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Abstract—In this paper, a composite hysteresis model
is proposed for self-sensing feedback control of vanadium
dioxide (VO2 )-integrated microactuators. The deflection of
the microactuator is estimated with the resistance measure-
ment through the proposed model. To capture the compli-
cated hysteresis between the resistance and the deflec-
tion, we exploit the physical understanding that both the
resistance and the deflection are determined by hysteretic
relationships with the temperature. Since direct tempera-
ture measurement is not available, the concept of temper-
ature surrogate, representing the constant current value in
Joule heating that would result in a given temperature at
the steady state, is explored in the modeling. In particular,
the hysteresis between the deflection and the temperature
surrogate and the hysteresis between the resistance and
the temperature surrogate are captured with a generalized
Prandtl–Ishlinskii (GPI) model and an extended GPI (EGPI)
model, respectively. The composite self-sensing model is
obtained by cascading the EGPI model with the inverse GPI
model. For comparison purposes, two algorithms, based
on a Preisach model and an EGPI model, respectively, are
also used to estimate the deflection based on the resistance
measurement directly. The proposed self-sensing scheme
is evaluated with proportional-integral control of the mi-
croactuator under step and sinusoidal references, and its
superiority over the other schemes is demonstrated by ex-
perimental results.

Index Terms—Hysteresis, microactuators, Prandtl–
Ishlinskii model, self-sensing, vanadium dioxide (VO2 ).
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I. INTRODUCTION

VANADIUM dioxide (VO2), a novel class of smart mate-
rials, has recently gained increasing interest. The material

undergoes a thermally induced solid-to-solid phase transition
around 68 ◦C [1], during which the material’s crystalline struc-
ture changes between the monoclinic phase (M1) at low tem-
peratures and the tetragonal phase (R) at high temperatures [2].
During the phase transition, the electrical, mechanical, elec-
tromagnetic, and optical properties of VO2 exhibit significant
changes, making it a promising multifunctional material with
a myriad of applications in microactuation [3], optical [4], and
memory systems [5]. VO2-coated microactuators have shown
large bending [3], high strain energy density [6], and full re-
versibility [7]. The utilization of these microactuators, however,
is hindered by their sophisticated hysteresis behavior. Like other
smart materials [e.g., shape memory alloys (SMA)], for a given
temperature, there is a continuum of equilibrium states for VO2
materials, which results in the dependence of the steady-state
mechanical, electrical and optical properties on not only the
current, temperature but also its evolution history (thus, the hys-
teretic characteristics with respect to the temperature). For ex-
ample, VO2-coated microactuators have shown nonmonotonic
hysteresis between the deflection and the temperature [7], and
asymmetric hysteresis between the resistance and the tempera-
ture [8].

Hysteresis is a common nonlinearity that has been found in
a wide class of smart materials-based systems, such as piezo-
electrics [9]–[11], SMAs [12]–[14], magnetostrictives [15], and
VO2 [5], [7]. Unlike physics-based hysteresis models [16] that
are derived based on specific physical properties, phenomeno-
logical hysteresis models are constructed based on input and
output data, and are more extensively utilized in practical ap-
plications. Examples of reported phenomenological hysteresis
models include Preisach model [9], [15], [17], Prandtl–Ishlinskii
model [18]–[22], Maxwell model [23], Bowc–Wen model [24],
and Duhem model [25]. The Preisach model and the general-
ized Prandtl–Ishlinskii model (GPI) [8], [18], [26] are among
the most popular hysteresis models. While the classical Prandtl–
Ishlinskii model [19] can only capture symmetric hysteresis that
does not saturate, the GPI model and extended GPI (EGPI)
model can capture complicated asymmetric hysteresis and hys-
teresis with output saturation, and thus, are adopted in this study.

In order to control systems with hysteresis, various feedback
control approaches have been proposed [12], [15], [27], [28].
For the control of microdevices, external sensing systems, such
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as laser scattering [3] and interferometry [29], are often un-
desirable or even infeasible due to their sizes and complexity,
and self-sensing provides a cost-effective alternative. In self-
sensing, the variable of interest (often a mechanical signal) is
estimated based on another variable (typically an electrical sig-
nal) that is much easier to obtain. Existing work on self-sensing
of actuators has mainly involved traditional smart materials,
such as piezoelectrics [10], [11], [28], SMAs [12], [13], [30],
and magnetorheological fluids [31]. For example, Ivan et al. im-
plemented self-sensing for piezoelectric actuators, where both
the displacement and the external force at the tip of the can-
tilever were estimated based on the current measurement, and a
Prandtl–Ishlinskii model was adopted to compensate for the re-
maining hysteresis nonlinearity [11]. In [30], the strain feedback
of the SMA-actuated flexures for motion control was estimated
from resistance measurement using a high-order polynomial
model. Polynomial models were also utilized to estimate the
strain or gripper motion of the SMA-based grippers [12], [13].
Although the hysteresis gap between strain and resistance can
be decreased by changing the pretension force, the remaining
hysteresis still poses challenges for precision control of these
grippers.

