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ABSTRACT

DESIGN, FABRICATION, CHARACTERIZATION, AND CONTROL OF VO2-BASED
MICRO-ELECTRO-MECHANICAL ACTUATORS

by

Emmanuell J Merced

In this work, a vanadium dioxide (VO2)-based micro-electro-mechanical actuator has

been successfully designed, fabricated, characterized and controlled to achieve accurate dis-

placements through the monolithic integration of a localized heater and self-sensing mecha-

nism. VO2 is a solid-to-solid phase transition material whose electrical, structural, and opti-

cal properties change abruptly as a function of temperature. Recent integration of this ma-

terial in micro-actuators has shown strain energy densities, displacements, actuation speeds,

and repeatability values comparable or, in some cases, superior to state-of-the-art micro-

actuator technologies. Previous studies on VO2 micro-actuators focus on open-loop manip-

ulation of the device deflection, whose performance is highly susceptible to environmental

disturbances and noises. In order to obtain accurate deflection control in micro-actuators, a

closed-loop configuration is generally employed, which involves the use of external or internal

displacement sensors. The incorporation of these sensors in micro-actuators usually increase

design complexity, fabrication cost, and system footprint. Due to the multifunctional nature

of VO2, a self-sensing technique is achieved, where the micro-actuator deflection is estimated

through VO2 resistance measurements. In addition, the resistance-deflection hysteretic be-

havior is largely reduced due to the strong correlation between the electrical and structural

transition, which greatly simplifies the self-sensing model. The closed-loop deflection con-

trol of these devices using self-heating actuation is also studied through voltage and current

control, which reduces the need for additional heating components.
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CHAPTER 1

INTRODUCTION

Vanadium dioxide (VO2) has been extensively studied due to its ability to change abruptly

its electrical [20], optical [21], and structural [22] properties at a temperature of around 68 ◦C.

However, it was not until recent years that the structural changes in VO2 across its phase

transition were used to produce produce micro-structures displacements orders of magnitude

greater than similar sized thermal and electrostatic actuators [14, 23]. The successful inte-

gration of VO2 thin films in micro-electro-mechanical systems (MEMS) fabrication processes

has also enabled the design and fabrication of micro-actuators capable of achieving faster ac-

tuation speeds and lower power requirements [24,25]. Despite these advances in VO2-based

micro-actuators the research is still limited to open-loop actuation of the devices, which

constrains its use to maximum and minimum deflection values or with high errors across

the transition. Other open-loop approaches require the use of complicated offline hysteresis

model calculations to compensate for the highly hysteretic behavior [26]. By using closed-

loop control of the device deflection in VO2-based micro-actuators, the structural phase

transition can be further exploited through the continuous actuation of the structure across

the entire phase transition region, which produces the largest possible displacement.

Figure 1.1 shows a scanning electron microscope (SEM) superimposed image of a VO2-

coated silicon (Si) cantilever at both actuation limits with a maximum tip displacement

of approximately 70 µm. These actuation limits correspond to the two VO2 phases, ob-

served at room temperature and 70 ◦C. The VO2 deposition was performed using pulsed

laser deposition (PLD). Note that the initial residual stress, which produces the cantilever

deflection at room temperature, results from the VO2 deposition. The total deflection of

70 µm during actuation is caused by the structural phase transition (SPT), during which the

VO2 crystallographic plane parallel to the Si substrate (100) plane contracts abruptly from

1



Figure 1.1: SEM image of a VO2-coated silicon micro-cantilever at both actuation ends.

the monoclinic (011)M to the rutile (110)R VO2 phases as the temperature is increased from

room temperature. This lattice reorganization comes with a decrease of approximately 1.7%

of the plane area and is known to be fully reversible [14].

The deflection of the micro-cantilever across the transition is shown in Figure 1.2, which

shows the hysteresis behavior as a function of temperature. The total actuation range is
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Figure 1.2: Deflection of a VO2-coated silicon micro-cantilever as a function of temperature.
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achieved through a temperature change of only 15 ◦C. The difficulties of achieving accurate

actuation using open-loop are evident, not only due to the hysteresis, but also due to the

non-monotonic behavior. In addition, the susceptibility to environmental disturbances and

noises can hinder the performance of such devices.

Figure 1.3 shows the resistance of a VO2 film as a function of temperature through

the phase change. This type of transition is usually referred to as an insulator-to-metal

transition (IMT). Although the IMT and the SPT occur at a slightly different temperature,

both transitions are strongly correlated [27]. Using this correlation between the electrical

and mechanical properties of the VO2 film, it should be possible to estimate the deflection

based on resistance measurements and reduce the hysteresis effect.

1.1 Problem Description and Motivation

Closed-loop control of the deflection in VO2-based MEMS actuators is required for accu-

rate and robust positioning throughout the complete deflection range of a micro-actuator

device. This control can be achieved by inducing the transition through localized heating
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Figure 1.3: Resistance of a VO2 film deposited on Si as a function of temperature.
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and obtaining deflection measurements through the use of external or internal sensors for

feedback purposes. In this thesis, both sensing configurations are explored, using a laser

scattering technique for the external sensing mechanism and self-sensing — estimation of

deflection through resistance measurements — as the internal mechanism. The latter, not

only reduces the size and complexity of the system, but also, reduces the hysteresis between

deflection and resistance due to the strong correlation between the IMT and SPT. These

sensing techniques, in combination with the design and fabrication of a MEMS device, are

used to develop an accurate controlled VO2-based MEMS micro-actuator. In addition, self-

heating of the VO2 will be used as an alternative actuation method, which contributes to

further device miniaturization. The problems addressed in this thesis are:

• A detailed study of VO2-coated micro-actuators must be achieved, which includes

quasi-static and photo-thermal actuation, calculations of strain energy density, and

demonstration of self-sensing and hysteresis reduction between deflection and resis-

tance.

