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1 Introduction

Abstract. We describe the design and experimental characterization of
two optimized thermal actuators devised to operate by means of scav-
enging heat from the environment. Different from the traditional MEMS
thermal actuator that relies on electric current to generate heat by Joule
effect, the devices presented here are optimized to absorb external heat
and convert it into mechanical displacement and force. The behavior of
vertical and horizontal microactuators fabricated in a standard surface
micromachining process (PolyMUMPs, Research Triangle Park, North
Carolina) demonstrates the viability of exploiting heat from the surround-
ing medium to realize batteryless microsystems. Analytical and finite el-
ement models are provided in support of the design. Results show that
fairly large and useful displacements can be achieved at commonly

available operating temperatures. © 2009 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.3152001]
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be manufactured in high volumes and low cost due to the
mass production nature of semiconductor wafers.

Microelectromechanical systems (MEMS) technology rep-
resents a paradigm in integration of complex engineering
systems comprising control and data processing functions
with sensing and actuation capabilities. Microactuator tech-
nologies find applications in a great variety of fields where
a reduction in size and weight is important. Particularly
compelling is the possibility of implementing MEMS and
electronic circuitry together on the same substrate that can
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However, the biggest technological barrier that prevents
MEMS from reaching its full potential is the lack of an
equally small power supply that can be included within the
microsystem itself. Most MEMS devices require orders of
magnitude more power than what is currently available
from existing micropower sources. It is the need for an
external bulky battery that hampers the feasibility and prac-
ticability of portable and wireless MEMS equipment.

The most viable power supply strategy for realizing au-
tonomous MEMS (those unattached to an external power
supply unit) is the one comprising energy harvesting from
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Fig. 1 lllustration of heat transfer by conduction, convection, and
radiation in a solid differential element of length Ax.

the environment and on-board energy storage elements. Ac-
cordingly, this work investigates a simplified power con-
cept that does not involve the use of batteries nor dedicated
wiring and control circuitry. Different from the classical
electrically driven thermal actuator, this approach exploits
heat from the environment to directly cause thermal expan-
sion of the mechanical structures forming the actuator.
Based on this idea, two different microactuators have been
developed to offer vertical (out-of-plane) and horizontal
(in-plane) actuation. Such conditions in which a high heat
density is available are very common in practical situations
where MEMS are usually found, for example in the auto-
motive industry and in every application using electronic
circuitry that dissipates heat.

Manufacturability and cost are critical parameters in de-
termining the applicability of MEMS devices for industrial
and commercial purposes. Thus, particular attention has
been paid to preserve the mechanical simplicity of the ac-
tuators, minimizing the number of masks required for fab-
rication and avoiding the need for special materials and
postprocessing microassembling steps.

2 Modeling and Design
2.1 Thermal Distribution

Three modes of heat transfer are involved in thermal mod-
eling: conduction, convection, and radiation as depicted in
Fig. 1. The heat losses by radiation may be ignored based
on the fact that radiation becomes significant only at high
temperatures (> 1000°C)," while operating temperatures
for polysilicon MEMS actuators are sufficiently low to ne-
glect radiation effects.

The fundamental equation that describes the 3-D heat
conduction problem is the so-called heat diffusion equa-
tion:

vir+d=—2 (1)

where V2T=@T/ x>+ T/ dy*+ T/ dz> and a=k/pc. T is
the temperature distribution, « is known as the thermal dif-
fusivity, k is the thermal conductivity of the material, p
represents the density, c is the specific heat capacity, and ¢
accounts for the possibility of volumetric heat generation
within the element.

In the case of a thermally driven mechanical device, the
most important issues of interest are the steady-state tem-
perature increase, the temperature distribution along the mi-
crostructure, and the resulting net deflection of the actuator.
Correspondingly, the partial differential heat diffusion in
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Fig. 2 Cross-sectional view of one section of a typical microma-
chined MEMS structure.

Eq. (1) can be fairly simplified by considering the static
behavior under steady state and employing some reason-
able assumptions. First, in a MEMS actuator that is fabri-
cated using a surface micromachining process, the ratio of
its length to crosssectional dimension is large, and the
analysis can be treated as a 1-D problem. Secondly, as the
device is intended to be externally heated, there is no vol-
ume heat generation within the element and Eq. (1) reduces
to an ordinary differential equation in the form of:

&*T
—=0. 2
12 (2)

The 1-D heat transfer by conduction is given by Fourier’s
law according to Eq. (1):

dT

Oconda =~ kA sectiond_ > (3)
X

where Q...q 1S the conductive heat transfer rate in watts, k
is the thermal conductivity of the material, Ao, 1S the
crosssectional area in the direction of heat flow, T is the
temperature, and x is the 1-D axis in the direction of heat
flow.

