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a  b  s  t  r  a  c  t

The  strain,  stress  and  strain  energy  density  of a vanadium  dioxide  (VO2)-based  microactuator  were
obtained  from  experimental  curvature  measurements  as  a  function  of  temperature.  The  study  revealed
fully  reversible  strain  and  stress  changes  of up to −0.32%  and  −510 MPa,  respectively,  and  a  maximum
strain  energy  density  of approximately  8.1 ×  105 J/m3 through  a temperature  window  of  only  15 ◦C. The
method  for  obtaining  the  strain  energy  density  in this  work  is  more  accurate  than  the  ones  presented
eywords:
anadium dioxide
icroactuator

hermal actuation
ysteresis
hase transition

previously  in  the  literature.  The  obtained  values  were  validated  with  a  temperature-dependent  solid
mechanics  finite  element  analysis  simulation.  Microactuator  performance  was  also  studied  inside  its
hysteretic  region  through  a series  of heating  and  cooling  cycles,  providing  a  more  complete  performance
analysis  of  the  device  properties.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Micromechanical actuators are devices with micrometer
imensions that can convert one type of energy or signal into
nother. In many cases, the output signal of an actuator is the
isplacement or force of a suspended structure (e.g. cantilever,
embrane, rotating gear) [1–19]. They are characterized by the

mount of work that they can perform, and can be classified accord-
ng to the type of energy or signal they receive and how they
onvert it. There are different actuation methods that have been
sed successfully, such as magnetic [1,2], piezoelectric [3,20,21],
lectrostatic [4–9], and thermal [11–16]; all of which have their
dvantages, limitations, and trade-offs.

Typically, electromagnetic and magnetostatic actuators have
ow output forces and displacements. This is due to the fact that
he forces induced by magnetic fields scale down very rapidly with
ize. Currents of 80 mA  have generated 200 �N of actuation force
nd bending displacements of 50 �m [1]. The size of that device was
bout 8 mm2. Five years later, a spiral-type magnetic microactuator
as capable of producing displacements up to 28 �m and produce

orces of 1.24 mN  [2]. However, this device – and the spiral actua-

or reported a year earlier [22] – had dimensions in the millimeter
ange. Electromagnetic and magnetostatic actuators usually need
n excitation source external to the chip where the device is located,
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making difficult if not impossible their integration into one single
chip. On the other hand, mechanically amplified piezoelectric actu-
ators can provide displacements up to 1.2 mm [3]. Nevertheless,
piezoelectric actuators that can provide such large displacements
also have dimensions in the millimeter range.

Micrometer sized electrostatic actuators use the attractive (or
repelling) force between two  charged plates or surfaces. When they
are fabricated in the micrometer scale, they can sustain very high
electric fields since the gaps between the charged surfaces can be
smaller than the mean free path of particles in air at room temper-
ature (approximately 6 �m).  Electrostatic comb-drives have been
actuated with 20 V and achieved displacements close to 30 �m [4].
Later improvements in the design and fabrication led to displace-
ments of up to 150 �m in 1 ms  on comb-drive devices actuated
with 150 V [5]. Comb-drives are usually the type of devices used
for actuating micro engines. Although relatively large torques have
been delivered, because the gear movement is rotational (angu-
lar motion), the linear displacements have been close to 40 �m
[6]. However, other types of electrostatic actuators, such as scratch
drives and impact actuators, can be used to obtain deflections as
large as 200 �m [7]. Impact actuators need multiple motions (or
impacts) in order to get a total displacement in the micrometer
range. For example, an AC voltage signal with amplitude of 100 V
and frequency of 200 Hz was applied to an impact microactuator for
500 ms  and a displacement of 1.35 �m was  obtained [8]. The dimen-
sions of this device were 3 mm × 3 mm × 600 �m.  The device was

tested for over 550 cycles on a fixed sample and survived without
any deterioration. Scratch drive actuators are also usually operated
by an AC voltage and can supply forces close to 1 mN  and have
displacements close to 200 �m [9].