• A VO2-based MEMS actuator with monolithically integrated heater and self-sensing

mechanism must be designed and fabricated.

• The MEMS actuator must be characterized in terms of quasi-static, frequency, and

time responses, reliability, and rate dependency.

• Dynamic actuator deflection model in the thermal and mechanical domains needs to

be derived (for controller design purposes).

• A suitable resistance-to-deflection self-sensing model must be determined.

• Closed-loop controlled performance of the actuator needs to be validated through

closed-loop frequency, step, and sinusoidal reference tracking.

• For self-actuation of the VO2-based MEMS actuator, the deflection must be controlled

by controlling the supplied voltage or current to the VO2.
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A series of experiments, simulations and analytical approaches are used to address these

problems. The techniques used for the characterization, self-sensing, and self-actuation

control of this actuator can also be used for other types of VO2-based structures. Ref-

erences [28–32] are the publications resulting from the work done in this thesis.

1.2 Thesis Statement

This thesis presents the development of an accurate VO2-based MEMS actuator. The main

contributions are: demonstration of VO2 capabilities as a smart material in terms of strain

energy density, overall quasi-static displacement, photo-thermal actuation and self-sensing —

the use of VO2 resistance for actuator deflection estimation; the design and fabrication of a

fully controlled VO2-based MEMS actuator; the integration of VO2 resistance measurement

in the device, which enables simultaneous in situ resistance and deflection measurements;

the demonstration of VO2 cross-property hysteresis reduction across the complete actuation

range using the resistance-deflection relationship; the use of self-sensing as an integrated

sensing mechanism in the MEMS device for achieving accurate deflection control, which

eliminates the need for external deflection measurement methods; thorough actuator charac-

terization including quasi-static response, frequency and time domains, reliability, and rate

dependency; analytical and numerical micro-actuator thermal and mechanical modeling for

use in controller design and results validation; demonstration of the closed-loop actuator

performance through a series of reference tracking experiments, which includes closed-loop

frequency response, and step and sinusoidal reference tracking; demonstration of closed-

loop controlled self-actuation of the VO2-based MEMS actuators using voltage and current

control techniques.

Thesis Statement: The development of an accurate VO2-based micro-electro-mechanical

actuator is achieved through the successful integration of monolithically integrated electro-

thermal heater, self-sensing/self-actuation mechanisms, and closed-loop control, which en-
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hances the performance of these devices (in terms of energy density, robustness, etc.) and

broadens their applications for micro-positioning and deflection tracking.

1.3 Anticipated Research Contributions

In this thesis, the problems described in Section 1.1 will be addressed. The mechanical

actuation process in VO2 will be studied in terms of quasi-static and dynamic displace-

ment, strain/stress, and strain energy density measurements, which will be compared with

other smart materials. In addition, the hysteresis reduction effect between resistance and

deflection will be demonstrated, which will enable the use of simpler control techniques.

The results from these studies will demonstrate the advantages of using VO2 as the active

layer in MEMS actuators. The successful design and fabrication of a monolithically inte-

grated heater and self-sensing mechanism will allow for further miniaturization of current

VO2 actuator technologies. By characterizing the micro-actuator, a deeper understanding

of the deflection and resistance effects can be reached and used for future optimizations.

Dynamic models for the thermal and mechanical actuator domains in combination with a

non-hysteretic self-sensing model will provide the tools needed for controller design. The

closed-loop performance validation and testing will provide bandwidth, transient, and fre-

quency dependent information. By controlling the voltage and current through the VO2 thin

film, the deflection of the micro-actuator will be induced. This self-heating technique will

be combined with closed-loop feedback in order to obtain accurate deflection control.

1.4 Dissertation Outline

The remaining chapters are organized as follows; Chapter 2 presents a thorough background

on the MEMS actuator techniques, feedback control in micro-actuators, and the electrical and

structural transition in VO2. In Chapter 3, a study of the VO2 capabilities are presented,

which involves quasi-static and photo-thermal actuation, as well as the micro-actuator figure
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of merit: the strain energy density. In addition, the self-sensing effect is briefly studied.

All the research performed in this chapter is done in non-MEMS devices and is used to

substantiate the thesis statement and the self-sensing and actuation methods used in this

thesis. Chapter 4 shows the design and fabrication of a VO2-based MEMS actuator with

monolithically integrated electro-thermal heater and VO2 resistance measurement electrodes

for self-sensing. In Chapter 5, a detailed device characterization and closed-loop controlled

experiments are performed using an external deflection sensor. Chapter 6 presents the

use of self-sensing feedback in a VO2-based MEMS actuator for accurate deflection control.

Chapter 7, shows the results obtained by using self-heating of the VO2 achieved by voltage

and current control techniques. Finally, Chapter 8 presents a summary of contributions of

this thesis.
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CHAPTER 2

BACKGROUND

2.1 Micro-actuators

Micro-mechanical actuators are devices with micrometer dimensions that can convert one

type of energy or signal into another. In many cases, the output signal of an actuator is

the displacement or force of a suspended structure (e.g. cantilever, membrane, rotating

gear) [1–9,19,33–42]. They are characterized by the amount of work that they can perform,

and can be classified according to the type of energy or signal they receive and how they

convert it. A review on the many actuation techniques was published in 2005, which includes

selection criteria [37].