Convection accounts for the effect of heat transfer to the
ambient through a fluid and can be described using New-
ton’s law of cooling in Eq. (3):

Qconv == hAsurface(Telemem - Ta) > (4)

where & is the convection coefficient, A, 1S the surface
area that experiments convective heat transfer to the air,
T element 1S the temperature in the surface of the object under
analysis, and T, is assumed to be the ambient temperature.

Figure 2 presents the crosssection view of a typical poly-
silicon structure in a surface micromachining technology”
showing the different layers and materials employed for its
fabrication. The first layer of silicon nitride (Si3N,) pro-
vides electrical isolation from the silicon substrate of the
chip; a layer of polycrystalline silicon (polySi) is used as
the structural layer for the microactuator. The size of the air
gap between the polysilicon and the nitride layers is typi-
cally 2 um but depends on the actual level of the polysili-
con layer chosen by the designer.

Following the first law of thermodynamics for steady-
state conservation of energy, and substituting Ag.ion
=w*t,; and Ay rce=W*Ax, the energy conducting into the
element at point x is equal to the energy conducting out at
point x+Ax plus the energy which is transferred by convec-
tion to the ambient:
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Table 1 Material properties.

Material properties Value Units
Density p 22x107"° kg/ um?®
Specific heat capacity ¢ 1Xx10%2 J/Kg K
Thermal expansion a 4.7x10°8 c!
Thermal conductivity of 148X 107° W um=' G
polysilicon k,,
Convection coefficient h 10x 10712 W/ pum? K
— kwt r =—kwt ar + hw(T - T,)Ax, (5)
dx x X | x+Ax

where T is the operating temperature, and the material
properties are assumed to be uniform throughout the struc-
ture’s length with respect to temperature. After rearranging
Eq. (5) and taking the limit as Ax—0, the following
second-order differential equation is obtained:

d’T h

—-—(T-T,)=0. 6
PRI (6)
Equation (6) is nothing but the steady-state 1-D heat diffu-
sion equation presented in Eq. (2) minus the term allowing
for the convection effect. If changing variables in the form
of §=T-T, and B=+'h/kt, the general solution for Eq. (6)
is:

Ty =T,+ C, exp(Bx) + C, exp(- Bx). (7)

A particular solution for boundary conditions 6= 6, and
01)=0 yields:

0,

Ci=—""——, (C,=0,-C,. 8
! 1 —exp(2BL) S ! (8)

The material properties used for analysis and simula-
tions are listed in Table 1. Estimation of the heat convection
coefficient is a nontrivial task, as it can change dramatically
from one situation to the next. It also depends on the oper-
ating environment of the actuator, on the location of the
external heat source, and its interaction with the device,
whether the heat is applied through the substrate to the
anchor pads or to one of the pads exclusively, if the device
has been released from the original substrate, etc.

2.2 Thermal Expansion and Deflection

Once the temperature distribution is available, a model for
the thermal expansion can be developed using the follow-
ing set of linear equations:

AL= K_]Flhermah

Fiema=A0, o=EaAT, (9)

where K is the stiffness coefficient, A is the cross sectional
area, E corresponds to Young’s modulus AT=(T-T,), o
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Fig. 3 Schematic drawing of the optimized double-beam vertical
thermal actuator.

represents the thermal stress, and « is the thermal expan-
sion coefficient of the material.

The thermal expansion for the polysilicon structure is
obtained by integrating along its length:

L
AL= af (T-T,)dx, (10)
0

substituting the appropriate temperature distribution from
Eq. (7) gives:

L
AL= af [C, exp(Bx) + C, exp(— Bx)]dx. (11)
0

Finally, the mechanical deflection of the actuators can be
estimated based on the thermal expansion by using some of
the well established structural engineering methods pre-
sented in previous works*® that analyze the bending mo-
ments acting on the heated structures by solving a set of
simultaneous equations.

2.3 Design of Vertical Actuator

Vertical actuators are useful for many applications requir-
ing out-of-plane displacements. The basis for the operation
of these devices consists in obtaining asymmetrical thermal
expansion between two levels of adjacent and physically
joined structural microbeams.

