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Hysteresis-Based Mechanical State
Programming of MEMS Mirrors

David Torres , Member, IEEE, Jun Zhang, Member, IEEE, Sarah Dooley,

Xiaobo Tan, Fellow, IEEE, and Nelson Sepúlveda , Senior Member, IEEE

Abstract— The programming of different mechanical states of
a MEMS mirror is presented here. The mirror is based on a smart
material called vanadium dioxide (VO2) and actuated through
Joule heating. The system exhibits dynamical and hysteresis
nonlinearity. While hysteresis is largely deemed undesirable,
in this paper, the hysteretic behavior of the VO2 is exploited to
program tilt angles of the device. The programming is realized
by applying a constant current of 7.02 mA (with an electrical
power of 5.1 mW) to pre-heat the VO2 film and adding electrical
pulses to move between states. Furthermore, the capability of
programming any particular mechanical state across the phase
transition of the VO2 is demonstrated. A Preisach model is
adopted to characterize the hysteretic relationship between the
input current and the pitch angle at the steady state, and
to compute the input pulse for generating the desired pitch
output via an iterative algorithm. Experiments are conducted to
demonstrate the effectiveness of the proposed approach, where
two sequences of pitch angle values, with a triangular profile and
a random profile, respectively, are successfully programmed with
an average error of 0.03°. [2017-0284]

Index Terms— MEMS-mirrors, vanadium dioxide, phase-
change materials, programmables MEMS, hysteresis.

I. INTRODUCTION

M ICROELETROMECHANICAL mirrors are devices
that use an electric signal to move a platform to redirect

an incident light beam to a desired direction. These devices
have been used for different applications including optical
phase arrays [1], [2] spectroscopy [3], track-positioning [4],
scanners [5], optical displays [6], [7], and medical imag-
ing [8]–[10]. The actuation mechanisms implemented on these
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devices include: electrostatic (ES), piezoelectric (PE), elec-
tromagnetic (EM), and electrothermal (ET). The actuation
methods determine the speed, input signal that is needed for
actuation, and the power consumption of the device, while the
total displacement relies on the combination of the design of
the device and the actuation method. ES and PE use electrosta-
tic fields to generate mechanical forces that produce displace-
ment of the mirror platform. Although the electrostatic field is
generated using high voltage (with reported values of 115 V
and 40 V for ES and PE in [11] and [12], respectively),
the power consumed by these two actuation mechanisms is
often relatively low since a low current flow is required
to charge the plates. While ES devices can be designed
with conventional materials, the PE designs use piezoelectric
materials, where the most common material for micromirrors
is lead zirconate titanate (PZT) [12]–[15]. The addition of this
material increases the complexity of fabrication of the device,
due to the cross contamination of the equipment. The speed
of both actuation mechanisms is limited by the mechanical
response of each device, where the devices are commonly
operated in resonance to increase the displacement range. The
EM mechanism depends on the interaction between two mag-
netic fields, where Lorentz force governs [7]. A combination
of a permanent magnet and coils are used to generate the two
magnetic fields, where the magnitude of the electromagnetic
field created by the coils is dependent on the input current.
This current can reach values as high as 515.17 mA [16].
Another approach is to integrate magnetic sensitive materials
with the device and use an external magnetic field to generate
the movement [17]. Many of these materials are incompatibles
with the conventional micro fabrication technique, resulting in
the use of unconventional fabrication techniques. Similar to
the ES actuation mechanism, the speed of the actuation will
be limited by the mechanical dynamics of the device.

The ET mechanisms use temperature as the stimulus for
actuation, where the conventional configuration consists of
a layer structure of two materials (bimorph) with different
thermal expansion coefficients (TECs), such as a metal
with a large TEC and glass material (SiO2) with a lower
TEC. This method of actuation has the lowest speed of
all since the speed depends on the thermodynamics of the
device, which is usually below the mechanical dynamics of
the structure. The change in temperature is created by Joule
heating with reported values for full actuation reaching up
to about 350 ◦C with a voltage of 4.5 V consuming a power
of 41 mW [2].
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In [18] we presented the first smart material-embedded
MEMS mirror based on the ET mechanism, where the stress
was generated due to the phase transition of vanadium diox-
ide (VO2). The fabrication process of the device is described
in detail in [18], where conventional fabrication techniques
were used without a problem. Using VO2 reduces the rel-
atively large temperature change requirements in traditional
TEC-based ET mechanisms from 300 ◦C to less than 100 ◦C,
resulting in a reduction in power consumption. The device
reported in [18] consisted of a mirror platform surrounded
by 4 actuator legs, where the average power consumed by
the actuators during individual actuation was 6.5 mW and
that for the generation of the piston-like vertical displacement
was 26.1 mW.