There are different actuation methods that have been used successfully, such as ther-

mal [2–4, 19, 39, 40], electrostatic [5–7, 35–38], magnetic [33, 34], and piezoelectric [8, 43, 44];

all of which have their advantages, limitations, and trade-offs. Some of these advantages and

limitations are: fabrication simplicity, resolution, efficiency, motion range, force and actua-

tion speeds. Due to the many applications available for micro-actuators there is no single

type of actuation mechanism that can meet all the requirements. However, the most common

actuation mechanisms for micro-actuators are thermal and electrostatic. VO2 can be cate-

gorized as a thermal-based actuation, although it is also a smart material with particularly

interesting multifunctional capabilities.

2.1.1 Thermal Actuators

The family of thermal actuators can be divided according to the phenomenon caused by

the difference in temperature. Among all the types of mechanical actuators, shape memory

alloy (SMA) actuators (also considered a type of smart material) offer the highest strain
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energy density [37]. They have been used to develop wireless bio-mimicking micro-robots [1]

(see Figure 2.1). However, their dimensions are typically in the millimeter range and the

50 mm
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m
m

Figure 2.1: A wireless bio-mimicking micro-robot with shape memory alloys actuators [1].

reported displacements are not larger than 35 µm [19]. Thermo-pneumatic actuation can

be achieved by changing the pressure level inside a cavity using a heater electrode that

moves the sealing diaphragm. A corrugated silicon diaphragm (which is more flexible than

a flat one) was driven by thermo-pneumatic actuation and the maximum displacement was

40 µm [2] (see Figure 2.2). The third sub-class of thermal actuators uses thermal expansion

x300 0009 25kV 100µm
µ 

 

Figure 2.2: A corrugated diaphragm driven by thermo-pneumatic actuation [2].

mechanisms. Thermal expansion actuators are basically released structures (e.g. cantilevers)

made out of at least two different materials with different thermal expansion coefficients.

When heated, the difference in the thermal expansion coefficients causes both layers to
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expand at different rates. This produces a cantilever bending in a direction perpendicular to

both films, with the film with the lowest thermal expansion coefficient facing the inner side

of the arc formed by the cantilever. The largest displacements that have been observed with

this type of actuators use some type of polymer as one of the materials that form the bilayer

cantilever. Polyimide based bilayered cantilevers have shown impressive bending capabilities

[39]. However, once again, the dimensions of these cantilevers are in the millimeter range.

Other smaller cantilevers (300 µm long and shown in Figure 2.3) have also been coated

with polymers to obtain deflections up to 50 µm [3]. The use of polymers limits the use of

 50 µm  

ΔT
 

Figure 2.3: Bilayered polyimide coated micro-cantilever [3].

such cantilevers for temperatures below their melting temperature (approximately 400 ◦C).

Finite element methods have been used to optimize the actuator geometry for maximum

deflections on thermal actuators about 150 µm long and 50 µm wide, but no deflections

larger than 20 µm were obtained [4, 40]. An example of the V-shaped actuator optimized

in [4] is shown in Figure 2.4.

2.1.2 Electrostatic Actuators

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
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Figure 2.4: V-shaped thermal actuator [4].

than the mean free path of particles in air at room temperature (approximately 6 µm).

Electrostatic comb-drives have been actuated with 20V and achieved displacements close to

30 µm [35]. Later improvements in the design and fabrication led to displacements of up to

150 µm in 1ms on comb-drive devices actuated with 150V, which is shown in Figure 2.5 [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 (angular

motion), the linear displacements have been close to 40 µm and angular velocities of up to 6

rpm (see Figure 2.6) [6,36]. However, other types of electrostatic actuators, such as scratch

Figure 2.5: Electrostatic linear comb-drive micro-actuator [5].
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Figure 2.6: Micro rotational motor driven by electrostatic comb-drive actuators [6].

drives and impact actuators, can be used to obtain deflections as large as 200 µm [37].

Impact actuators need multiple motions (or impacts) in order to get a total displacement

Movable Mass

Electrode Suspension

500 µm 
  

Figure 2.7: A impact micro-actuator driven with AC signals [7].

in the micrometer range. For example, an AC voltage signal with amplitude of 100V and

frequency of 200Hz was applied to the impact micro-actuator shown in Figure 2.7 for
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500ms and a displacement of 1.35 µm was obtained [7]. The dimensions of this device were

3mm × 3mm × 600 µm. 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 1mN and have displacements close to 200 µm [38].

2.1.3 Smart Actuators

More recently, researchers have found that smart materials — the most common being

piezoelectrics, electroactive polymers and phase-change materials — provide new actuation

mechanisms capable of performing beyond the theoretical limits of the technologies men-

tioned above. Smart materials are materials engineered to obtain a significantly amount of

change in one or more of its properties, which can be controlled by an external stimuli (e.g.

temperature, electric field, etc...). Piezoelectrics are materials that produce stress when a

voltage is applied across it. Piezoelectric-based actuators — example shown in Figure 2.8

— can generate forces up to 1mN, and displacements up to 200 µm [8]. These types of actu-

ators require relatively high operation voltages, involve complex compounds (and sometimes

toxic; e.g. lead) which complicates their deposition as thin films and limits their applicabil-

ity in MEMS and NEMS (especially for bio-related applications). Nevertheless, they have

Figure 2.8: A piezoelectric-based micro-actuator [8].

13



a clear advantage in terms of speed, with frequency responses near 10 kHz, which could be

increased by up to two orders of magnitude in piezoelectric bimorph geometries at the cost

of a substantial reduction in force capabilities [37].