dx.doi.org/10.1016/j.sna.2013.02.029
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:mercedem@msu.edu
dx.doi.org/10.1016/j.sna.2013.02.029
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The family of thermal actuators can be divided according to
he phenomenon caused by the difference in temperature. Among
ll the types of mechanical actuators, shape memory alloy (SMA)
ctuators offer the highest strain energy density [7]. They have
een used to develop wireless bio-mimicking micro-robots [10].
owever, their dimensions are in the millimeter range and the

eported displacements are not larger than 35 �m [11]. Thermop-
eumatic actuation can be achieved by changing the pressure level

nside a cavity using a heater electrode that moves the sealing
iaphragm. A corrugated silicon diaphragm (which is more flex-

ble than a flat one) was driven by thermopneumatic actuation
nd the maximum displacement was 40 �m [12]. The third sub-
lass of thermal actuators uses thermal expansion mechanisms.
hermal expansion actuators are basically released structures (e.g.
antilevers) made out of at least two different materials with dif-
erent thermal expansion coefficients. When heated, the difference
n the thermal expansion coefficients causes both layers to expand
t different rates. This produces a cantilever bending in a direction
erpendicular to both films, with the film with the lowest ther-
al  expansion coefficient facing the inner side of the arc formed by

he cantilever. The largest displacements that have been observed
ith this type of actuators use some type of polymer as one of the
aterials that form the bilayer cantilever. Polyimide based bilaye-

ed cantilevers have shown impressive bending capabilities [13].
owever, once again, the dimensions of these cantilevers are in

he millimeter range. Other smaller cantilevers (300 �m long) have
lso been coated with polymers to obtain deflections up to 50 �m
14]. The use of polymers limits the use of such cantilevers for tem-
eratures below their melting temperature (approximately 400 ◦C).
inite element methods have been used to optimize the actua-
or geometry for maximum deflections on thermal actuators about
50 �m long and 50 �m wide, but no deflections larger than 20 �m
ere obtained [15,16].

More recently, researchers have found that smart materials
 such as electroactive polymers and phase change materials –
rovide new actuation mechanisms capable of performing beyond
he theoretical limits of the technologies mentioned above. Elec-
roactive polymers have demonstrated good performance in air
17] and liquid [18] environments, which makes them suitable
or biomedical applications. They also operate at very low power
ith highest strain energy density in the vicinity of 5 × 104 J/m3

19].
Strain energy density is perhaps the most important figure of

erit used to describe the performance of a micro-actuator, since it
ormalizes the device work capacity with respect to size. Response
ime, repeatability, and memory capability are other significant
arameters used for describing the device behavior; whereas the
otential applications of such devices is also influenced by other
actors like the energy and method required for actuation.

This paper describes the advantages of incorporating thin films
f a phase change material – vanadium dioxide (VO2) – in microcan-
ilevers used as actuators. When a microcantilever is coated with a
O2 thin film, the abrupt change in the crystallographic structure of
O2 across its solid-solid phase change could cause drastic deflec-

ions in the bilayered system (depending on the film orientation).
lthough this phenomenon has been described in detail previously

22] – together with its programmable and repeatable capability
23] – the strain energy density has never been addressed. The
otential use of these devices in multiple microactuator applica-
ions was unveiled recently by their completely reversible behavior
ith no degradation in bending amplitude up to frequencies of

 kHz when photothermally actuated in air (10 Hz when actuated

n water) [24]. Such potential is confirmed in this paper, which
emonstrates that they are also capable of providing strain energy
ensities close to those of the highest values reported so far using
ther technologies.
uators A 196 (2013) 30– 37 31

In this work, the strain developed during the phase change of
the VO2-film deposited on a single crystal silicon (SCS) cantilever
was experimentally measured and used to calculate (analytically)
the stress in the bilayered cantilever. Using these two  values, the
strain energy density was  obtained. The mathematical approach
and analysis used in this paper does not rely on small-angle or
one-layer approximations, and therefore provides a much more
accurate value for strain energy densities of VO2-based microac-
tuators than estimates done in the past [22]. The experimental
and analytical results were verified using numerical simulations,
which have not been done previously for any type of VO2 microac-
tuators. The evolution of strain, stress and strain energy density
as a function of temperature throughout the VO2 transition is
also studied, which is important for modeling and control pur-
poses.