VO2 is a smart material that has been used to design differ-
ent devices, such as Variable Optical Attenuators (VOA) [19],
actuators (both electro- and photo-thermal) [20], [21], and
micromechanical resonators [22]. These applications exploit
the solid-to-solid phase transition of the material, where the
optical [23], electrical [24], and mechanical [25] properties of
the material change abruptly. The transition can be induced
with an increase of temperature with a transition temperature
of 68 ◦C. The required range of temperature for full actuation
is less than 20 ◦C. During the transition the material shows
a higher strain energy density compared to the common
actuation mechanisms, such as ES, EM, PE and conventional
ET [26].

The material exhibits a nonlinear behavior, hystere-
sis, between the mechanical property and the tempera-
ture [27], [28]. There has been extensive effort to deal
with the hysteresis nonlinearity in VO2-based devices, from
using self-sensing, where the relationship between the resis-
tance of the VO2 and the displacement is used to facili-
tate the feedback control of the system [29], to modeling
complex non-monotonic hysteresis behavior using Preisach
operator [30] or Prandtl-Ishlinskii operator [31] for the purpose
of inverse compensation. Furthermore, in [32] a compre-
hensive modeling scheme for the VO2-based MEMS mir-
ror was developed, where a Preisach operator was used to
model the hysteretic behavior. Two noticeable differences
exist between [32] and this work: Firstly, in [32], a model
was presented to capture the MEMS mirror dynamics and
hysteresis. The goal was to model the mirror system and
estimate the mirror mechanical states. The goal of this work is
to control the mirror to generate desired mechanical state and
achieve accurate mechanical programming function. Secondly,
the inherent hysteresis of the system allowed for the use of
inputs in the form of pulses (not steps as was done in [32]).
The use of pulses to control and program the device’s posi-
tion through the system’s hysteresis presents new challenges.
A generalizable and iterative algorithm is proposed to control
the mirror positions for mechanical state programming.

Programmable devices are those that are capable of storing
a measurable variable for a period of time. Basic examples
of programmable devices are capacitors, where electrical
charge is the stored variable [33], [34], and a minimum
of two states, charged and discharged, are realized. Similar
to this, MEMS devices are capable of storing electrical or

mechanical variables, such as voltage [35]–[37], resonant
frequencies [22] or displacements [38]–[40]. In [37], MEMS
and CMOS technologies are combined to create devices
capable of storing voltage values in two different states,
by charging/discharging a floating gate of a transistor with
a mechanical switch. Programmed displacement values can be
stored in an external circuitry, which works as the system’s
memory by saving the input signal for each desired state.
An example of this is the digital mirror presented by Texas
Instrument, Digital Micromirror Device (DMD) [6], where the
device includes a CMOS memory circuit. Another approach
is creating bi-stable MEMS devices, where two states are
programmed and accessed using an electrical or mechanical
stimulus [41], [42]. The disadvantage of these approaches
is that systems are limited to two states. To overcome this
limitation, a different approach for programming mechanical
outputs has been implemented by exploiting the hysteresis
nonlinearity observed in certain MEMS devices.

In [38] a cantilever beam covered with a thin film of
VO2 was used to demonstrated the programming of different
mechanical states. This was done by maintaining the tem-
perature of the sample near the transition temperature (pre-
heating temperature) and applying laser pulses (photothermal
actuation) to move to different states, where the magnitude
of the laser pulse will determine the new mechanical state.
This technique was also implemented in VO2-based resonators
in [22], where the programmable variable is the resonant
frequency of the system. This was further explored in [39],
where Joule heating with a monolithically integrated resistive
heater was used for actuation. The hysteresis-enabled approach
not only allows for programming of multiple states, but also
enables achieving and maintaining the desired states in an
energy-efficient manner. This is because only electrical current
pulses (on top of a pre-heating current level), instead of con-
tinuous high-magnitude inputs, are required to move around
the states. While hysteresis is largely deemed undesirable for
VO2 and other smart material-based actuators, in this work,
it is exploited to achieve programming of the mechanical states
of MEMS mirrors.

