender beams, and ,
primarily serve as pin joints, where as the spring is included
using the beam . The thick beam, , provides the required
stiffness.

The force that must be applied on the bistable mechanism
to switch it between its two modes, using either actuator A
or B, is used as a reference to compare various driving condi-
tions for a single actuator. For example, Actuator A must drive
the mechanism through a distance [see Fig. 6(b)], while
overcoming a peak force corresponding to the upper bifurcation
point, in order to go from the initial mode to the snapped mode.

A. Force Analysis

The bent-beam actuator makes contact with the bistable
mechanism while traveling at a nonzero velocity. This velocity
results in an impact force and an analysis is carried out to inves-
tigate the effect of the generated impact force. The following
analysis may be extended to any situation in which an actuator,
used to generate force, contacts the actuated element with a
finite velocity.

Both the bent-beam actuator and the bistable mechanism are
modeled as equivalent lumped elements shown in Fig. 8.
is an equivalent mass of the electrothermal actuator, is an
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Fig. 5. (a) Schematic showing single pulse and a burst pulse. (b) The velocity of a bent-beam actuator being activated with a single pulse and a burst pulse at the
same power level, evaluated using the finite difference method.

Fig. 6. (a) Force-displacement characteristics of a bistable mechanism showing the upper and lower bifurcation points (b) Potential energy curve of the bitable
mechanism with the two energy valleys being the stable positions of the mechanism. The minimum displacement required to cause a change in mode of the
mechanism is referred to as � , as shown.

equivalent mass of the bistable mechanism and is an equiv-
alent linear spring of the bistable mechanism. The equivalent
mass, , of the actuator or bistable mechanism can be deter-
mined by considering them as springs of mass [20].

(3)

The stiffness of spring is assumed to be linear within the
region of interest. From the principle of conservation of mo-
mentum, the momentum of the system before and after the im-
pact are equated

(4)

where is the velocity of before impact, is the velocity
of after impact and is the velocity of after impact. If
an impact force is generated, should be larger than or equal
to , then

(5)

The energy conservation of the bistable mechanism after im-
pact, by adding the kinetic and potential energy, can be written
as

(6)

From (4) and (6), the maximum displacement , of
can be derived as

(7)
should be larger than the critical displacement, .

The value of is determined by the minimum displace-
ment of the bistable mechanism required to switch between its
two modes as shown in (Fig. 6(b)). Then

(8)

The range of values of for which the bistable mechanism will
change states due to an impact force, is referred to as critical
velocity, . The upper limit of is reached when both the
bistable mechanism and the actuator are moving at the same
velocity after contact. Thus, from (5)

(9)

Substituting (9) into (8), we can obtain

(10)
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Fig. 7. (a) Schematic of the test structure used to compare pulsed actuation methods, showing bistable mechanism with bent-beam actuators on either side. (b)
Bistable mechanism shown with its various elements labeled. (c) Equivalent of the bistable mechanism using pin joints, rods and springs.

The lower limit occurs when the velocity of the actuator drops
to zero after contact .

Equation (8) then reduces to

(11)

Thus the range for the critical velocity is

(12)

Besides the velocity requirement, there is a displacement re-
quirement as well. The tip of the driving engine should make
contact with a bistable mechanism for switching to occur. Thus,
the displacement requirement is

(13)

where is the nominal separation between the actuator tip
and the bistable mechanism.

If the velocity of the tip is substantially smaller than the crit-
ical velocity, but the actuator is driven to sufficient displace-
ment, the switching can be modeled as quasistatic. In order to
achieve switching at such low velocities, the tip displacement
should exceed under the reaction force from the
bistable mechanism. Thus

- (14)

From the viewpoint of energy efficiency, a switching method
that requires less energy is preferred, and thus a design that uses
impact force may provide improvements in energy efficiency,
as a given actuator requires a lesser amount of displacement as
indicated by (13) and (14).

Fig. 8. In order to analyze force generated by bent-beam actuator, the actuator
and bistable mechanism are modeled as discreet masses and springs.

B. Test Structure Design

In order to investigate the influence of impact, two versions
of the test structure shown in Fig. 7 were fabricated, Version I
and Version II. The dimensions of structures, lower limit of the
critical velocities and simulated values of the actuator velocities
for different activation methods are shown in Table II. Besides
having different bistable mechanisms and actuators, the impor-
tant difference in the structures lies in the incorporation of an
additional mass in Version II with dimensions of and .
The additional mass reduces the lower limit of the critical ve-
locity as indicated by (12). The higher velocities attained with
burst activation suggests that Version II might generate suffi-
cient impact forces to cause energy savings.