The self-sensing of VO2-based microactuators presents new
challenges. In particular, the resistance change is due to an
insulator-to-metal transition while the mechanical change is due
to a structural phase transition [2]. Although strongly correlated,
these two different phase transitions do not occur simultane-
ously, and thus, the relationship between deflection and resis-
tance is hysteretic and highly complicated. A polynomial model
was recently utilized to estimate the deflection of a VO2-coated
microactuator based on resistance measurement, and a robust
controller was implemented to mitigate the impact of the self-
sensing error [32]. In [33], a memoryless Boltzmann function
was utilized for self-sensing and a proportional-integral (PI)
controller was implemented based on the self-sensing signal.
However, memoryless functions-based self-sensing schemes
cannot capture the inherent deflection-temperature hysteresis
and result in large sensing errors, which poses a significant lim-
itation to tracking control accuracy.

In this paper, a composite hysteresis model is proposed
for self-sensing feedback control of VO2-integrated microac-
tuators. The temperature of VO2 microactuators is controlled
through Joule heating using integrated gold wires in the device.
The approach exploits the physical understanding that changes
in both the resistance and the deflection of VO2 microactu-
ators result from the thermally induced phase transition, and
the change in each can be linked to the temperature change
via a rate-independent hysteresis relationship. The latter rate-
independence property is due to the extremely fast dynam-
ics in thermally induced phase transition (at the order of 1.9
ns [34]). Since direct measurement of the temperature is not
available for the microactuator, a novel concept of tempera-
ture surrogate, which is a strictly increasing function of the
temperature, is exploited in hysteresis modeling. In particular,
under a quasi-static current input, the steady-state temperature
is uniquely associated with the applied current. Therefore, the
current is used as a surrogate for the temperature of VO2 when

modeling the resistance-temperature and deflection-temperature
hysteresis relationships under quasi-static conditions, where a
GPI model and an EGPI model [8] are used, respectively. The
composite self-sensing model is obtained by cascading the EGPI
model with the inverse GPI model.

For comparison purposes, a Preisach model and an EGPI
model, respectively, are also used to estimate the deflection
using the resistance measurement directly. Experimental results
show that the proposed scheme has advantages over the Preisach
model and the EGPI model in terms of self-sensing accuracy.
Experiments also show that the proposed scheme has advan-
tages over the Preisach model in terms of computational effi-
ciency. Feedback control experiments with a PI controller fur-
ther demonstrate the effectiveness of the proposed self-sensing
scheme, which results in a tracking error that is 49.7% smaller
than that under the Preisach model for a step reference. In ad-
dition, the proposed scheme results in tracking errors that are
20.1–46.1% smaller than those based on the Preisach model for
a 1-Hz reference and a multisinusoidal reference with frequen-
cies of 10 and 30 Hz.

The authors recently proposed an EGPI [8] and a nonmono-
tonic hysteresis model [7] to capture and compensate for the
hysteresis between the temperature and the resistance, and the
hysteresis between the temperature and the deflection, respec-
tively, but an effective model that can capture the hysteresis be-
tween the resistance and the deflection had not been proposed.
Another major difference between this paper and the authors’
prior work is that in [7] and [8], we proposed inverse com-
pensation schemes, which are open-loop schemes, to control
the resistance or deflection of the VO2 microactuators; how-
ever, this current paper is focused on a self-sensing scheme ac-
commodating the hysteretic relationship between the resistance
measurement and the deflection estimate, and its application to
feedback control of deflection without the need of actual deflec-
tion measurement. Consequently, while this study uses some
known hysteresis models and their inverse compensation meth-
ods, those models and methods are not the claimed novelty or
contribution of this paper.

A preliminary version of this paper was presented at the 2014
American Society of Mechanical Engineers Dynamic Systems
and Control Conference [35]. The enhancements of this paper
over [35] include improved fabrication process to produce VO2
films with better uniformity and stoichiometry, the implemen-
tation of feedback control based on the proposed composite
self-sensing model, the control performance comparison based
on the proposed self-sensing scheme, the Preisach model, and
the EGPI model, and improved structuring and presentation
throughout the paper.

II. EXPERIMENTAL PROCEDURES

A. Fabrication of VO2-Integrated Actuator

The microactuator used in this study consisted of a silicon
dioxide (SiO2) microcantilever with patterned VO2 film inside
the structure. The fabrication process flow for this device is
shown in Fig. 1. The process starts with the deposition of 1-μm
layer of SiO2 using plasma-enhanced chemical vapor deposition
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Fig. 1. Fabrication process flow for the VO2 -integrated actuator.
(a) Deposition of SiO2 (1 μm) by PECVD. (b) Deposition of VO2 (270
nm) by PLD. (c) Patterning (etch) of VO2 by RIE. (d) Deposition of
SiO2 (0.4 μm) by PECVD. (e) Patterning (etch) of SiO2 by RIE. (f) and
(g) Deposition of Ti/Au by evaporation and patterning by lift-off. (h) RIE of
SiO2 for device pattern. (j) Cantilever released by XeF2 isotropic etching
of Si.