The work in [22], [38] and [39] was focused on demon-
strating that the mechanical states of a VO2 MEMS device
can be maneuvered with laser or current pulses; however, how
to compute the magnitude of the pulse to achieve a desired
mechanical state has not been addressed in these papers. Solv-
ing the latter problem with a principled approach is precisely
the contribution of the current paper, where programming
the pitch angle of a VO2 MEMS mirror, actuated via Joule
heating, is used as a case study. In our approach, the Preisach
operator is used to capture the hysteresis of the VO2 mirror
between the pitch angle output and the current level at the
steady state. Then using the hysteresis model, an iterative
algorithm is developed to compute the pulse magnitude given
the desired output value. Finally, a constant current will be
applied to the device, which will drive it to the preheated stage;
and the calculated pulses magnitude will be added to achieve
the desired output. Experiments are conducted to verify the
effectiveness of the model and the algorithm for programming
mechanical states.
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Fig. 1. SEM images of the VO2-based MEMS mirror, where the rota-
tional axes are labels for the actuated leg [32]. The mirror platform is
600 µm × 600 µm, and the device size is 1.048 mm2, resulting in a fill
factor of 32.8%. The insert shows the patterned metal traces in the bimorph
regions.

II. EXPERIMENTAL PROCEDURES

A. Design and Operation of VO2-Based MEMS Mirrors

The design of the VO2-based MEMS mirror (shown
in Fig. 1) is presented in [18]. The device uses four individual
actuators (legs) to move a square mirror platform. The legs
are connected to each side of the mirror platform, which
results in a tilting movement upon the actuation of a single
leg, or the vertical platform displacement upon the simulta-
neous actuation of all the legs (piston movement). Each leg
has monolithically integrated metal traces that are used as
resistive heaters to induce the transition of the VO2 on the
legs by Joule heating. The legs are mechanically connected to
the mirror platform with only a 1.4 µm thick SiO2 layer. This
is highlighted as mechanical connection in Fig. 1 and Fig. 2.
The SiO2 layer was used to thermally isolate the actuators
with the platform and between actuators. Thermal isolation is
needed in order to prevent the heat produced for the actuation
of one leg from inducing actuation of another leg.

B. Fabrication of VO2-Based MEMS Mirrors

The device presented here follows the same fabrication
process flow as in [18], with a change in the metal layers
to increase yield. In this work, the metal traces and resistive
heaters for the devices are chromium (20 nm) and gold
(110 nm), where the Cr layer is used only for adhesion
purposes. The devices used in [18] were titanium (Ti) and plat-
inum (Pt). The new metal layers (Cr/Au) mitigate significantly
the delamination issues observed when using Ti/Pt, increasing
the yield per wafer from 12.5% to 75%. We believe that the
lower yield with Ti/Pt was caused by the high intrinsic stress
of the evaporated Ti/Pt on SiO2, which has been reported to
be as high as 340 MPa (compressive) [43], [44], while Cr/Au
has an intrinsic stress of 250 MPa (tensile) [45], [46].

Fig. 2. Fabrication process flow of the VO2-based MEMS mirror observed
in a cross-section view of the device. a) PECVD of SiO2 on both side of
the wafer at 300 ◦C, b) deposition of VO2 by PLD, c) PECVD of SiO2
at 250 ◦C, d) metallization lift-off of the metal layer (Cr/Au), e) PECVD
of SiO2 at 250 ◦C, f) RIE on top SiO2 layer to access the metal layer,
g) RIE on top SiO2 to define the structure and expose the Si, h) RIE of
backside SiO2, i) DRIE of the backside Si layer, j) DRIE of topside Si layer
to release the structure, and k) isotropic etch of the Si layer (XeF2 gas) to
create the bimorph section of the legs and the mechanical connection between
the legs and the platform is shown.