Electroactive polymers are another type of smart material that produces a deformation,

greater than that of piezoelectrics, when a voltage is applied to it. Electroactive polymer-

based actuators have demonstrated good performance in air and liquid environments [41,42],

which makes them suitable for biomedical applications. They also operate at very low power

with highest strain energy density in the vicinity of 5× 104 Jm−3 for the micro-actuator in

Figure 2.9 [9].
20

0 
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m

Figure 2.9: An electroactive polymer micro-actuator [9].

Phase change materials are yet another type of smart material that produces an abrupt

change in stress through their phase transformation, which is usually thermally induced.

SMAs are an example of phase change materials with very high strain energy densities of

approximately 107 Jm−3 obtained through the austenite-martensite transformation [19]. An

example of a TiNi SMA-based micro-actuator is shown in Figure 2.10. The micro-gripper

is able to completely close its fingers making it possible to grab microscopic particles [10].

Although other types of phase-change materials exist, their structural changes are not as at-

tractive for actuator applications and their transition temperatures are much farther of room

temperature than that of VO2. For example, an alloy of germanium-antimony-tellurium

(Ge2Sb2Te5) produces very small deflection changes compared to those observed in VO2
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and SMA. In addition, the deflections observed are a result of an irreversible crystalliza-

tion process that occurs at temperatures above 300 ◦C, which are not ideal conditions for

micro-actuators [45].

50 µm

Figure 2.10: An SMA-based micro-gripper under full actuation [10].

2.2 Feedback Control of Micro-actuators

Regardless of the actuation method used for driving micro-actuators, in most applications

(e.g. micro-positioning and micro-manipulation) accurate and precise displacement values.

This performance can be achieved by actively compensating the actuation signal using feed-

back control of the displacement. Every sensing and control approach that can be used

to achieve such control comes with specific implications on the overall device performance.

The following discusses some of the most common sensing and actuation techniques used in

micro-actuators.
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2.2.1 Sensing Techniques

The developed techniques for the measurement or estimation of displacements of MEMS-

based actuators can be divided into two main groups: internal and external sensors. A

piezoresistor, for example, can be used as an internal sensor by incorporating it in the device

fabrication process and optimizing its location to increase sensing sensitivity. Piezoresistor

materials, such as boron doped Si, produce a change in resistivity due to a stress change in the

material. An example of piezoresistors (PMT) used in micro-actuation sensing and feedback

is shown in Figure 2.11, where a Wheatstone bridge configuration is used to cancel out

thermal effects [11]. Strain gauge sensors are yet another type of internal sensing mechanism,

TIM

PMT

Figure 2.11: Using a piezoresistor to sense displacement in micro-actuators through a Wheat-
stone bridge configuration [11].

in which a change on strain produces a change in resistance. Unlike piezoresistors, the

change in resistance in strain gauges is product of geometry changes rather than the material

resistivity. This makes resistance gauges highly dependent on the direction of measurement

and in temperature variations. An example of a strain gauge sensor is shown in Figure

2.12, where a MEMS-based structure with integrated mechanical amplifier is used [12]. Two

parallel metal electrodes can also be used to measure displacement in micro-structures by

measuring the change in capacitance as the gap or overlapping area between the plates

changes. This method can be employed in double clamped structures due to its relatively

16



15kV       X220               0014            100.0V

Figure 2.12: MEMS strain gauge sensor and mechanical amplifier [12].

high deflection sensitivity. One disadvantage of this method is that it is not compatible for

micro-benders since the change in gap/area overlap is generally non-uniform and highly non-

linear. Figure 2.13 shows an accurate displacement sensing mechanism based on overlapping

area change [13].

200 µm

Figure 2.13: Parallel capacitive plates used as displacement sensing through change in over-
lapping area [13].
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External sensors are less invasive mechanisms that generally allow for large displacement

measurements. One of the most common external displacement measurement technique is

laser scattering, where a laser is focused at the micro-actuator and the reflected light move-

ments produced by the device displacement is measured with a position sensitive detector

(PSD). Figure 2.14 shows a schematic representation of laser scattering used to measure

displacements in micro-actuators [14]. One disadvantage of this method is its high sensitivity

to external vibrations and correct position of the laser, which depends on the laser spot size.

The use of an interferometer can generate even higher displacement sensitivity and precision

PSD
F
M
C

H
Figure 2.14: Schematic representation of a laser scattering technique for measuring displace-
ments in micro-actuators [14].

at the expense of more complicated and expensive setups, with even higher disturbance sen-

sitivity. A schematic of a interferometry setup is shown in Figure 2.15. The basic principle

of an interferometer is to measure the phase change between two beams that travel through

different path and that originate from the same coherent light. This creates an interference

pattern that is highly sensitive to the displacement of the micro-actuators. An example of

an interference pattern on a MEMS device created with a imaging interferometer is shown

in Figure 2.16 [16]. This pattern can then be used to unwrap the measured phase image

and detect height and slope of the micro-actuators.

In general, internal sensors complicate the fabrication of the MEMS devices, increase the

fabrication cost and are usually inefficient in measuring large displacements. On the other

hand, external sensors require the use of bulky and high cost measurement setups, which

hinders the miniaturization of the device. Self-sensing is yet another method for measuring

displacements, in which the deflection is estimated based on some other material parameter
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Figure 2.15: Schematic of a interferometer [15].