(PECVD) at temperature of 300 ◦C on a 300-μm thick silicon
(Si) wafer. This SiO2 layer was used as the substrate to generate
VO2 with highly oriented crystalline structure, to achieve max-
imum actuation effect [5]. A VO2 layer (270 nm) was deposited
by pulsed laser deposition (PLD) [33] and patterned with re-
active ion etch (RIE). The patterned VO2 film was used as the
active actuation element in the cantilever. Another SiO2 layer
(400 nm) was deposited by PECVD at 250 ◦C to isolate the VO2
from the metal layer (to be processed next) and patterned with
RIE to open the contact to the VO2 . The lower temperature was
used to mitigate the adverse effects of exposing VO2 films to
high temperatures. Two openings on the top side of the SiO2
were made to expose the VO2 in selected regions. Two Ti (40
nm)/Au (160 nm) layers were deposited by evaporation and pat-
terned by lift-off techniques. The first one was to partially fill
the opening in the SiO2 , and the second one was to form the
heating element and the traces for the VO2 resistance contacts.
Certain areas of SiO2 with thickness of 1.4 μm were etched
with RIE to define the geometry of the cantilever and expose the
Si for the releasing step. XeF2 gas was used to do an isotropic
etch of the Si and release the cantilever.

In these devices, the VO2 film was fully integrated in the fab-
rication process flow of the device. The gold metal layer used
for both resistance measurement and actuation of the VO2 film
was deposited at room temperature after the VO2 film was de-
posited and patterned. This resulted in a direct electrical contact
between the metal layer and a uniform VO2 film. In previous

Fig. 2. Experimental setup. (a) Side view: schematic for the measure-
ment setup for in-situ resistance (Rv ) and deflection of a microactuator
with an integrated heater. (b) Top view: the VO2 -based integrated actu-
ator devices.

devices [7], [8], [32], [33], the VO2 film was deposited at high
temperatures on platinum contact pads that were accessed by
vias through a SiO2 film that separated the metal layer and the
VO2 film in regions other than the contact pad. This not only
created a step in the VO2 film thickness at the electrical contact,
but also a VO x (x different from 2) layer between the film and
the contact pad. Thus, the VO2 films used in this paper were of
better quality in terms of uniformity and stoichiometry, and the
resistance measurements on the fully integrated VO2 devices
included only the VO2 thin film.

Note that the actuator is a bimorph bender consisting of VO2
and SiO2 layers. Thermally induced phase transition in VO2
will generate internal stress that causes drastic bending of the
structure toward the VO2 layer. In addition, differential thermal
expansion of the two materials results in an opposite bending
effect. The combination of the two actuation effects leads to a
nonmonotonic hysteretic behavior between the deflection and
the temperature [7].

B. Experimental Setup

The experimental setup used is shown in Fig. 2(a). The sys-
tem is based on the laser scattering technique, using an IR laser
(λ = 808 nm) and a position sensitive detector (PSD) to track
the displacement of the microactuator (shown in Fig. 3). A
charge couple device (CCD) camera was used for alignment
and calibration purposes. Note that while the relative displace-
ment measurement will be scaled from the true value due to
the calibration error, the scaling is close to one and the scaling
factor remains constant for all experiments conducted with the
same calibration formula. In particular, the same scaling applies
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Fig. 3. VO2 -integrated microactuator used in this study, with length
425 μm and width 65 μm.

to all displacement data obtained during the model identifica-
tion and feedback control experiments, and therefore, it will
not have any appreciable impact on the comparison between
different self-sensing approaches. A dSPACE system was used
for data acquisition and control implementation. The power of
the sensing laser (222 mW) was calibrated to be the minimum
possible to be sensed by the PSD without heating the cantilever
due to photon absorption. The voltage output (VD) of the PSD
was linearly proportional to the position of the laser. With the
images captured by the CCD camera, this voltage (VD ) was
mapped to the deflection of the microactuator. The chip was
inside a side braze packaging (wire bonded), which was con-
nected to the dSPACE. The current IH shown in Fig. 2(b) was
used to control the temperature of the microactuator by Joule
heating. The current was generated using two resistances in se-
ries: the heater resistance and an external resistance, whose only
purpose was to limit the maximum current that can be applied
to the system. The VO2 resistance (RV ) was measured in situ
by using a constant current and monitoring the voltage across
the resistance—the magnitude of the constant current (21 μA)
was chosen so that it would not heat the VO2 considerably, but
could be measured by the dSPACE system.