2. Experimental procedure

2.1. Sample preparation

VO2 was deposited by pulsed laser deposition on a SCS micro-
cantilever with length, width and thickness of 300, 35 and
1 �m,  respectively. The SCS crystallographic plane parallel to
the cantilever surface corresponded to the (1 0 0), where high
quality VO2 has been deposited in the past [22,25]. The depo-
sition was  performed in a vacuum chamber at a pressure of
20 mTorr with a background pressure of approximately 10−6 Torr.
An oxygen and argon atmosphere was  maintained with gas flows
of 15 and 10 standard cubic centimeter per minute (sccm),
respectively. Although the sample temperature was not directly
measured throughout the deposition time of 30 min, a substrate-
to-controller temperature calibration was conducted before the
deposition. From this calibration, the approximate substrate depo-
sition temperature was  approximately 550 ◦C. A krypton fluoride
excimer laser (Lambda Physik LPX 200, � = 248 nm)  was  focused
on a rotating vanadium target with an intensity of 350 mJ at
a repetition rate of 10 pulses per second. The sample was
positioned 0.5 in. away from the heater and facing the tar-
get at a distance of 2.5 in. The sample was constantly rotated
through the deposition in order to ensure a uniform tempera-
ture and thickness distribution. The thickness of the VO2 layer
was 172 nm,  as measured by a profilometer on a Si test sub-
strate to which the sample was attached during deposition. Fig. 1
shows the microactuator cross-section after the VO2 deposi-
tion and the scanning electron microscopy (SEM) photo of the
device.

2.2. Film characterization

The test substrate, which also contained VO2, was  used for
electrical resistance characterization purposes. The test piece was
placed on top of a Peltier heater in a 4-point probe (Signatone,
S-301-4) and two of its electrical terminals were connected to
a multimeter (Keithley, 2400). The temperature of the heater
was measured with a monolithic integrated circuit temperature
transducer (AD592) and controlled in closed-loop with a bench-
top temperature controller (Thorlabs, TED4015). Fig. 2 shows
the VO2 film resistance as a function of temperature through a
heating–cooling cycle from 30 to 100 ◦C in steps of 0.5 ◦C. For each
setpoint, the measurements were performed after 4 s of reaching
steady-state temperature value. This hold time value was empir-

ically found to be optimal in the trade-off between temperature
settling time and experiment duration. The same hold time was
used for all the experiments presented here. A transition temper-
ature of approximately 68 ◦C can be noticed. The curve follows
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Fig. 1. Microactuator device diagram after VO2 deposition in microcantilever (a)
and  SEM picture of the finalized device (b). The height in the diagram corresponds
to  the total thickness of the silicon and the VO2 layers. The observed post-deposition
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Fig. 2. Resistance as a function of temperature of the VO2 thin film deposited on

F
l

ending is due to the residual film stress.

he abrupt drop in resistance and exhibits pronounced hysteretic
ehavior as observed in previous work for VO2 deposited on (1 0 0)-
riented SCS structures [26].

The VO2 thin film was also characterized by its structural change
cross the phase transition. The inset picture in Fig. 3 is a superim-
osed scanning electron microscopy (SEM) photo of the VO2-coated
CS cantilever at 30 and 70 ◦C, which shows the characteristic large
eflections of the bi-layered structure due to the phase transition
22,25,26]. Section 3 presents a detailed explanation of the thermal

echanisms that drive the microactuator.