70 µm

Figure 2.16: Interference pattern on a micro-actuator created with an imaging interferometer
[16].
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change, such as resistance or permittivity [17,46,47]. This method is particularly popular in

smart material-based MEMS actuators, such as shape memory alloys (SMAs), piezoelectrics,

and electroactive polymers, where usually more than one material parameter is sensitive to

the actuation signal. A more detailed self-sensing background is presented in Section 2.2.3

2.2.2 Control Techniques

Many control techniques have been employed for accurate actuation of micro-devices, the

most widely used being proportional-integral-derivative (PID) due to its simplicity and easy

tunability of its parameters. Examples of PID controllers used in micro-actuation can be

found in literature, particularly for linear and non-hysteretic actuators. In the work done

in [48], a proportional controller is used to control the gap of a comb-drive micro-actuator

to produce displacement parallel to the substrate (i.e. in-plane displacement). A maximum

controlled displacement of 20 µm was achieved with input voltage of 100V and a maximum

operating frequency of 30Hz. In [49], a RLC circuit is used to control the gap of a micro-

actuator with a maximum gap range of 1.6 µm using position feedback. A maximum control

voltage of 4V was reported with operating frequencies of up to 90Hz. Yet another example

of PID control in micro-actuators is shown in [50], where a MEMS cantilever-based parallel

plate (131 µm long with an initial gap of 1.9 µm) is controlled with a maximum voltage of

10V.

PID compensators have also been used to accurately control the displacements in thermal

actuators. The 800 µm long out-of-plane micro-actuator shown in [51] was controlled with

a PID through a maximum deflection range of 15 µm with maximum power consumption of

698mW. Another work, reported in-plane deflection control of a 200 µm long structure with

maximum deflection and power of 10 µm and 90mW [52].

For non-linear micro-actuators based on smart materials, more complicated compensator

techniques are required. The research in this area is very limited due to the miniaturiza-

tion difficulties imposed by smart materials. Non-linear sliding mode compensation was
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used in [53] to control the mechanical displacement in SMAs. Although the actuator is

in the macro-scale, it serves to show the capabilities of this type of control for achieving

SMA-based positioning. Fuzzy logic and robust controllers have also been used to control

micro-actuators, especially whenever system uncertainty is present [54,55]. In [55], a robust

compensator was used to control an Ionic PolymerâĂŞMetal Composite — a type of EAP

— actuator. The device length was 39mm with a maximum deflection of 0.3mm.

Hysteretic micro-actuators require even more complicated control approaches, which usu-

ally involve some type of hysteresis compensation, such as Preisach and PrandtlâĂŞIshlinskii

inverse. The SMA actuator in [56] was controlled using a Preisach hysteresis inverse in com-

bination with a PID controller. The 2mm long actuator achieved a maximum deflection

of 180 µm and a closed-loop response time of around 25ms. Another example of hysteresis

compensation is shown in the work done in [57], where a Prandtl-Ishlinskii inverse model was

used as the hysteresis compensation and a PID was used to control the system dynamics. A

different hysteresis compensation technique is achieved by using self-sensing feedback, which

can be used in combination with PID or robust controllers for accurate positioning control

in micro-actuators.

2.2.3 Self-sensing Feedback

Self-sensing, in micro-actuators, refers to the estimation of a mechanical parameter (such as

displacement or strain) based on the measurements of another coupled parameter (such as

resistance or permittivity) of the same material that exerts the actuation. In other words,

the actuation or active material is also used as the sensing element, which greatly reduces the

measurement setup and signal processing. Self-sensing has been used effectively in multiple

studies as a mechanism for achieving closed-loop control of mechanical displacements in

micro-structures [46, 58–60]. For example, self-sensing of lead zirconate titanate (PZT)-

based microactuators has been used to effectively control the vibrations of the device for

hard disk drives [59]. By measuring the PZT voltage, which is modeled through a capacitor
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decoupled in a bridge circuit, the deflection of the PZT-based microactuator can be estimated

and controlled.

Thermal expansion-based deflection of a microactuator comprising layers of two differ-

ent materials has also been estimated using the resistance change of one of the materials

and the monotonic coupled changes in the structural deflection as the temperature is var-

ied [46]. A micro-structure composed of layers of two different materials was heated, causing

both materials to expand at different rates; producing monotonic coupled changes in ma-

terialâĂŹs resistance and structureâĂŹs deflection. Shape memory alloys (SMAs)-based

micro-grippers have taken advantage of self-sensing by approximating and controlling their

strain/deflection using contraction force-to-resistance polynomial models [60]. Although the

operation of SMAs is similar to that of thermal expansion, their response is highly hys-

teretic [19], which makes resistance-to-deflection modeling more challenging and produces

relatively large errors (higher than 5%) between the achieved and desired deflections in

tracking-control experiments (see Figure 2.17) [17]. These large errors in hysteretic micro-

actuators, like VO2-based actuators, are undesirable and could be detrimental in applications

such as micro-manipulation [61, 62], micro-optics [63], and micro-sorting [64], where highly

precise control is required.

Inverse compensation has been used to reduce the impact of strong hysteresis non-

linearity in smart material actuators [18,65–68]. Figure 2.18 shows the effects of hysteresis

compensation in a piezoelectric micro-actuator in terms of measured and desired displace-

ment values. By using hysteresis compensation it is possible to reduce the hysteresis, which

reduces the tracking errors. Although this technique is effective, it is also highly compu-

tationally demanding and does not perform robustly against disturbances. Control theory

has been used in systems based on self-sensing to reduce environmental disturbances and

plant uncertainties, but such studies have been typically limited to piezoelectric-based actua-

tors [69–72]. The controllers in [69,70] were designed to control the deflection of piezoelectric

microactuators based on charge measurements. Although external disturbances and model
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Figure 2.17: Closed-loop step reference response of a SMA micro-actuator using self-sensing
feedback without hysteresis compensation [17].