C. Measurement of Hysteretic Behavior

In order to obtain the hysteresis measurement, a sequence of
quasi-static input values are applied, and for each input value,
the corresponding output (resistance or deflection) at the steady
state is recorded. In this paper, the term “index” refers to the
numbering of the quasi-static input values as well as that of the
corresponding steady-state output values. Fig. 4(a) shows the
current input with the form of damped oscillations. The mea-
surement was taken under a quasi-static condition, where each
current value was held for 10 ms since the heating dynamics
had a time constant of less than 2 ms (see Section V). Fig. 4(b)
shows the corresponding resistance of the VO2 microactuator.
The total resistance range is [11.19, 231.75] kΩ, with the current
ranging from 3.68 to 8.49 mA. There is asymmetric hysteresis
between the resistance and the current, which shows a mono-
tonic behavior. Fig. 4(c) shows the nonmonotonic hysteresis
relationship between the deflection output and the input current
of the VO2-integrated microactuator. The total deflection range
is [48.13, 72.15] μm.

The deflection and resistance values were measured simulta-
neously, and Fig. 5(a) shows the hysteretic relationship between
the deflection and the resistance of the microactuator. Fig. 5(b)
shows the resistance, which follows a pattern of damped oscilla-

Fig. 4. (a) Input sequence with the form of damped oscillations.
(b) Hysteresis between the resistance and the current. (c) Hysteresis
between the deflection and the current.

tions. Closer examination [shown in Fig. 5(c)] of the hysteresis
curve reveals a subtle behavior where the hysteresis loops do
not demonstrate a strict “nested” nature under the damped os-
cillations of the resistance. For example, branches 1 and 2 form
a major hysteresis loop, while the minor hysteresis loop formed
by branches 3 and 4 is only partially inside of the major hys-
teresis loop formed by branches 1 and 2. It can be shown that
such nonnested hysteresis cannot be captured by a typical single
hysteresis model (e.g., a Preisach operator or a GPI model with
nonnegative weighting functions) [36].

Fig. 6 shows the hysteresis loops between the deflection and
the current, and between the deflection and the resistance, at
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Fig. 5. (a) Hysteresis between the deflection and the resistance.
(b) Resistance sequence. (c) Zoom-in plot of the hysteresis between
the deflection and the resistance, revealing a nonnested structure.

different frequencies of the input current. One can see that the
shape of the hysteresis loop between the deflection and the cur-
rent changes dramatically with the frequency, while the hystere-
sis loop between the deflection and the resistance has much less
variation with frequency. This indicates the promise of using re-
sistance to achieve self-sensing of deflection within a relatively
broad frequency range.

III. PROPOSED COMPOSITE MODEL FOR SELF-SENSING

A. Main Idea

In this paper, we use hysteresis models identified under a
quasi-static condition (see Fig. 4) to derive a self-sensing model
that is applicable under dynamic conditions. The justification for
such an approach is as follows. Note that the phase transition

Fig. 6. (a) Experimentally measured hysteresis between the deflection
and the current under current inputs of different frequencies. (b) Experi-
mentally measured hysteresis between the deflection and the resistance
under current inputs of different frequencies.

in VO2 (including both the mechanical property change and
the electrical property change) is induced by the temperature
change [1], [3]. Given that the phase change dynamics is very
fast (at the order of nanoseconds [37]), the hysteresis between
resistance and temperature can be considered rate-independent
for the frequency range of interest in this paper. Similarly, the
hysteresis between the deflection output and the temperature is
rate-independent, within the frequency range where the struc-
tural dynamics of the cantilever is not excited. Consequently,
within that same frequency range, the hysteresis between the
deflection output D and the resistance Z is rate independent,
which is a key point behind our proposed approach. We note
that the D-Z hysteresis in Fig. 6(b) shows mild rate-dependency,
which can be largely attributed to the structural dynamics of the
cantilever, which cannot be entirely ignored at the tested fre-
quencies.

Another key idea in the proposed method is the notion of
temperature surrogate, which is a single valued, strictly in-
creasing function of the temperature. The purpose of applying
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quasi-static current inputs during model identification is to
achieve the steady-state temperature for each value of current
input so that the relationships between resistance/deflection and
temperature can be established. Since direct measurement of
VO2 temperature (which would require a dedicated sensor) is
not available, the applied quasi-static current input value, i, be-
comes a surrogate for the steady-state temperature T as i is a
single valued, increasing function of T , namely, i = g(T ). Since
the hysteresis between deflection D and T and the hysteresis
between resistance Z and T (when structural dynamics of the
cantilever is not excited) are rate independent, so are the hys-
teresis between D and g(T ) and the hysteresis between Z and
g(T ). This is why, even under dynamic conditions, we can infer
the surrogate temperature g(T ) from the measurement Z, and
then, use g(T ) to calculate D.

Even though the explicit expression g(T ) for the temper-
ature surrogate is not required for the implementation of the
proposed self-sensing algorithm, for illustration purposes, we
provide one example based on a simple thermal model of Joule
heating [37]

dT (t)
dt

= −d1(T (t) − T0) + d2i
2(t) (1)

where d1 and d2 are positive constants related to the density,
volume, specific heat, heat transfer coefficient, resistance, and
surface area of the VO2 microactuator, and T0 is the ambient
temperature.