Variations of the wvertical actuator are well
documented.>® One of the preferred architectures for
implementing a vertical thermal actuator (VTA) comprises
two U-shape structures, one on top of the other, that are
connected at one end, which constitutes the tip of the ac-
tuator. If a voltage is applied between the anchor pads of
the top level structure, electrical current will flow solely
through this layer, thereby increasing its temperature and
causing a correspondent thermal expansion that will deflect
the tip of the actuator downward to the substrate. Similarly,
if the voltage is established across the anchors of the lower
level structure, a deflecting force will actuate upward away
from the substrate.

This work reports a customized actuator design that gen-
erates vertical deflection as a result of external heating of
the device. Because the heat is not generated internally by
Joule effect, the U-shape or other closed-loop topologies
previously proposed for the design of vertical thermal ac-
tuators are not required, since no electrical circuit needs to
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Fig. 4 Simplified coordinate system and schematic diagram of the
unfolded actuator of Fig. 3, showing the two microbeams connected
in a series.

be formed. A simplified geometry that does not entail pro-
viding a return path to ground for a driving current is in-
troduced in Fig. 3.

The structure is formed by two cantilever-type beams
fabricated in two different layers one on top of the other
and separated by an air gap. The beams are independently
anchored on the substrate at one end and linked to each
other at the other end by means of a via. The width of the
upper cantilever is made smaller than that in the lower level
so that the beams are asymmetric. Also, the top layer is
about 25% thinner than the bottom one due to characteris-
tics imposed by the target fabrication process.

In the presence of a heat source, energy is transferred to
the structure of the actuator, which in turns increases its
temperature. The different geometry of the two microbeams
leads to a net expansion of the top layer structure that gen-
erates vertical deflection in the direction of the substrate.
Bidirectional displacement can be achieved if heat is ap-
plied separately through one of the anchors. In such a case,
the temperature along the actuator will decrease as one
moves in the direction of heat flow, as dictated by heat
transfer theory. Accordingly, one of the beams will expand
more than the other, driving the tip of the actuator against
the colder beam.
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Fig. 5 Solution for temperature distribution along the actuator
beams for different values of the convection coefficient h.
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Fig. 6 Numerical results from FEM simulations for the temperature
distribution of the vertical actuator.

The design concept relies on the availability of a suffi-
ciently high heat source. External heat sources are fairly
common in environments where MEMS find practical use.
Examples include the automotive and aerospace industry,
where high heat transfer rates and temperatures beyond
500 °C are commonly available.” Another potential wide-
spread source of heat for MEMS is found in modern elec-
tronic very large scale integration (VLSI) integrated circuits
that may have power densities in excess of 40 W/cm?.*

The thermal analysis of the vertical thermal actuator de-
picted in Fig. 3 treats the two microbeams as elements that
are connected in a series, as depicted in the schematic of
Fig. 4. The total length of the device is Ly+Ly+Lpg, with
the segment Ly being thicker than L; as indicated before.
The following analysis also assumes that heat is applied at
the anchor pad of the upper beam, while the anchor of the
lower beam is kept in contact with the substrate at room
temperature.

The steady-state spatial thermal distribution can be de-
rived based on Egs. (7) and (8). Figure 5 presents an ex-
ample for the thermal distribution along the beams of the
vertical actuator with a total length of 395 um. The effect
of the exact value of the convection coefficient 4 on the

Table 2 Optimized dimensions of the vertical thermal actuator.

Geometrical

parameter Value Units
Length of top beam 185 um
Length of bottom beam 210 um
Width of top beam 18 um
Width of bottom beam 26 um
Thickness of top beam 1.5 um

Apr—Jun 2009/Vol. 8(2)
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Fig. 7 Schematic drawing of the chevron or buckle-beam horizontal thermal actuator: (a) classical topology and (b) modified design.

temperature profile can be observed as the distribution
changes from a linear to exponential shape. The final ge-
ometry of the actuator is given in Table 2.

The analytical results were verified using finite element
models (FEMs) in computer simulations. In modeling, ma-
terial properties and characteristic parameters of the opti-
mized actuator were utilized as given in Table 1 and 2.

Figure 6 shows the temperature distribution of the ther-
mal actuator when the anchor pad of the upper level micro-
beam is brought to 300 °C. Simulation results for the out-
of-plane tip deflection of the actuator as a function of
temperature behave as predicted by the analytic model in
Ref. 10.