The fabrication process flow of the device is shown in Fig. 2
and is conducted on a double-side polished 2-inch silicon (Si)
wafer with thickness of 300 µm. This wafer is needed to
ensure a uniform backside Si etch. SiO2 (1 µm thick) is grown
on both sides of the wafer by Plasma Enhanced Chemical
Vapor Deposition (PECVD) at a temperature of 300 ◦C. One
of the SiO2 layers (back side) is used as a hard mask for
the anisotropic etch of Si, while the other (top side) is used
to promote the crystalline orientation of polycrystalline VO2
growth [22], which increases the maximum deflection caused
by the phase transition of the VO2 [39]. The VO2 is grown by
Pulse Laser Deposition (PLD) and patterned with Reactive
Ion Etch (RIE) following the recipe from [18]. After the
deposition of the VO2, all thermal process are conducted
with temperatures lower than 250 ◦C to avoid degradation of
the material due to film oxidation. Before the metallization,
another 200 nm SiO2 layer is grown to insulate the VO2
from the metal layer. The metal is deposited and patterned
by lift-off technique – the Cr is used as an adhesion layer
between the Au layer and the SiO2 layer. A final SiO2 layer
(200 nm) is deposited to reduce convection thermal losses from
the resistive heater to the ambient. Two SiO2 etch steps are
performed by RIE to expose the metal contact and pattern the
mirror device exposing the Si layer. Another 1 µm SiO2 etch
by RIE is performed on the backside of the wafer to expose
the Si layer. A 250 µm Si anisotropic etch by Deep Reactive
Ion Etch (DRIE) is performed on the back side of the wafer
creating the thickness of the mirror platform and the frames of
the legs. The structure is released with another Si anisotropic
etch by DRIE for the remaining 50 µm, but from the top side
of the wafer. The final step is a Si isotropic etch to remove the
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Fig. 3. Experimental setup used to measure the movement of the mirror
platform, using a laser scattering technique with a low power infrared laser
and a 2D PSD, and a digital camera to calibrate the output voltage of the PSD.

Si layer from beneath the bimorph by XeF2 gas. This process
is timed to etch the Si beneath the bimorph and reduce any
over etch on the frame.

C. Experimental Setup

Fig. 3 shows the experimental setup used to measure the
mirror platform movement. The device chip is wire-bonded
to a rectangular IC package and soldered to a PCB board,
creating the electrical connections between the metal contacts
and the data acquisition system (DAQ). All the electrical
signals are controlled through LabVIEW using a National
Instrument-DAQ. The NI-DAQ is composed of a NI cRIO
controller (NI-cRIO-9076), 2 input modules (NI-9201: ±10 V,
12-Bit, 8-Channel, and NI-9222: ±10 V, 16-Bit, 4-Channel)
and 1 output module (NI-9269: ±10 V, Isolated, 4-Channel).
The DAQ system is capable of achieving speed of 100k
samples per second per channel. The input current is generated
using a BJT NPN transistor (2n3904) in an emitter follower
configuration. A low power infrared laser (λ = 985 nm) with
a beam diameter of 240 µm focused on the mirror platform
in combination with two-dimensional (2D) position sensing
detectors (PSD THORLABS PDP90A) is used to track the
movement of the mirror platform. An optical setup is used to
calibrate the output of the PSD (voltage) to displacement. The
optical setup is composed of a digital camera (Nikon 1 J1) and
an external objective lens (10X Mitutoyo Plan Apo Infinity
Corrected Long WD Objective lens). The resolution of the
optical setup is 0.5 µm/pixel with a speed of 30 Hz. Videos
captured by the camera are analyzed using Tracker video
analysis and modeling software tool (Version 4.94, Douglas
Brown, physlet.org/tracker).

All the experiments are performed in air and at room tem-
perature. Although the sample temperature was not controlled
during testing, fluctuations were very small. A variation in the
ambient (or background) temperature would affect the actua-
tion range of the device. One way to compensate for a small

variation in the ambient temperature would be implementing
a close-loop control system. This was demonstrated in [39],
where the change in resistance of the metal traces caused by
the Joule heating were used as the feedback variable.