For a dynamic current i, the temperature will not reach steady-
state, and will be different with different frequencies of the
current. For example, Fig. 6(a) shows that the hysteresis loop
between the deflection and the current changes dramatically
with the frequency of the current, even though the structural
dynamics is not excited at these frequencies.

For a constant current i, the steady-state temperature T under
(1) can be computed as d2

d1
i2(t) + T0 , which implies

i =
√

d1

d2
(T − T0) = g(T ). (2)

Note that the function g(T ) in (2) is indeed single-valued and
strictly increasing, and thus, is a legitimate surrogate for T .
This notion of temperature surrogate is at the heart of our pro-
posed self-sensing scheme. It is found in finite-element simu-
lation with COMSOL that the thermal distribution is approxi-
mately uniform for the majority part of the cantilever, so treat-
ing the quasi-static current as a surrogate of the temperature is
acceptable.

In the proposed self-sensing scheme, the deflection feedback
is estimated based on the resistance measurement in two steps:
first, the temperature surrogate g(T ) is obtained from the resis-
tance measurement based on an inverse GPI model; second, the
deflection estimate is obtained from the temperature surrogate
g(T ) based on an EGPI model. A brief review of the GPI model
and the EGPI model is provided in the following, and the reader
is referred to [8], [18], [19], and[26] for more details on this
subject.

Fig. 7. Relationship between the input and the output of a generalized
play operator.

B. GPI Model and EGPI Model

For a given input v(t), the output w(t) of a generalized play
operator with radius r is defined as (see Fig. 7 for illustration)

w(t) = Fγ
r [v](t) = fγ

r (v(t), F γ
r [v](t−)) (3)

where fγ
r (v(t), w(t−)) is expressed as

fγ
r (v(t), w(t−)) =⎧⎪⎨

⎪⎩
max(γR (v(t)) − r, w(t−)), if v(t) > v(t−)

min(γL (v(t)) + r, w(t−)), if v(t) < v(t−)

w(t−), if v(t) = v(t−)

(4)

where t− = limε>0,ε→0 t − ε. The envelope functions for the
generalized play operator, γL (·) and γR (·), are typically chosen
to be strictly increasing within the input range. A condition
γR (v(t)) − r ≤ γL (v(t)) + r is also needed to meet the order
preservation property of the hysteresis behavior [38].

The output of a GPI model can be expressed in the integral
form as

ye(t) =
∫ R

0
p(r)Fγ

r [v](t)dr + c (5)

where p(r) is the weighting function, R represents the maxi-
mum radius for the generalized play operators, and c denotes
a constant bias. For practical implementation, a weighted sum-
mation of a finite number of generalized play operators is often
adopted

y(t) =
N∑

j=0

p(rj )Fγ
rj

[v](t) + c (6)

where p(rj ) is the weight of the jth generalized play operator,
and rj is the corresponding play radius, r0 is usually chosen to
be zero. The number of the generalized play operators is N + 1.

The inverse of the GPI model can be expressed as [26]

v̂(t) =

⎧⎪⎨
⎪⎩

γ−1
R ◦ Π−1 ◦ (y(t) − c), if y(t) > y(t−)

γ−1
L ◦ Π−1 ◦ (y(t) − c), if y(t) < y(t−)

v̂(t−), if y(t) = y(t−)

(7)
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where “◦” denotes the composition of functions or operators
and Π−1 is the inversion of a classical Prandtl-Ishlinskii model,
which can be expressed as [19]

Π−1 [y − c](t) = p̂(r0)(y − c) +
N∑

k=1

p̂(r̂k )Fr̂k
[y − c](t) (8)

where

r̂j = p(r0)rj +
j−1∑
k=1

p(rk )(rj − rk ), j ≥ 1 (9)

p̂(r0) =
1

p(r0)
(10)

and

p̂(r̂k ) = − p(rk )

(p(r0) +
∑k

j=1 p(rj ))(p(r0) +
∑k−1

j=1 p(rj ))
(11)

for k = 1, . . . , N . Note that all the generalized play operators
need to have the same form for the envelope functions γR , as
well as for γL , to ensure the existence of an analytical inverse.
γR and γL are not necessarily to be the same.

The EGPI model [8] is expressed as the summation of a GPI
model and a memoryless function G(·)

u(t) = G(v(t)) +
N∑

j=0

p(rj )Fγ
rj

[v](t). (12)

C. Temperature Surrogate g(T ) Based on a GPI Model

The GPI model can capture asymmetric hysteresis and has
an efficient inverse algorithm [18], [28], thus is adopted to cap-
ture the asymmetric hysteresis between temperature surrogate
g(T ) and the resistance output Z, and to obtain the temperature
surrogate based on GPI model inversion.