.3. Measurement setup

The VO2-coated Si microactuator was placed in the setup shown
n Fig. 3 in order to measure its tip deflection change through
eating–cooling cycles between 21 ◦C and 84 ◦C. The microactu-
tor chip was glued with a highly thermally conductive silver paint
o a silicon substrate which was then placed on a Peltier heater.
he silicon substrate’s only purpose was to hold the microactuator

hip during the experiments. The temperature of the heater was
ontrolled in closed loop using the same benchtop temperature
ontroller (TC) and sensor (TS) used for the resistance measure-
ents in Fig. 2. The cantilever deflection was measured by using the

ig. 3. Setup used for the temperature-dependent microactuator tip displacement measu
arge  tip displacements under temperature change.
(1 0 0) silicon.

reflection of an infra-red (IR) laser (� = 808 nm,  rated at a maximum
of 20 mW)  aimed at the tip of the microactuator. The reflected light
beam was  then focused to the active area of a one-dimensional posi-
tion sensitive detector (PSD, Hamamatsu S3270). The intensity of
the sensing IR laser was kept at the minimum possible for reducing
laser self-heating while maximizing the signal to noise ratio.

The bending of the bilayer microactuator was monitored by
the displacement of the sensing IR laser beam incident on the
PSD, which changed its output voltage. The PSD voltage was mea-
sured by an embedded real-time controller (NI cRIO 9075) with
an analog input module (NI 9201). For alignment purposes, two
charge-coupled device (CCD) cameras were used; one of them pro-
vided top view alignment of the sensing laser (CCD1) while the
other provided a side view of the microactuator (CCD2) through
an objective lens that magnified the image. Images obtained from
the microactuator sideview were used to calibrate the output
voltage from the PSD into microactuator tip deflection. A Lab-
View program was developed to automatize the tip deflection
measurements of the bilayer microactuator as a function of tem-
perature. In this program, an arbitrary temperature sequence could

be programmed into the cRIO controller. The cRIO acted as a
supervisory controller, which communicated the temperature set-
point from the input sequence to the temperature controller while

rements. The inset is an SEM picture of the microactuator sideview, which shows
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Fig. 5. Microactuator strain and stress change as a function of temperature through
the  complete heating and cooling cycle (21–84 ◦C). The error bars (±2.6%) corre-

lus variations. A recoverable stress of −510 MPa was obtained from
ig. 4. Experimental measurement of microactuator curvature change as a function
f temperature through a complete heating and cooling cycle (21–84 ◦C).

onitoring the tip deflection change and the sensor tempera-
ure.

. Results and discussion

.1. Curvature change

The measured tip displacement of the microcantilever was used
o calculate the curvature (k) from the transcendental equation
iven by

z  = 2
k

sin2
(

kL

2

)
, (1)

here �z  is the tip deflection change and L is the length of the
icroactuator. Since the microactuator in this work showed large

nitial deflection (see inset in Fig. 3), this �z  corresponds to the
eflection change relative to the initial deflection at room tem-
erature. The initial value measured was 67 �m.  Fig. 4 shows the
urvature change (relative to the initial curvature) as a function
f temperature in steps of 0.5 ◦C, calculated from Eq. (1). A maxi-
um  curvature change of approximately 1800 m−1 was observed

hrough the VO2 phase transition.
The curvature change follows a non-monotonic behavior as a

unction of temperature, which is briefly explained. The thermal
xpansion coefficient of Si at room temperature (2.6 × 10−6 K−1)
27] is smaller than the average coefficient of VO2 (5.7 × 10−6 K−1)
28], meaning that for increasing temperatures, the change in cur-
ature due to differential thermal expansion will be negative and
inear. This is what is observed in Fig. 4 for temperatures less than
0 ◦C and above 70 ◦C. However, as the temperature increases into
he transition region, the VO2 crystallographic plane parallel to
he surface of the SCS cantilever shrinks, producing a compres-
ive stress that bends the cantilever upward (positive curvature
hange) [22]. Thus, the observed curvature change is produced by
wo competing mechanisms: (1) the differential thermal expansion
rom both materials (dominant mechanism outside the phase tran-
ition) and (2) the abrupt built up of compressive stress produced by
he VO2 layer as the material undergoes its phase transition (dom-
nant mechanism during the phase transition). This process is fully

eversible. In the past, photothermal actuation of similar structures
as shown no amplitude reduction or degradation up to hundreds
f thousands of cycles [25].
spond to the strain error due to the uncertainty of the biaxial modulus of the VO2

layer. The error produced on the stress values is much less (±0.2%) and is not shown
for clarity.