displacement y

reference yr

with compensation

without compensation

Figure 2.18: Actual displacement as a function of reference for a hysteresis uncompensated
and compensated micro-actuator using hysteresis inverse [18].

uncertainties were considered for the controller designs, the error between the actual de-

flection and the reference error was not addressed. The robust controllers in [71, 72] were

synthesized for suppression of piezoelectric structure vibrations by self-sensing the rate of

strain change, where tracking desired reference signals was not considered. The work done
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in [71] followed a similar control framework as in [69], but it was designed to follow a de-

sired deflection value of zero (in order to reduce vibrations). Although the controller design

in [72] accommodates constraints on control effort, it does not account for effects of model

uncertainties, hysteresis or disturbances. Hysteresis compensation has also been achieved in

self-sensing feedback systems through external manipulation [73], or by limiting the actua-

tion range of the device [74]. Recently, more interest has been given to accurate control of

VO2 micro-actuators due to its high strain energy density and miniaturization capability.

Since highly coupled parameters from multiple domains change across the material transi-

tion, it is possible to reduce or even cancel out the hysteresis between mechanical deflection

and electrical resistance.

2.3 Vanadium Dioxide

VO2 is a stable vanadium oxide phase known to undergo abrupt changes in its electrical [20],

mechanical [14], and optical [21] properties during its solid-to-solid phase transition. This

transition can be induced thermally at a transition temperature (TTr) of approximately

68 ◦C, during which the material changes from its monoclinic crystalline structure (M1) at

room temperature, to a tetragonal, rutile-type (R) at higher temperatures. The transition

is fully reversible when deposited as thin films. The schematic representation of unit cells

for both VO2 phases are shown in Figure 2.19.

Although other vanadium oxides also exhibit phase transitions, their TTr are much further

from room temperature than VO2 (e.g. V6O13 [75] and V2O3 [76] show phase transitions

at TTr = −123 ◦C, and V2O5 [77] at TTr = 280 ◦C). The proximity of the TTr to room

temperature has given VO2 the upper hand when it comes to most practical applications.

Defects in the VO2 lattice may generate room-temperature phases different than the typical

monoclinic M1 phase of pure VO2, which has an influence on the magnitude of the changes of

the materialsâĂŹ properties and on TTr. Such defects can be induced through substitutional

vanadium ions (V5+ for V4+), or via doping by Cr, Ti, W, Fe, among other elements [78–81].
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Figure 2.19: Schematic representation of the units cells in the M1 and R VO2 phases. Note
the orientation change from one phase to the other.

The physics that produce the drastic changes in VO2 properties is still a subject of

debate in the scientific community, although recent work has revealed that the behavior

can be described as a Mott-Peierls transition [82]. During this transition, two different

mechanisms occur: the insulator-to-metal transition (IMT), responsible for the electrical

resistance change [20], and the structural phase transition (SPT) [22], responsible for the

large strain produced as a consequence of the lattice reorganization. These two mechanisms

are strongly coupled — the reordering of the vanadium ions that causes a reduction in the

bandgap comes with a change in the crystal structure that causes strain in a highly oriented

film. These two mechanisms have been used in the development of a variety of applications,

such as thermo-optical modulators [83], optical switched [84], uncooled micro-bolometers [85],

thermochromic smart windows [86], field effect transistors [87] among other applications.

VO2 can be deposited using Pulsed Laser Deposition (PLD) [14], Sputtering [88], and

Sol-Gel [89], among other techniques, and usually involve temperatures above 300 ◦C in an

oxygen atmosphere and/or a post-annealing step. PLD is the deposition technique employed

to deposit all the poly-crystalline VO2 thin-films used in this thesis.
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2.3.1 Electrical Transition

The effects produced by the IMT in VO2 was explained more than four decades ago in [90]

and more recently in [91]. In the tetragonal (rutile) structure at high temperatures, the

oxygen (O) atoms surround the vanadium (V) atoms in an octahedral configuration. This

configuration results in O sharing through the edge of the octahedral along the cr axis (shown

in Figure 2.19). The V ions in the d levels are divided into t2g states, which are then divided

into dll and π∗, and eg states, which have higher energy. The dll produce V-V strong bonding

pairs along the cr direction resulting in a metallic bond, which produces the metallic or low

resistance values at high temperatures. As the temperature is decreased through TTr, the V-

V pairs tilt and V-O bonds are formed resulting in the monoclinic structure and an increase

in the energy of the π∗ states. During this change in lattice, the dll band is divided into

two regions: a bonding combination with low energy and a anti-bonding combination with

high energy. This results in a bandgap of 0.7 eV, which explains the increase in resistance at

lower temperatures. The change in the bands diagrams can be seen in the schematics shown

in Figure 2.20.

Figure 2.20: Band diagram representation of the tetragonal and monoclinic phases in VO2.
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2.3.2 Structural Transition

The electrical transition in VO2 is immediately followed by a SPT, which requires a slightly

higher energy level [27]. During this SPT, the VO2 crystalline structure contracts in the

cr direction while it expands in the ar and br directions [91]. The abrupt effects produced

by the SPT were not discovered until the last decade, when it was reported that a VO2-

coated 350 µm-long single crystal silicon (SCS) cantilever produced curvature changes of over

2000m−1 when heated across TTr [14]. The observed changes were not due to the difference

in thermal expansion coefficients between the SCS and VO2, since the measured strain was

0.3%, which is much larger than that produced with thermal expansion alone. Instead, the

curvature changes were a result of the changes produced by the SPT. VO2 tends to orient

itself with its cr axis parallel to the substrate when deposited by PLD over amorphous Si and

SiO2. As a result, when the cr axis contracts it produces the observed behavior. Following

this discovery, the study of the SPT has resurfaced. Other studies in bimorph structures have

been recently performed, which include more curvature studies [23], mechanical resonance

changes [92], and stress measurements [93]. This investigations have prompt the development

of new technologies involving the SPT of VO2.