Z(t) =
N1∑
j=0

p1(rj )Fγ1
rj

[g(T )](t) + c1 (13)

where c1 denotes the bias. g(T ) can be expressed as the follow-
ing inversion model:

g(T ) =

⎧⎪⎪⎨
⎪⎪⎩

γ−1
R ◦ Π−1 ◦ (Z(t) − c1), if Z(t) > Z(t−)

γ−1
L ◦ Π−1 ◦ (Z(t) − c1), if Z(t) < Z(t−)

î(t−), if Z(t) = Z(t−).
(14)

D. Estimated Deflection D̂ Based on an EGPI Model

The EGPI model has better modeling performances for com-
plex hysteresis than the GPI model [8], and is adopted to capture
the nonmonotonic hysteresis behavior between the temperature
surrogate g(T ), which can be calculated in the previous subsec-
tion, and the deflection output D

D(t) =
N2∑
j=0

p2(rj )Fγ2
rj

[g(T )](t) + c2g(T ) + c3 (15)

where c2 is a constant related to the thermal expansion coeffi-
cients of the microactuator structure and c3 denotes a constant
bias. The form of the model is chosen based on [8]. In [8], the
nonmonotonic hysteresis between temperature and deflection a
VO2 microactuator was modeled by the summation of an EGPI
model and a memoryless function.

Note that in actual operations of the actuator, the current
input is not quasi-static in general and does not have a fixed
relationship with the temperature. Therefore, even though the
current input is readily available (as a control signal), one cannot
simply use the known current value to estimate the deflection.
However, the joint use of (14) and (15) will be able to produce
the deflection estimate even under dynamic conditions.

IV. MODEL IDENTIFICATION AND VERIFICATION

A. Model Identification

To effectively identify the model parameters, the input needs
to provide sufficient excitation for individual elements of the
hysteresis models. In this paper, the input with the form of
damped oscillations, as shown in Fig. 4(a), is used, which
produces nested hysteresis loops for the resistance-current and
deflection-current relationships. Each current value is held for
10 ms to ensure that the temperature has reached a steady-state
value. For comparison purposes, an EGPI model and a single
Preisach model are adopted to directly model the relationship
between the deflection and the resistance. The performance of
each self-sensing scheme is measured by the average and max-
imum absolute prediction errors. The calculation complexity
is also examined using the average time of each self-sensing
calculation.

The numbers of the generalized play operators in the GPI
model N1 + 1 and in the EGPI model N2 + 1 are both chosen to
be 6, the radii are chosen as r = (i − 1)/6, i = 1, 2, . . . , 6. The
numbers of play operators of the GPI model and the EGPI model
are chosen such that the identified model could provide adequate
accuracy with reasonable computation time. When the number
of play operators is chosen to be 6, the average modeling error
is less than 1 μm, over the total deflection range [1.62, 58.65]
μm. Increasing the number further does not seem to produce
appreciable improvement in modeling accuracy. The parame-
ters of the GPI model include play radii, envelope functions,
and weights. When the number of plays is larger, the number
of model parameters also is larger, posing difficulties in model
identification. In practice, it is common to predefine some of
the parameters and the identified model could still accurately
capture the hysteresis behavior. For example, in [8] and [18],
play radii were predefined in a similar way as adopted in this
paper. In order to capture the hysteresis between the tempera-
ture surrogate and the resistance, the envelope functions for the
generalized play operator are chosen to be hyperbolic-tangent
functions in the form of

γR (i(t)) = tanh(aRi(t) + bR ) (16)

γL (i(t)) = tanh(aLi(t) + bL ). (17)

Hyperbolic-tangent functions could effectively capture the
complicated asymmetric hysteresis with output saturation in
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TABLE I
IDENTIFIED PARAMETERS OF THE GPI MODEL

c1 −132556.3

aL 519.7
aR 624.9
bL −2.984
bR −3.656
p1 (0.415, 0.648, 0.325, 0, 0.081, 0.618)

TABLE II
IDENTIFIED PARAMETERS OF THE EGPI MODEL

c2 −8874.3

c3 143.29
aL (982.5, 1754.8, 2169.2, 838.1, 1864.7, 1623.2)
aR (1202.6, 1376.2, 1243.0, 1173.7, 788.8, 788.8)
bL (−6.49, −11.13, −11.56, −6.24, −6.46, −15.52)
bR (−8.67, −12.15, −10.12, −7.42, −10.83, −11.21)
p2 (27.24, 5.35, 3.18, 12.84, 1.00, 26.68)

VO2 microactuators [8]. The hyperbolic-tangent functions have
also been adopted to model other types of hysteresis behaviors
[18] and their effectiveness have been verified.

The model parameters are identified through minimization of
an error-squared function between the actual deflection and the
model using the MATLAB optimization toolbox [18]. Table I
and II show the parameters of the GPI model and the EGPI
model, respectively.

Fig. 8(a) shows the performance of modeling the hys-
teresis between the resistance and the temperature surrogate.
The average and maximum absolute errors are 2.568 × 103

Ω and 7.963 × 103 Ω, respectively, over the range of about
2.0 × 105 Ω. Fig. 8(b) shows the performance of modeling the
hysteresis between the deflection and the temperature surro-
gate. The average and maximum absolute errors are 0.79 and
2.31 μm. Both of the models show satisfactory performances.