In this study, we consider the tilt movement of the device.
This is achieved by actuating only one leg, which creates a 2D
movement. The 2D motion is generated by the asymmetrical
connection between each actuator and the mirror with respect
to the center of the platform. This movement is captured by
the 2D-PSD, and separated into two components (see Fig. 1):
(i) pitch - rotation of the platform along the “Pitch Axis,” and
(ii) roll - rotation of the platform along the “Roll Axis.” The
axes are selected to describe the movement of the platform
independent of which actuator is being used. In addition, there
will be a cross-talk between legs at the moment of excitation
due to the mechanical coupling between them. This will be
more prominent when more than one leg is actuated at the
same time. In this work, we minimize the cross talk between
the actuators by only actuating one leg at a time, which makes
the other legs behave like passive springs.

III. THE ALGORITHM OF PROGRAMMING

MECHANICAL STATES

Exploiting the hysteresis of the system, an algorithm for
programming any selected tilt angle of the VO2-based MEMS
mirror is proposed. Without loss of generality, this study
focuses on programing the pitch angle.

A. Problem Statement

Similar to [39], the input to the mirror system is a combi-
nation of a constant current and a sequence of current pulses.
The constant current is a pre-heating input to the mirror,
and the current pulses are applied to change the angle of
the system. The pre-heating input corresponds to a steady-
state temperature where the possible pitch angle values, due
to hysteresis, encompass the significant chunk of the output
range. The durations of the current pulses are chosen to be
the same, and are much longer than the time constants of the
heating and mechanical dynamics. In the presented system,
the heating dynamic is the dominant mechanism with reported
values of less than 15 ms [32] and the current pulse is held
for 5 s. The latter ensures that the output reach its steady-state
value by the end of each pulse.

Fig. 4(a) illustrates the definition of the input pulses, where
the pre-heating current is denoted as i0, and different cur-
rent pulses are denoted i1, i2, · · · , in , etc. After each pulse,
the current returns back to i0. Under the pulse ik , 1 ≤ k ≤ n,
the current input sequence consists of three steps in the order
of i0, ik, i0. This input sequence of the pulse ik is denoted as
i0 → ik → i0.

The corresponding angle output is illustrated in Fig. 4(b).
It is noted that the angle outputs, θ0, θ1, · · · , θn , are steady-
state values. They are obtained when the angle reaches
the steady-state value while the input returns to i0 at time
t0, t1, · · · , tn , respectively, as shown in Fig. 4(a). Due to
hysteresis, the newly attained angle output under the input
sequence i0 → ik → i0 will be different from the value prior
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Fig. 4. (a) An input sequence consists of the pre-heating current and different
current pulses; (b) The corresponding angle outputs under the input sequence.

to the application of the pulse. The angle first reaches θ0 under
the pre-heating current i0, then reaches θ1 under the input
sequence of the pulse i1, i0 → i1 → i0, and further reaches
θ2 under the input sequence of the pulse i2, i0 → i2 → i0.
Under the input sequence of the pulse ik , i0 → ik → i0,
the angle reaches θk .

Given the current hysteresis memory and a desired pitch
angle value, θd , the goal of programming the pitch angle is to
calculate the value of pulse id such that the steady-state angle
will be equal or close to θd .

B. System Modeling

The MEMS mirror is actuated by four legs, each being a
VO2-coated microactuator. Different mirror poses with com-
binations of pitch, roll, and piston motions can be achieved by
varying the actuation schemes of the legs. For the clarity of
presentation, we focus on the single leg-actuated pitch motion
in this paper. The roll motion can be similarly captured with
the same model formulation for the pitch motion but with
different model parameter values [32].

The following equation can be used to model the dynamics
of the pitch motion:

J θ̈ + Gθ̇ + kθ = a�

[
AT

τths + 1
i2(·); ζ0

]
(t), (1)

where J is the moment of inertia, G is the rotational damping
coefficient, k is the rotational spring constant, θ is the pitch
angle of the mirror platform generated during actuation, a is
the distance between the actuation force and the axis of
rotation, and � is the actuation force, which can be captured
by a hysteresis with the actuation power as input. As shown in
the brackets of (1), the Joule heating dynamics is modeled as

a first-order linear system, where AT is the gain of the thermal
dynamics, τth is the time constant of the thermal dynamics, s
is the Laplace variable, i is the current input, i(·) denotes the
input history, i(τ ), 0 ≤ τ ≤ t, and ζ0 is the initial condition of
the hysteresis memory. More details of the model formulation
and analysis can be found in [30] and [32].