3.2. Strain and stress changes

In order to find the stress and strain produced by the microac-
tuator due to the phase transition of the VO2, including the effect
of the thermal expansion between the two layers, the following
mathematical treatment was employed. The relationship between
the bilayer microactuator curvature and strain is given by [29]

εT =
E2

f
H4

f
+ E2

s H4
s + 2Ef EsHf Hs(2H2

f
+ 2H4

s + 3Hf Hs)

6Hf EsHf Hs(Hf + Hs)
k, (2)

where the subscripts f and s are for the film and substrate param-
eters, respectively, E is the biaxial modulus, H is the thickness, k is
the curvature and εT is the thermal strain. For the particular case
of the VO2 microactuator studied here, the total thermal strain is
defined as the sum of the strains produced by: (1) the difference
in thermal expansion coefficients from the two layers and (2) a
hysteretic nonlinear term that represents the strain generated by
the phase transition of the VO2 layer. Since the thickness of the
two layers are known, εT can be calculated from Eq. (2) for every
temperature value, by assuming the silicon biaxial modulus in the
(1 0 0) direction, Es = 180.5 GPa [30] and the biaxial modulus of VO2,
Ef = 156 GPa. Although the used value for VO2 is an average of the
values found in literature [31–33], an error of up to 10 percent was
taken into consideration in all calculations. The strain change of
the microactuator throughout the major heating–cooling loop is
shown in Fig. 5. A total strain change of −0.32% (where the nega-
tive denotes compression) was obtained with a strain change rate
of −0.022% per ◦C through the VO2 transition, which is in accor-
dance with the previously obtained results [22]. A maximum error
of ±2.6% was  obtained with the deviation of the VO2 biaxial modu-
lus. This strain change produces an axial thermal stress (�T), which
can be calculated from [29]

�T =
Ef Es(Hf + Hs)(EsH2

s (3Hf + Hs) + Ef H2
f

(Hf + 3Hs))

E2
f

+ H4
f

+ E2
s H4

s + 2Ef EsHf Hs(2H2
f

+ 2H4
s + 3Hf Hs)

εT . (3)

Fig. 5 also shows the thermal stress change as a function of tem-
perature for the same major heating–cooling loop. A maximum
error of ±0.2% is obtained when considering the VO2 biaxial modu-
the results of Eq. (3) (stress change rate of −36 MPa/◦C through the
material’s transition), which is higher than the −379 MPa  obtained
by wafer curvature measurements of VO2 deposited on Si reported
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Fig. 7. Strain energy densities of different microactuators including the VO2-based
microactuator studied in this paper (green). The actuation mechanism for each
ig. 6. Microactuator strain energy density as a function of temperature through the
omplete heating and cooling cycle (21–84 ◦C). The error bars represent the ±2.4%
rror due to the uncertainty of the biaxial modulus of the VO2.

y Viswanath et al. [34]. In another work, the stress produced by
he material’s transition was estimated from cantilever curvature
hanges using a modified version of Stoney’s equation [22]. A value
f approximately 1 GPa was estimated, which is about twice the
alue reported here. However, since the Stoney’s equation used to
stimate this value assumes infinitesimal deflection (small angle
pproximation) the 1 GPa value is likely to be an overestimate
f the real value. Hence, the analytical study presented in this
ork is believed to result in a more accurate representation of the

eversible stress produced in VO2-coated silicon microactuator.

.3. Strain energy density

The strain energy density (W) of a bilayer microactuator made
f isotropic materials is defined by [35]

 = 1
2

�ε, (4)

here � and ε are the produced stress and strain, respectively. For
he case of the microactuator presented in this work, the stress and
train values were those obtained from Eqs. (2) and (3) for each of
he temperature values measured. After substituting Eqs. (2) and
3) on Eq. (4) the strain energy density can be expressed in terms
f the curvature, biaxial elastic moduli, and thicknesses:

 =
(EsH2

s (3Hf + Hs) + Ef H2
f

(Hf + 3Hs))(E2
f
H4

f
+ E2

s H4
s + 2Ef EsHf Hs(

36Ef EsH2
f

H2
s (Hf + Hs)