2.3.3 Vanadium Dioxide Actuators

Since the development of the first VO2-based micro-actuators [14], there have been other

types of VO2-based structures and improvements. In [23] a VO2-coated Cr cantilever was

used to achieve curvature changes of 24 000m−1 through the SPT. This was possible due

to device optimization and smaller device thicknesses. Photo-thermal experiments were

performed on VO2-based micro-actuators to show fast actuation of the devices in different

surrounding media [24, 28]. The results showed that not only can the VO2 be actuated

thermally with laser light, but it can also reach actuation bandwidth much higher than

conduction heating actuation. A method for obtaining more precise strain energy density

values in large bending devices was used in VO2-coated Si micro-actuators. The strain energy
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density is the figure of merit in micro-actuation since it normalizes the work performed with

device volume. A value of 8× 105 Jm−3 was obtained, which is comparable to that found

in SMA-based actuators.

More experiments in VO2 micro-actuators were performed to achieve deflection hysteresis

modeling through the use of Preisach operators [26]. By measuring the curvature change of

a VO2-coated silicon cantilever across the SPT it was possible to find a hysteresis model that

could fit the curvature-temperature relationship. This was then used to significantly reduce

the hysteresis and perform open-loop actuation of the device. Additional control experiments

were performed in [29], where self-sensing feedback was used to control the deflection of a

VO2-coated Si cantilever. This served as the proof of concept of hysteresis reduction in VO2

using self-sensing and the basis for the work performed in this document. Further integration

of VO2 into MEMS-based micro-actuation was achieved by incorporating localized heating

elements inside the structure in order to decrease power consumption, increase bandwidth,

and decrease device size [25]. Using this MEMS devices it was also possible to exploit

the hysteresis in deflection in order to develop programmable mechanical states [94]. In

addition, a closed-loop system for controlling device level temperature was developed in

order to compensate for temperature variations in the environment.

All of these results suggest that VO2-based micro-actuators can achieve better perfor-

mance than other thermal actuators (such as those based on SMAs) in terms of power

consumption, bandwidth, strain energy density, and repeatability. Some of these studies, in-

cluding photo-thermal actuation, strain energy density calculations, and the proof of concept

of self-sensing feedback in VO2-coated structures, were performed towards the development

of this thesis. Their results are explained in detail in Chapter 3.

2.4 Summary

In this chapter, a comprehensive background on micro-actuator mechanisms, feedback control

in micro-actuators and VO2 was presented. The discussion on micro-actuators included
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the most common mechanisms, such as thermal, electrostatic, and smart materials-based

actuators. The use of feedback control techniques in the different actuation mechanisms

was divided into types of deflection sensors, compensation schemes with emphasize on self-

sensing feedback and hysteresis compensation. Lastly, the VO2 electrical and structural

phase transition mechanisms were explained, and an overview of VO2-based actuators was

given. It was shown that VO2 micro-actuators can achieve better performance than other

types of thermal actuators with strain energy densities greater than other technologies and

comparable to that from SMAs. The following chapters are aimed at studying and exploiting

the capabilities of VO2 in order to design, fabricate, characterize and control a MEMS micro-

actuator with integrated localized heaters and self-sensing mechanism using the IMT and

SPT of the VO2.
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CHAPTER 3

VANADIUM DIOXIDE AS A SMART MATERIAL

In this chapter a series of experiments are developed in order to test the mechanical capabili-

ties and limits of the material: 1) Quasi-static thermal actuation using conduction heating is

used to determine maximum deflection range, transition temperature and hysteresis charac-

teristics; 2) Strain and stress calculations using experimentally measured curvature changes

are also used to obtain the strain energy density of VO2 micro-actuators; 3) Photo-thermal

actuation is used to determine frequency response, limiting mechanisms and repeatability

in VO2 micro-actuators; 4) Self-sensing feedback is achieved by estimating deflection of a

VO2 micro-actuator using resistance measurements from a separate substrate. Experiments

1 and 2 were performed using the same VO2 micro-actuator and measurement setup, while

3 and 4 were performed using different VO2 depositions and experimental procedures. All

the SCS micro-cantilevers used were supplied by the same manufacturer (MikroMasch). The

VO2 depositions were all performed using very similar PLD recipes except for experiment 3

in which the V target was doped with a low concentration of Cr. More detailed descriptions

of VO2 depositions, measurement setups, and other experimental procedures can be found

in [28,29,31].

3.1 Quasi-static Actuation

The VO2 used in this experiment was deposited on a SCS microcantilever with length, width

and thickness of 300 µm, 35 µm and 1 µm, respectively. The deposition was performed in a

vacuum chamber at a pressure of 20mTorr 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 30min, a substrate-to-controller
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temperature calibration was conducted before the deposition. From this calibration, the

approximate substrate deposition temperature was approximately 550 ◦C. A krypton fluoride

excimer laser (Lambda Physik LPX 200, λ = 248 nm) was focused on a rotating vanadium

target with an intensity of 350mJ at a repetition rate of 10 pulses per second. The sample

was positioned 12.7mm away from the heater and facing the target at a distance of 63.5mm.

The sample was constantly rotated through the deposition in order to ensure a uniform

temperature and thickness distribution. The thickness of the VO2 layer was 172nm, as

measured by a profilometer on a Si test substrate to which the sample was attached during

deposition. Figure 3.1 shows the micro-actuator cross-section after the VO2 deposition and

the scanning electron microscopy (SEM) photo of the device.