Fig. 9(a) shows the performance of the proposed self-sensing
scheme, and Fig. 9(b) shows the prediction error. The upper-left
part of the model output and the experimental data show some
oscillation-like phenomenon, which is due to the fact that when
the current is larger than 7 ×10−3 A (thus, high temperature
is reached), the resistance of VO2 almost saturates while the
deflection still changes with high current/temperature. The av-
erage and maximum absolute errors with the composite model
are 0.95 and 4.01 μm, respectively, over the total deflection
range [1.62, 58.65] μm. The average time for each self-sensing
calculation is 0.16 ms. The computations were run in MATLAB
on a computer Lenovo Thinkpad T420 with 2.80-GHz CPU and
4.00-GB memory.

The Preisach model is a popular and effective hysteresis
model [15], [27], [39]. A Preisach model consists of weighted
superposition of delayed relays. Practical parameter identifica-
tion involves discretization of the Preisach density function in
one way or another, and one effective method is to approximate
the density with a piecewise constant function [27]. A nonmono-
tonic hysteresis model that combines a monotonic Preisach

Fig. 8. (a) Comparison between the GPI model prediction and exper-
imental measurement for the asymmetric hysteresis between the resis-
tance output and the temperature surrogate. (b) Comparison between
the EGPI model prediction and experimental measurement for the non-
monotonic hysteresis between the deflection output and the temperature
surrogate.

model with a memoryless operator [see (15)] is adopted to di-
rectly model the hysteresis between resistance and deflection.
The number of discretization level of the model is chosen to be
10. Fig. 10(a) shows the modeling performance of the Preisach
model. The average and maximum absolute errors are 1.19 and
6.68 μm, respectively. The average time needed for each self-
sensing calculation is 0.68 ms. Therefore, the Preisach model
results in much longer calculation time and producing less ac-
curate modeling performance as compared to the proposed ap-
proach. Moreover, the modeling performance shows that the
Preisach model cannot capture the nonnested hysteresis loops.

An EGPI model that combines a GPI model with a memory-
less operator [see (15)] is also adopted for modeling comparison.
The number of generalized play operators of the model is cho-
sen to be 6. Fig. 10(b) shows the modeling performance of the
EGPI model. The average and maximum absolute errors are
1.26 and 4.65 μm, respectively. The average time needed for
each self-sensing calculation is 0.11 ms. Fig. 10(c) shows the
integral of absolute modeling error of the Preisach model and the
EGPI model, where the EGPI model shows about 5.8% larger
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Fig. 9. (a) Performance of the self-sensing scheme using the compos-
ite model. (b) Self-sensing error based on the composite model.

modeling error than that of the Preisach model. Therefore, the
EGPI model results in comparable calculation time but produces
less accurate modeling performance as compared to the pro-
posed approach. Moreover, the modeling performance shows
that the EGPI model cannot capture the nonnested hysteresis
loops. Due to the similar modeling accuracy as the Presiach
model, the EGPI model is not adopted for model verification or
control experiments.

We have shown that, for some chosen designs, the proposed
composite hysteresis model-based self-sensing scheme outper-
forms the Preisach model-based schemes in both precision and
efficiency, and outperforms the EGPI model-based schemes in
precision with higher computational complexity. On the other
hand, it is known that the error performance of each scheme
depends on the complexity of each model. Here, a more in-
depth comparison is provided by varying the complexity of
each scheme. Fig. 11 compares the self-sensing performance
and computational time of each model when the “level” of each
is varied from 6 to 10. Here, the term “level” refers to the number
of generalized play operators for the GPI model and the EGPI
model, and the discretization level for the Preisach model, re-
spectively. It can be seen that the composite model consistently
has the lowest modeling error among the three schemes. Fur-
thermore, its computational complexity is only slightly higher
than that of the EGPI model-based schemes. Additionally, un-
like other schemes, the proposed model can capture the subtle
deflection-resistance hysteresis behavior where the hysteresis

Fig. 10. Performances of the self-sensing schemes using (a) Preisach
model, (b) EGPI model, and (c) integral of absolute modeling error of
Preisach model and EGPI model.

loops do not demonstrate a strict “nested” nature under the
damped oscillations of the resistance.

B. Model Verification

In order to further validate the proposed approach, the VO2-
integrated microactuator is subjected to a randomly chosen cur-
rent input sequence, shown in Fig. 12(a), under each of the two
schemes. For each index, the current is held for 10 ms. Here, the
numbers of generalized play operators in the GPI model and the
EGPI model for the proposed scheme is 6, and the discretiza-
tion level for the Preisach model is 10. Fig. 12(b) shows the
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Fig. 11. Model accuracy and the running time comparison between the
composite model, the Preisach model, and the EGPI model.

resistance prediction under the composite model. The average
absolute error and the maximum absolute error are 2.23×103

Ω and 6.39 ×103 Ω, respectively. Fig. 12(c) shows the experi-
mental measurement of the deflection and Fig. 12(d) shows the
self-sensing errors under each scheme. The average absolute
errors are 1.10, and 1.45 μm, respectively, under the composite
model and the Preisach model. The maximum absolute errors
are 2.88, and 4.55 μm, respectively, under the composite model,
and the Preisach model. The effectiveness of the proposed model
is thus further verified.