VO2-coated microactuators exhibit non-monotonic hystere-
sis, which results from two competing mechanisms: one is the
stress generated due to the thermal expansion difference of
the materials forming the bimorph structures, and the other is
the stress induced by the phase transition [30]. The actuation
force � in (1) is expressed as

�[·] = �P [·] + �T (·), (2)

where �P [·] is the phase transition-induced force, and �T (·)
is the differential thermal expansion-induced force. The
phase transition-induced force is monotonically hysteretic and
captured by a Preisach operator. The differential thermal
expansion-induced force is modeled as the following linear
term:

�T (i
2(t)) = −c1i2(t), (3)

where c1 is a constant term related to thickness, modulus of
elasticity, and thermal expansion coefficients of VO2 layer
and SiO2 layer, and the negative term is introduced since the
thermal expansion-induced force has an opposite direction as
the phase transition-induced force [30], [32].

Under quasi-static conditions, the mechanical and thermal
dynamics of the mirror system are not considered. The model
of the mirror can be simplified as

θ(t) = a · AT

k
· �[

i2(·); ζ0
]
(t). (4)

C. Modeling the Phase Transition-Induced Force
by a Preisach Operator

The Preisach operator is one of the most effective hysteresis
models and has been widely adopted [30], [32], [47], [48].
In this study, we adopt the Preisach operator to model the
phase transition-induced force of the mirror system consider-
ing its proven modeling capability:

�P [i2(·); ζ0](t)=
∫
P0

μ(β, α)γβ,α[i2(·); ζ0(β, α)](t)dβ dα+c0,

(5)

where P0 is the Preisach plane P0
�= {(β, α) : i2

min ≤ β ≤
α ≤ i2

max}, [i2
min, i

2
max] defines the phase transition range,

μ is the Preisach density function, γβ,α is the basic unit of
the model called hysteron, ζ0(β, α) ∈ {1,−1} is the initial
condition of the hysteron, and c0 is a constant bias. The output
of the hysteron is determined by the input history and is
either 1 or −1:

γβ,α[i2(·); ζ0](t) =
⎧⎨
⎩

+1 if i2(t) > α

−1 if i2(t) < β

ζ0 if β ≤ i2(t) ≤ α.

(6)
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Fig. 5. An illustration of the Preisach operator. The Preisach density function
is uniformly discretized with a discretization level of N .

Based on the outputs of the hysterons, P0 is divided into
two regions. The boundary of the two regions is called the
memory curve and denoted as ψ . The memory curve ψ fully
represents the input history and determines the output of the
Preisach operator. Thus the initial memory curve, ψ0, can be
adopted to rewrite the formulation of the Preisach operator as
�P [i2(·);ψ0](t), and the system model is rewritten as

θ(t) = a · AT

k
· �

[
i2(·);ψ0

]
(t). (7)

Practical model implementation often involves discretization
of the weight function μ to obtain a finite number of parame-
ters [30]. At time n, the output of the discretized Preisach
model is expressed as

�P [i2(·);ψ0](n) =
N∑

i=1

N+1−i∑
j=1

μi j si j (n)+ c0, (8)

where ui j is the weight for cell (i, j) on the Preisach plane,
i = 1, 2, · · · , N , j = 1, 2, · · · , N − i + 1, N is the dis-
cretization level, si j (n) is the signed area for cell (i, j), which
is fully determined by the input up to time n. {u}i j are the
model parameters and determine the phase transition-induced
force �P . The weights {u}i j are identified by the experimental
hysteresis data. Fig. 5 shows an example of discretization of
Preisach density function. The parameters are usually either
constrained to be non-negative or non-positive such that the
Preisach model can describe monotonic hysteresis.

D. The Algorithm for Programming the Pitch Angles

Let the initial memory curve be ψ0 and the pre-heating
input be i0. The goal of programming the pitch angle state is
to calculate a pulse id , such that if the input sequence i0 →
id → i0 is applied, the angle is equal or close to θd :

θd = a · AT

k
· �

[
i2
0 → i2

d → i2
0 ;ψ0

]
. (9)

The following algorithm is proposed to obtain the pulse
input id . The main idea of the algorithm is to obtain the
required pulse by iteratively calculating and updating the

estimated pulse input and the corresponding angle value.
If θd = θ0, there is no need to apply an pulse input and
id = i0; If θd > θ0 or θd < θ0, the algorithm can be described
as follows:

• Step 1:

1) j := 0;
2) Let i ( j ) = i0;
3) Under the input sequence of pulse i ( j ),

i0 → i ( j ) → i0, compute the angle output
θ( j ) as

θ( j ) = a · AT

k
· �

[
i2
0 → (i ( j ))2 → i2

0 ;ψ0

]
. (10)

• Step 2:

1) j := j + 1;
2) Update the estimate of the desired pulse input as

i ( j ) = i ( j−1) + δ(θd − θ( j−1)), (11)

where δ is a small positive constant;
3) Under the updated input sequence i0 → i ( j ) →

i0, compute the angle output θ( j ) based on the
formulation in Eq. (10);

4) If |θ( j ) − θd | ≤ ε, ε > 0 is an arbitrary small
constant, then go to Step 3; otherwise go back to
Step 2.

• Step 3: id := i ( j ), the current pulse is id and the input
sequence is i0 → id → i0, stop.

It is verified that this algorithm can converge to the correct
input, and the input sequence with a larger pulse results in a
larger steady-state output. The proposed algorithm works for
both the case of θd > θ0 and the case of θd < θ0. If θd > θ0,
then a positive pulse is required, id > i0; If θd < θ0, then the
pulse is negative, id < i0.

It is noted that the proposed mechanical programming
algorithm is not limited to the presented VO2 MEMS mirror
system. The proposed algorithm can be adapted for mechanical
programming of systems with hysteresis behaviors, such as
MEMS mirrors and microactuators with different mechanisms
and actuated by other smart materials.

IV. MODELING AND PROGRAMMING RESULTS

A. Model Identification

The experimental measurement of the quasi-static hysteresis
between the pitch angle and the square of the current is
obtained, as shown in Fig. 6. A triangular step sequence
of decreasing magnitude is applied as the input, as shown
in Fig. 6(a). To ensure a steady state measurement, each step
is held for 5 seconds. The full range of the current is [0, 11]
mA, and the full range of the pitch angle is [−0.35, 1.87] deg.
The hysteresis curve exhibits non-monotonic behavior. For
example, the pitch angle firstly decreases, then increases, and
finally decreases when the current is monotonically increased
from 0 to 11 mA.

The hysteresis model is identified based on the experimental
data. More details of the identification algorithm can be found
in [32]. Fig. 6(b) shows the modeling performance for the
hysteresis between the pitch angle and the current input.
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Fig. 6. The (a) input sequence, (b) modeling performances, and
(c) the modeling error of the hysteresis between the pitch angle and the
squared term of current input.

Fig. 6(c) shows the corresponding modeling error. The average
error is 0.0146 deg. Considering that the overall pitch angle
range is 2.18 deg, the proposed model is considered to be
able to accurately capture the non-monotonic hysteresis of the
mirror system.

B. Model Verification Under Pulsed Inputs

To verify that the model can effectively predict the mir-
ror angle under current pulses, additional experiments are
conducted. A randomly-chosen sequence of current pulses,
as shown in Fig. 7(a), is applied to the MEMS mirror.
The amplitude of the DC current for pre-heating the system
is 7.03 mA. Each pulse is held for 1 s while the interval
between pulses is 5 s. The pulse width is selected to be
larger than the thermal time response of the actuator, where
in [32] it was demonstrated to be less than 15 ms determined

Fig. 7. (a) A current pulse input for model verification; (b) The pitch output
under the current input and corresponding steady-state values; (c) The pitch
angle verification performance; (d) The verification error of the pulse input
based on the proposed model.

by the property of VO2. The corresponding measured pitch
angles and steady-state values are provided in Fig. 7(b).
Moreover, the figure also shows the creep behavior of the
system that was reported in [32]. It is shown that the adopted
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Fig. 8. (a) The calculated current pulse input for programming pitch angles to
follow a triangular-shaped sequence; (b) The corresponding pitch output and
steady-state values under the applied input; (c) The pitch angle programming
performance; (d) The programming error of the proposed scheme.

mirror is based on thermal mechanism and has relatively
slow responses comparing to micromirrors using electrostatic
actuation. As discussed in [32], the slow responses are likely
due to the pseudo-creep effect caused by the added stress
from the legs that are not actuated. With creep, the mirror
angles reach steady-state values in 3-5 seconds. The experi-
mental measurements are compared with the model-predicted
values. Fig. 7(c) shows the model verification performance

Fig. 9. (a) The calculated current pulse input for programming pitch angles to
follow a random sequence; (b) The corresponding pitch output and steady-state
values under the applied input; (c) The pitch angle programming performance;
(d) The programming error of the proposed scheme.

and Fig. 7(d) shows the corresponding verification error. The
average error is 0.0256 deg. The effectiveness of the proposed
model is confirmed, and the model can accurately estimate the
system output under random current pulses.