2.4 Design of Horizontal Actuator

For generating in-plane actuation, the chevron topology
shown in Fig. 7(a) was chosen. The chevron actuator con-
sists of an array of buckle-beam actuators fixed by anchors
at both sides. When heated, the symmetrical thermal expan-
sion of the opposing beams will cause them to buckle. The
deflection of the chevron depends on a prebending angle /3,
and the length of the half beams L.

This kind of actuator offers a high actuation force per
unit area, as many beams can be arrayed with no coupling
penalty. The actuating force is proportional to the cross
section of the beams; as such, a thicker beam made of a
stack of two polysilicon layers might offer a higher output
force. However, with the aim of simplifying manufacturing
requirements, reducing costs, and further facilitating com-
patibility and integration with VLSI circuit technology, it
was decided to use a single released micromachined layer
entailing the need for just one photolithographic mask.

Due to its symmetrical expansion principle, the chevron
topology is very well suited for operating from an external
heat source that may evenly affect the device. The analysis
of the chevron actuators was also based on the thermal
distribution and thermal expansion models developed in
Egs. (7)-(11), estimating the expansion of each one of the
beams individually. Once the increase in length AL is ob-
tained, the deflection of the actuator can be estimated by:11

def 4o, = [L? + 2L(AL) — L cos*(B)]"? — L sin(B), (12)

where L is the length of a single beam, AL is the elongation
of the beam due to thermal expansion, and 8 is the preb-
ending angle.

To improve the thermomechanical performance of the
classical chevron actuator, a novel optimized design was
also developed, as shown in Fig. 7(b). In the optimized
actuator, the width of the buckle beams is no longer uni-
form but the middle section is made wider than the two
extremes. This modification improves flexibility and re-
laxes mechanical constraints at the joints of the beams with
the fixed anchors and with the movable central shaft. Basi-
cally, stored elastic energy at the joints is reduced, allowing
the use of less energy for the actuator to deform itself and
leaving more energy to perform useful work.

The contouring of the beam’s ends yields a reduction in
lateral stiffness and, in the case of an electrically driven
chevron, the widening of the middle section provides a
more uniform spatial distribution of temperature, avoiding
hot spots and the risk of thermal failure of the device that
can tolerate higher operating currents.

Table 3 Summary of dimensions for the two different test horizontal thermal actuators.

Length of Number of Angle B Minimum Maximum
Configuration beams (um) beams (degrees) width (um) width (um)
Classical 200 8 2.3 2.75 2.75
Modified 200 8 2.3 2.50 6.0
J. Micro/Nanolith. MEMS MOEMS 023020-5 Apr—Jun 2009/Vol. 8(2)
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Fig. 8 Numerical simulation results for thermal distribution and de-
flection of a chevron actuator heated through its anchors.

The basic geometric parameters of the two fabricated
chevron actuators are summarized in Table 3. The thermal
distribution and thermal expansion along the beams of the
modified actuator were calculated by breaking the beams
into sections of different width and using a piecewise
analysis approach based on Egs. (7) and (10).

As in the design of the vertical actuator, finite element
analysis (FEA) was also carried out to validate the design
of the chevron actuators listed in Table 3. Multiphysics
models including mechanical and thermal domains were
used while imposing boundary conditions as mentioned be-
fore.

Figure 8 offers an example simulation result of displace-
ment and thermal distribution along the surface of a chev-
ron actuator when the heat source is applied from the sub-
strate to its anchors.

3 Fabrication and Testing

The proposed thermal actuators were fabricated using the
commercial Multi-User MEMS process (PolyMUMPs,
MEMSCAP, Research Triangle Park, North Carolina) that
can include three standard layers of surface micromachined
polysilicon. The actuators were then released, removing the
sacrificial PSG layer by a buffered hydrofluoric (HF)
etchant. Scanning electron microscope (SEM) images of
the fabricated actuators are shown in Figs. 9 and 10.

Fig. 9 SEM micrograph of the vertical actuators: (a) traditional
U-shape actuator and (b) optimized double-beam actuator.
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(a)

Fig. 10 SEM micrograph of the prototype modified chevron actua-
tor: (a) top view and (b) 3-D view.

For characterization of the vertical thermal actuators,
various test setups were used. The first one consisted in
driving the actuators using traditional Joule heating by
forming an electric circuit across the structure of the de-
vices. In the second one, heat was selectively applied to a
certain anchor pad(s) by mere solid thermal conduction. To
do so, an electrical circuit was formed across the anchor
pad alone without having any current flowing through the
structure of the actuator; this setup permitted us to electri-
cally control the temperature and the amount of energy ap-
plied at the anchor pad according to the Lenz-Joule law. A
third experimental setup used an electric heating resistor to
raise the temperature of the substrate of the whole micro-
chip and actuate the devices by pure heat conduction.