Fig. 6 shows the strain energy density induced by the device
hrough the major heating–cooling loop calculated from Eq. (5).

 strain energy density change of approximately 8.1 × 105 J/m3

as produced by the VO2-based microactuator with a maximum
eviation error of ±2.4% (due to the VO2 biaxial modulus uncer-
ainty) through a temperature window of only 15 ◦C. The strain
nergy density change rate throughout the transition is constantly
ncreasing due to the squared curvature term in Eq. (5). As the
hase transition ends, the difference in thermal expansion coeffi-
ient between the VO2 and the SCS begins to become the dominant
ctuation mechanism, and the energy density change rate begins
o decrease, also following a parabolic behavior.
Krulevitch et al. compared the strain energy density of var-
ous types of microactuators [11], all of which are shown in
ig. 7 along with that of VO2-based microactuator studied in this
aper. The strain energy density values are calculated from the
+ 2H4
s + 3Hf Hs))

k2. (5)

microactuator can be found in the referenced work [11]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web  version of
the article.)

product of stress and strain divided by two  (according to Eq.
(4)). Although the VO2-based microactuator does not have the
highest value, it encompasses some other advantages. Firstly, the
phase transition of the VO2 transition is fully reversible, (which
means that the microactuator will return to its original state
after a complete actuation cycle), and they have been operated
hundreds of thousands of cycles without showing degradation in
the amplitude of deflection. In comparison, shape memory alloys
(SMA) are not fully reversible and start fatiguing after less than
a hundred cycles [11]. This means that the strain energy den-
sity of the SMA  microactuator decays rapidly as the number of
cycles increases. Secondly, VO2-based microactuators are sim-
ple structures, easy and relatively inexpensive to fabricate, with
demonstrated photothermal responses of fractions of milliseconds
[25]. The fabrication of thermo-pneumatic microactuators is a very
complicated process and its actuation usually involves very high

temperatures (around 300 ◦C) and slow transients (in the range of
seconds) [36]. Solid–liquid phase transition based microactuators
are also complicated structures and are mainly used for microfluidic
applications, making difficult a fair technological comparison [37].
Finally, the reported strain energy density measured for VO2-based
microcantilevers in this paper is produced by a temperature differ-
ence of only 15 ◦C, whereas thermal expansion-based cantilevers
require large temperature variations (>200 ◦C) in order produce a
strain energy density comparable to that of VO2-based cantilevers
[38].
3.4. Numerical validation

In order to validate the calculated values from Eqs. (1)–(5) a
numerical simulation was performed using the solid mechanics
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Fig. 10. Experimental (dots) and simulated (line) strain energy density as a function
of temperature.
ig. 8. Experimental strain change produced by the VO2 phase transition (dots) and

odified Boltzmann model (line) as a function of temperature. The inset table show
he model parameters fitted by the experimental values.

odule from the finite element analysis software, COMSOL Mul-
iphysics. The thermal expansion and phase transition effects were
onsidered in the model as to replicate the experimental proce-
ure and find agreement between theory, experiment and model.
he simulated geometry consisted of a bilayer cantilever with
ength, width and thicknesses corresponding to the values dis-
ussed in Section 2.1. The material parameters used – Young’s
oduli, coefficients of thermal expansion, and Poisson’s ratios –
ere the same ones used for obtaining the analytical results in Sec-

ions 3.1–3.3. All boundaries were free to move except one end of
he cantilever, which was fixed. An initial strain of −0.256% was
hosen, which produced the initial microactuator tip deflection of
7 �m observed experimentally at 21 ◦C. Since the VO2 phase tran-
ition is a highly nonlinear hysteretic phenomenon, there are no
reset parameters or functions that capture the behavior of VO2 in
he simulation software. To include this effect in the simulation, a

onlinear fit of the calculated strain as a function of temperature
roduced solely by the VO2 transition was done through a nonlinear

east square method of a modified Boltzmann model. For simplicity

ig. 9. Experimental (dots) and simulated (line) curvature change as a function of
emperature.