V. SELF-SENSING-BASED FEEDBACK CONTROL

The block diagram for the physical closed-loop system is
shown in Fig. 13. The input of the controller is the deflec-
tion error between the reference and the self-sensed deflection.
The output of the controller is the current. The heating dynam-
ics is modeled as a first-order system and the time constant is
identified to be 1.8 ms, based on a series of open-loop cur-
rent step input experiments and the deflection measurements.
Since the structural dynamics of the cantilever is not excited
under such inputs, the deflection can be considered changing
instantaneously with the temperature, which enables the ex-
traction of time constant for the heating dynamics based on
the deflection measurements. PI tuning is conducted in simu-
lation. The following PI parameters was chosen to ensure de-
sirable step response and fast sinusoidal-tracking performance:
Kp = 1.4 × 10−3 , KI = 2.03 × 10−5 .

A step reference-tracking experiment has been first con-
ducted. Each reference setpoint has duration of 1 s. Fig. 14
shows the experimental performance in terms of the reference
and the actual deflection measured by the external PSD. Note
that although the self-sensed deflection is used in the feedback
control, the actual deflection is of more relevance. The aver-
age absolute tracking errors under the composite model and the
Preisach model are 1.11, and 2.21 μm, respectively. The step
reference-tracking experiment demonstrates the effectiveness of
the proposed composite self-sensing model.

The next experiment involves the tracking of a sinusoidal
signal. The reference signal, shown in Fig. 15(a), has frequency
of 0.1 Hz. Fig. 15(b) shows the tracking performance of the
three self-sensing approaches. It is calculated that the controllers

Fig. 12. (a) Randomly chosen current input sequence for self-sensing
model verification. (b) Errors in resistance prediction by the composite
self-sensing model. (c) Experimental deflection measurement under the
random current input sequence. (d) Errors in deflection predictions by
different self-sensing approaches.

based on the composite self-sensing approach, and the Preisach
model result in average absolute errors of 0.69, and 1.28 μm,
respectively. The results show the effectiveness of the proposed
self-sensing approach for feedback control.

Experiments on tracking multifrequency signals have been
further conducted. The reference signal is chosen as 4sin(2πt)
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Fig. 13. Block diagram of the closed-loop control system with
self-sensing.

Fig. 14. Experimental performance of tracking a step reference under
different self-sensing schemes.

Fig. 15. (a) A sinusoidal reference signal for tracking control of the
VO2 -integrated microactuator. (b) Experimental tracking errors under
different self-sensing schemes.

− 6 sin(2π10t) + 30, which is shown in Fig. 16(a). Fig. 16(b)
shows the tracking performance of the three self-sensing ap-
proaches. It is calculated that the controller based on the com-
posite self-sensing approach results in an average absolute error
of 2.43 μm, which is 20.1% less than those under the Preisach

Fig. 16. (a) Multifrequency reference signal for tracking control of the
VO2 -integrated microactuator. (b) Experimental tracking errors under
different self-sensing schemes.

model-based schemes. The results show that the controllers re-
sult in larger tracking error comparing with the tracking of a
lower frequency signal (see Fig. 16), which is likely due to the
mild frequency dependence of the deflection-resistance hystere-
sis (see Fig. 6) that is not captured in these models.

VI. CONCLUSION AND FUTURE WORK

A new self-sensing approach has been proposed to estimate
the deflection of a VO2-integrated microactuator based on its
resistance measurement. The approach first uses an inverse GPI
model to obtain the temperature surrogate from the resistance
measurement, and then uses an EGPI model to obtain the de-
flection based on the temperature surrogate. The proposed self-
sensing model has been experimentally verified to be effective
in PI-based feedback control of the microactuator. Note that,
we have chosen a simple PI controller (admittedly standard) for
the feedback control experiments, since the purpose of these
experiments was to verify the proposed self-sensing approach.
The investigation of advanced controllers is of interest but out-
side the scope of this paper. For future work, we will examine
the performance of the proposed self-sensing scheme in ad-
vanced control of VO2 microactuators. For example, robust
control methods will be explored to minimize the impact of the
self-sensing error on the tracking performance. In addition, the
proposed self-sensing model is rate independent. While it has
demonstrated good performance overall in tracking control, the
mild rate dependence in Fig. 6(b) suggests that a rate depen-
dent (for example, accommodating the structural dynamics of
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the actuator), composite hysteresis model could offer further
enhanced tracking performance at higher frequencies.
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