IV. FABRICATION

Devices were fabricated from 27 thick Cu electroplated
with SU-8™ as a mold on a Pyrex™ glass substrate, using the
process flow shown in Fig. 9. The process starts with evapo-
rating a 3- -thick sacrificial layer of Ti. This is followed by
sputtering 500 thick layers of Ti/Cu/Ti/Si. The Ti is for ad-
hesion, Cu is the seed layer for electroplating and Si is for ad-
hesion of SU-8™. Sputtering is followed by SU-8 lithography
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TABLE II
DIMENSION OF ACTUATORS AND BISTABLE MECHANISM

Fig. 9. Single mask UV-LIGA process used to make the test structure. The
structural material is electroplated copper.

to make a 30- -thick mold with 3- -wide trenches. The top
Ti/Si layers are etched away in a plasma to expose the
underlying seed layer of Cu. The wafer is then electroplated in a
bath with agitation to form the copper structures with an aspect
ratio of 10:1. The SU-8 mold is stripped in a plasma
at high power and the remaining seed layer is etched away in

acid. The structures are released by performing a timed
etch on the Ti sacrificial layer in 1:100 HF.

The devices are suitable for unpackaged operation in a lab-
oratory ambient despite the use of Cu, which tends to tarnish.
For commercial applications, a thin film of Au or packaging in
an inert gas environment may be used. Fig. 10 shows an optical
micrograph of Version II of the fabricated test structure. Version
I is shown later in Fig. 13.

V. SIMULATION RESULTS

In order to obtain an understanding of experimental observa-
tions, a finite element model of the actuator is developed for
the designs that were fabricated. A transient analysis is per-
formed using FEA by ANSYS™ to investigate the energy effi-
ciency of actuators. The element type used is SOLID5, which
is a coupling solid element that can handle thermal and me-
chanical fields simultaneously. Joule heating is transformed into
an equivalent internal heat generation and heat loss through the
air is captured using an equivalent heat transfer coefficient. The
dominant mode of heat loss is due to conduction through the air
to the substrate, in addition to which, heat dissipation by con-
duction through the anchors is modeled. The temperature of an-
chors and ambient environment is assumed to be constant. Ma-
terial properties used in the analysis are summarized in Table III.
The electrical resistivity is determined from the actual resistance
of the bent-beam actuators, which is measured to be about 0.6

, while the heat transfer coefficient is extracted from experi-
mental results of steady-state actuator tip displacement.

Fig. 11 shows the simulated values of energy and current
required for Version II. The simulation indicates that energy
consumption reduces at shorter pulse widths, while requiring
higher current levels. Also, the energy required can be sig-
nificantly reduced by assuming that impact switching occurs
with burst activation.

VI. EXPERIMENTAL RESULTS

A. Electrical Measurements

In order to measure the electrical characteristics of the actua-
tors being testing, the circuit shown in Fig. 12 is utilized. Pulsed
actuation is delivered by switching the current , through the ac-
tuator, using a darlington-pair. , generated by a function
generator, controls the power transistor. Changing the dc supply
voltage controls actuator power. The voltage across the ac-
tuator is measured using a four-point probe method, amplified
10 by a differential amplifier stage. The actuator current is de-
termined by measuring the voltage drop across a shunt resistor

, connected in series with the circuit. The amplifiers
serve to expand the range of the available instrumentation.
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Fig. 10. Optical micrograph of Version II of the test structure, showing Actuator A, the tip of Actuator B and a close up of the bistable mechanism. The actuators
have additional masses to enable them to generate appreciable impact forces.

Fig. 11. Simulated values of energy consumed (a) and current (b) through the actuator to switch the bistable mechanism at different pulse widths.

TABLE III
PARAMETERS OF COPPER USED FOR FINITE ELEMENT SIMULATION

Fig. 12. Schematic of circuit used for pulsed activation and measurement of
electrical parameters.

B. Capture of Bistable Modes

In order to determine that an actuator has overcome the set
force limit, a change of mode of a bistable mechanism must be
observed. The sudden change of mode from initial to snapped is
observed from optical micrographs, shown in Fig. 13. A force is
applied on the bistable mechanism in the initial mode by pulse
driven actuator A. While the force generated by the actuator is
less than that of the upper bifurcation point, the bistable mech-
anism remains in its initial mode. However, if the force applied
is greater than that of the upper bifurcation point, a change in
mode occurs to the snapped mode. The snapped position when
compared to a skeleton of the initial mode can be clearly distin-
guished.

C. Verification of Reference Force

In order to verify that the bistable mechanism truly provides
a fixed reference force, the energy used by an electrothermal ac-
tuator to repeatedly snap the structure between its two modes is
recorded. Measurements were taken from various devices and
arranged into independent data sets. The energy used to switch
such a device is shown in Fig. 14. It can be seen the bistable
device is switched to the snapped mode repeatedly with a 5
ms pulse at a power of about 100 mW and back to the ini-
tial mode at 70 mW. The lower energy required to switch off
can be attributed to the unequal energy valleys of the bistable
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Fig. 13. Optical micrographs of Version I showing the bistable mechanism in the initial mode and the snapped mode.