Fig. 11. Temperature sequences used for the hysteresis study (a) and experimental
curvature measurements of the microactuator (b).
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ig. 12. Strain and stress (a), and strain energy density (b) evolution through the
ysteresis.

urposes, only the strain major heating curve, shown in Fig. 5, was
aken into consideration in the simulation and in the nonlinear fit.
he strain produced only by the VO2 transition was obtained by
ubtracting the thermal expansion terms from Eq. (2) such that

�T (T) = εT (T) − (˛f − ˛s)(T − Tref ), (6)

here εT is the thermal strain,  ̨ is the thermal expansion coef-
cient, T is temperature in ◦C, and Tref is the strain reference
emperature (assumed to be 21 ◦C). The transition strain ε�T(T) was
sed to find the parameters of the model ε�TS(T) given by

�TS(T) = a1

1 − exp((T − a2)/as)
+ a4T2 + aST + aε, (7)

here a1−ε are the six model parameters (summarized in Fig. 8).
s seen in Fig. 8, the model efficiently fits the experimental data
ith a coefficient of determination (R-squared) of 0.9998. Eq. (7)
as included in the simulation as an axial strain, in the direction of

he microactuator’s length, on the VO2 layer in the microactuator
long with the thermal expansion effect of both layers. A tem-
erature dependent study was performed where the temperature
as monotonically increased from 21 to 84 ◦C uniformly through

he cantilever length in steps of 0.5 ◦C. Fig. 9 shows the curvature
hange obtained from the simulation along with the experimen-
al values. The simulated values clearly follow the experimental

alues, which validates the strain change obtained from the exper-
mental data with Eq. (2). Fig. 10 shows the strain energy density
btained from the simulation and the experimentally obtained val-
es as a function of temperature. The behavior between both curves
uators A 196 (2013) 30– 37

is strikingly similar, corroborating the strain energy density values
obtained experimentally.

3.5. Hysteresis evolution

The temperature sequence in Fig. 11a was  used to generate
the curvature change of the VO2-coated microactuator shown in
Fig. 11b. The inner loops in the curvature data are a memory effect
from the highly hysteretic behavior of the VO2 phase transition,
which has also been observed in the electrical and optical properties
of the material [39]. Although pronounced hysteresis is impor-
tant for memory applications, it might hinder the development of
microactuators due to sophisticated modeling and control it entails.
In a recent work, the curvature change of a VO2-coated microactua-
tor was  efficiently modeled with a modified Preisach operator and
an inverse compensation technique was employed to control its
curvature [40]. The evolution of properties throughout the hystere-
sis loop gives further insight into the performance and limitations
of the microactuator. Fig. 12a shows the temperature dependent
strain and stress changes obtained from Eqs. (2) and (3) using the
curvature values in Fig. 11b and assuming a VO2 biaxial modu-
lus of 156 GPa. These measurements inside the hysteresis can be
used to accurately predict the amount of stress/strain available
in the device at a given temperature, the remaining stress/strain
change achievable with an increase/decrease in temperature and,
for a given temperature range, the range and the rate of change
of the stress/strain. Fig. 12b shows the strain energy density of
the microactuator, calculated with Eq. (5), through the device
hysteresis loops measured. Here, the inside loop forms show a
very different behavior than the stress/strain inner loops, which
is mainly due to the squared relationship between strain energy
density and microactuator curvature. The curves shown in Fig. 12a
and b are relative to the initial value at 21 ◦C.

4. Conclusion

The curvature change of a VO2-coated microactuator as a
function of temperature was experimentally measured with a max-
imum value of approximately 1800 m−1 through the material’s
phase transition. The curvature values were used to calculate the
strain, stress and strain energy density of the microactuator. A max-
imum strain change of −0.32% and a recoverable stress of −510 MPa
were obtained, which produced a maximum strain energy density
of 8.1 × 105 J/m3. This strain energy was  achieved in a temperature
window of 15 ◦C. An excellent agreement was found between these
experimentally obtained values and a finite element analysis sim-
ulation. The evolution of curvature, strain, stress and strain energy
density across the hysteresis inner loops was also studied, revealing
greater knowledge of the device performance.
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