Figure 11 presents a comparison between the perfor-
mance of the U-shaped vertical actuator and the optimized
double-beam configuration. It can be noticed that the
U-shape VTA performs better than the double-beam con-
figuration when the devices are actuated by the Joule effect.
The reason for this is that the U-shape actuator provides an
active return path for the current flow, where all the elec-
trical power is used to heat only one layer of the device,
while in the case of the double-beam VTA, the power con-
sumed by the bottom layer has no contribution to the dis-
placement of the actuator and is wasted in heating the lower
beam that actually opposes the bending. However, when
the actuators are driven by applying an external heat
source, the double-beam VTA exhibits a better performance
due to its simplified mechanical structure and lower con-
vective surface that minimizes heat loss. It is worth men-
tioning that the maximum displacement in the direction of
the substrate is limited by the height of the actuator from
the substrate, which in this case is equal to 2 um.

Figure 12 shows the experimental results for displace-
ment of the horizontal chevron actuators as a function of
pad temperature. The results demonstrate that the modified
chevron actuator exhibits an improved mechanical perfor-
mance compared to the traditional chevron with constant
cross section beams.

The frequency response of the actuators was determined
by alternately applying and ceasing to apply the heat source
to one of the anchor pads. Experimentally, it was found that
the vertical thermal actuators and the chevron actuators can
operate at a frequency of up to 22 and 30 Hz, respectively,
while still displaying full-swing deflection. Thermome-
chanical efficiency and frequency response strongly depend
on how the heat is applied to the actuator and on the con-
ditions for heat dissipation.

Apr—Jun 2009/Vol. 8(2)
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Fig. 11 A comparison of theoretical (solid lines) and experimental (dashed lines) results for the two VTA topologies. (a) Displacement as a
function of voltage when actuated by the Joule effect. (b) Displacement as a function of temperature when actuated by external heating.

A comparison between measured and theoretical perfor-
mance can been seen in Figs. 11 and 12. While there is
good agreement between the analytical and experimental
results for the displacement as a function of temperature,
the discrepancies for the displacement versus voltage are
significant. The cause of these differences is mainly due to
variations between the estimated and actual temperature of
the devices at a given input voltage. Conductive heat trans-
fer through the anchor pads acting as heat sinks, and heat
losses by convection through the surface of the structural
beams, are the dominant heat dissipation mechanisms.
Thus, when electrical heating is employed, the analytical
model used for design and parameter optimization needs to
be adjusted based on experimental data to account for the
rate of thermal conduction to the anchor pads and to set the
right value of the convection coefficient 4.

45 ‘
H H D
4 || @ modified /
A classical
3.5
3 A
£
2
*g 2.5
£ 7 -0
g2 27
& ~ - a
a 4 L= =
1.5 & s A
’ -
7’ -
1 a7
’ -
&
) -
05 97 &
,/’ -
o L & 4
0 100 200 300 400 500 600 700 800

Temperature (°C)
Fig. 12 Displacement as a function of the applied temperature for

the two chevron actuator topologies under test. Solid lines represent
the theoretical results.
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4 Conclusions

The cofncept of leveraging the available heat in the envi-
ronment to power autonomous MEMS devices appears ex-
tremely attractive. Potential applications for the externally
heated VTA and chevron actuators include batteryless tem-
perature sensors and thermal switches. Also, with the addi-
tion of a heat sink, a tunable thermal resonator can be
implemented. Experimental results are encouraging, as
relatively large displacements, useful for many practical ap-
plications, can be achieved by direct heating of the actua-
tors. The enhanced performance of the optimized devices
introduced in this work is an indication of the feasibility to
implement these thermal actuators in many situations
where an external heat source is already available. Among
several prospective applications is the use of solar concen-
trators to heat arrays of thermal MEMS actuators driving a
micropower generator within a chip. Potentially, any kind
of heat source including solar radiation, lasers, hot air, con-
duction from a hot surface, etc., can be used to externally
and wirelessly power the devices. Finally, the power con-
sumption and efficiency issues of traditional thermal actua-
tors are no longer of concern if the energy is taken from
waste heat coming out of an engine, a VLSI circuit, etc.
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