C. Programming Results

The proposed algorithm for programming arbitrary mirror
angles is experimentally validated. A desired angle sequence
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with different values is prescribed. The values of the required
current input pulses are computed based on the algorithm
provided in Section III-C. The computed pulse sequence is
applied to the mirror system, and the experimental results of
the steady-state angles are compared with the prescribed ones.

The programming of a triangular-shaped angle sequence is
first conducted as a case study. The DC current for pre-heating
the system is 7.03 mA. With this pre-heating current, the range
of angle can be programmed is [0.03, 0.67] deg. The desired
angle sequence is shown in Fig. 8(c), which covers the
overall range of angles that can be programmed. Based on the
proposed algorithm, the computed current pulse is provided
in Fig. 8(a). The corresponding pitch angle trajectory and
steady-state values are shown in Fig. 8(b). Fig. 8(c) shows
the programming performance and Fig. 8(d) shows the corre-
sponding programming error. The average programming error
is 0.0313 deg. The effectiveness of the proposed algorithm
for programming mirror states is confirmed since the error is
comparable to the modeling and estimation accuracy, over the
pitch angle range of over 2 deg (Fig. 6(b)). It is found that
when the desired pitch sequence is increasing, the obtained
pitch values are larger than the desired values; when the
desired pitch sequence is decreasing, the obtained pitch values
are smaller than the desired values. This is likely caused by the
creep effect. No clear trend is found between the magnitudes
of the error and the pulse amplitudes.

Finally, the programming of a random angle sequence
(shown in Fig. 9(c)), with 20 different states, is conducted.
The DC current for pre-heating the system is also chosen to be
7.03 mA. According to the proposed programming algorithm,
the current pulse is computed and presented in Fig. 9(a). The
corresponding pitch angle trajectory and steady-state values
are shown in Fig. 9(b). Fig. 9(c) shows the programming
performance and Fig. 9(d) shows the corresponding error. The
average programming error is 0.0287 deg. The effectiveness
of the proposed algorithm for programming mirror states
is further strengthened since programming of random pitch
angles is demonstrated with similar accuracy as in model
identification. While the values of the programming error are
small, the same trend as the programming of triangular-shaped
angle sequence is noticed: when the desired pitch sequence
is increasing, the obtained pitch values are larger than the
desired values; when the desired pitch sequence is decreasing,
the obtained pitch values are smaller than the desired values.

V. CONCLUSION AND FUTURE WORK

In this work a systematic approach to programming the
mechanical states of VO2-based MEMS mirrors was proposed
by exploiting the hysteresis inherent in VO2. The programing
of the output values was performed by applying input pulses.
The non-monotonic hysteretic behavior was modeled using a
Preisach operator in combination with a linear term, with an
average modeling error of 0.0146 deg. The model was able to
predict the pitch angle under pulsed inputs with an average
error of 0.0256 deg. An iterative algorithm was developed
to find the pulse values for achieving the desired output
sequence. The proposed approach was successfully verified

with experimental results on programming two pitch angle
sequences that had different profiles. Although programming
the pitch angle of a VO2 MEMS mirror was used as a case
study, the approach is applicable to other types of MEMS
devices that exhibit hysteresis, for example, those actuated by
other smart materials.

In future work, the study of fast mechanical programming
considering the creep effect will be considered. A possible
solution is to model the creep effect of the system and incor-
porate the analysis into the proposed programming algorithm
to compute the pulse input. Another future direction is to pro-
gram the mirror to follow trajectories rather than quasi-static
angles. To obtain dynamical programming of mirror angles,
the proposed pulse algorithm cannot be directly adopted.
Feedback control with external position sensors is needed.
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