Fig. 14. Using the bistable mechanism repeatedly for a number of cycles
provides experimental validation of using the bistable mechanism to generate
a reference force.

mechanism. This experimental observation ratifies the use of the
bistable structure to provide a minimum loading force.

D. Comparison of Pulsed Actuation

In order to compare various pulsed actuation methods, the
voltage applied to either actuator A or B is ramped up in 0.1
V steps at a given pulse width until a change in state of the
bistable mechanism is observed. This procedure is repeated for
different pulse widths. The experiments revealed that it is only
possible to cause a change in mode with either actuator A or
B using pulsed activation. When powered by a dc voltage the
actuator beams fractured at high power levels, and could not
generate a sufficient force to effect a mode change in the bistable
mechanism. This observation in itself validates the superiority
of pulsed actuation, and allows a given actuator to be used more
efficiently and generate larger forces.

Fig. 15(a) shows the energy required to change the mode of
the bistable mechanism using actuator A and B for Version I.
Higher energy efficiency is achieved through the use of short
pulses, but comes at the cost of requiring higher current levels
as shown in Fig. 15(b). The results follow the same trend when
either actuator A or B is used to change the state of the bistable
mechanism. The energy consumed using burst actuation is also
shown and indicates that no detectable gains in energy efficiency
are obtained using the burst mode for Version I, due to only a
minor influence of the impact force. The observation is in line
with expectations, given the calculated values of critical velocity
in Table II. However, the energy efficiency using Version II,
shown in Fig. 15(c), is significantly improved using burst ac-
tuation. Burst pulses were constructed with trains of pulses of
0.1 ms widths, repeated at 0.2 ms intervals for the duration given
by the pulse width. This improved efficiency can be attributed

to the higher velocities attained through pulsed actuation, and
the presence of the impact mass.

While a number of process parameters can affect the perfor-
mance of bistable devices [21], the trends presented in this sec-
tion were consistent in power, energy and current levels for a
large variety of devices.

VII. CONCLUSION

A theoretical and experimental investigation into the mecha-
nism and benefits of pulse driven bent-beam electrothermal ac-
tuators was carried out. A heat transfer analysis revealed that
the temperature profile in transient state is more uniform along
the length of the beam than that of steady state. Thus, a high
input power for a short period results in the same displacement
or force while the required energy, which is the product of in-
stantaneous power and the period, is less.

A test structure was designed to compare different activation
mechanisms, and made using UV-LIGA electroplated copper
structures. The experiment required actuators to overcome a
fixed reaction force, as a performance metric, provided by a
bistable mechanism. The results showed that it is possible to
generate the prescribed amount of force only using pulsed ac-
tivation methods, and dc activation failed to meet the force re-
quirement. This verifies the superiority of pulsed activation over
dc activation, as a method to generate larger forces and dis-
placements with a given electrothermal actuator. Also, moving
to shorter activation pulses, results in energy savings of over
80%, which is important for electrothermal actuators that rou-
tinely require up to 0.5 W of dc power.

In addition to a thermal model, the dynamics of the gener-
ated force were analytically investigated. The analysis defined a
critical velocity at which the actuator would generate an appre-
ciable impact force. The value of critical velocity depends on the
characteristics of the actuator and the actuated part. To explore
the effect of impact on energy consumption, Version II of the
test structure was designed. In addition to a structural variation,
an alternative burst activation method was developed. Burst ac-
tivation has the advantage of providing a high velocity at the
point of contact, hence increasing the impact force generated.
The consumed energy of burst pulse drive was about 70% of
single pulse drive if impact switching was achieved. This reveals
that the burst pulse drive could achieve an appreciable impact
force, which was not seen with a single pulse drive. An energy
savings with burst drive could only be achieved using Version
II, which highlights the importance of a well-tailored design.

Pulsed activation has been shown to be advantageous while
using electrothermal actuators, as it can be used to extract a large
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Fig. 15. (a) Version I: the amount of energy required by an actuator to switch the bistable mechanism reduces as activation is carried out with shorter pulses.
Also, the use of burst pulses shows no appreciable change in the energy requirement. (b) The use of shorter pulse results in higher values of instantaneous current
through the actuator. (c) and (d) Version II: the same trend in energy and current requirement is observed as that for Version I when using single pulses. However,
the use of burst activation results in a reduction of the required energy, which is not achievable for Version I.

amount of force and displacement with a given actuator. Further
investigations may be carried out to optimize the structure of the
actuator in order to achieve a uniform temperature profile and
optimize its dimensions accordingly.
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