Height=1.72 µm   

Width=35 µm 
Length=300 µm 

100 µm 

Figure 3.1: Micro-actuator 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 bending is due to
the residual film stress.

The test substrate, which also contained VO2, was used for electrical resistance charac-

terization 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
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Figure 3.2: Resistance as a function of temperature of the VO2 thin film deposited on (100)
silicon.

(Keithley, 2400). The temperature of the heater was measured with a monolithic integrated

circuit temperature transducer (AD592) and controlled in closed-loop with a benchtop tem-

perature controller (Thorlabs, TED4015). Figure 3.2 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 tem-

perature value. This hold time value was empirically 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 temperature of approximately 68 ◦C

can be noticed. The curve follows the abrupt drop in resistance and exhibits pronounced

hysteretic behavior as observed in previous work for VO2 deposited on (100)-oriented SCS

structures [95].

The VO2 thin film was also characterized by its structural change across the phase tran-

sition. The inset picture in Figure 3.3 is a superimposed scanning electron microscopy

(SEM) photo of the VO2-coated SCS cantilever at 30 and 100 ◦C, which shows the charac-

teristic large deflections of the bi-layered structure due to the phase transition [14, 95, 96].

Section 2.3.2 presents a detailed explanation of the thermal mechanisms that drive the
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micro-actuator.

70 µm   

100 µm

cRIO/DAQ

TC

PSD

TS

Peltier

Laser

Objective CCD2

CCD1

Figure 3.3: Setup used for the temperature-dependent micro-actuator tip displacement mea-
surements. The inset is an SEM picture of the micro-actuator sideview, which shows large
tip displacements under temperature change.

The VO2-coated Si micro-actuator was placed in the setup shown in Figure 3.3 in order

to measure its tip deflection change through heating-cooling cycles between 21 ◦C and 84 ◦C.

The micro-actuator chip was glued with a highly thermally conductive silver paint to a

silicon substrate which was then placed on a Peltier heater. The silicon substrateâĂŹs only

purpose was to hold the micro-actuator chip during the experiments. The temperature of

the heater was controlled in closed loop using the same benchtop temperature controller

(TC) and sensor (TS) used for the resistance measurements in Figure 3.2. The cantilever

deflection was measured by using the reflection of an infra-red (IR) laser (λ = 808 nm, rated

at a maximum of 20mW) aimed at the tip of the micro-actuator. The reflected light beam

was then focused to the active area of a one-dimensional position 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 micro-actuator was monitored by the displacement of the sensing IR laser beam
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incident on the PSD, which changed its output voltage. The PSD voltage was measured 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

provided top view alignment of the sensing laser (CCD1) while the other provided a side

view of the micro-actuator (CCD2) through an objective lens that magnified the image.

Images obtained from the micro-actuator sideview were used to calibrate the output voltage

from the PSD into micro-actuator tip deflection. A LabView program was developed to

automatize the tip deflection measurements of the bilayer micro-actuator as a function of

temperature. 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 setpoint from the input sequence to the temperature controller while monitoring

the tip deflection change and the sensor temperature.

The measured tip displacement of the microcantilever was used to calculate the curvature

(κ) from the transcendental equation given by

∆z =
2

κ
sin2

(
κL

2

)
, (3.1)

where ∆z is the tip deflection change and L is the length of the micro-actuator. Since the

micro-actuator in this work showed large initial deflection (see inset in Figure 3.3), this ∆z

corresponds to the deflection change relative to the initial deflection at room temperature.

The initial value measured was 67 µm. Figure 3.4 shows the curvature change (relative

to the initial curvature) as a function of temperature in steps of 0.5 ◦C, calculated from

Equation (3.1). A maximum curvature change of approximately 1800m−1 was observed

through the VO2 phase transition.

The curvature change follows a non-monotonic behavior as a function of temperature,

which is briefly explained. The thermal expansion coefficient of Si at room temperature

(2.6× 10−6 K−1) [97] is smaller than the average coefficient of VO2 (5.7× 10−6 K−1) [98],

meaning that for increasing temperatures, the change in curvature due to differential thermal

expansion will be negative and linear. This is what is observed in Figure 3.4 for temperatures
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Figure 3.4: Experimental measurement of micro-actuator curvature change as a function of
temperature through a complete heating and cooling cycle (21 ◦C — 84 ◦C).

less than 30 ◦C and above 70 ◦C. However, as the temperature increases into the transition

region, the VO2 crystallographic plane parallel to the surface of the SCS cantilever shrinks,

producing a compressive stress that bends the cantilever upward (positive curvature change)

[14]. Thus, the observed curvature change is produced by two competing mechanisms: 1)

the differential thermal expansion from both materials (dominant mechanism outside the

phase transition) and 2) the abrupt built up of compressive stress produced by the VO2

layer as the material undergoes its phase transition (dominant mechanism during the phase

transition). This process is fully reversible as will be shown in Section 3.3.

3.2 Strain Energy Density

In order to find the stress and strain produced by the micro-actuator 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
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micro-actuator curvature and strain is given by [99]

εT =
E2
fH

4
f + E2

sH
4
s + 2EfEsHfHs

(
2H2

f + 2H4
s + 3HfHs

)
6EfEsHfHs

(
Hf +Hs

) κ, (3.2)

where the subscripts f and s are for the film and substrate parameters, respectively, E is

the biaxial modulus, H is the thickness, and εT is the thermal strain. For the particular

case of the VO2 micro-actuator 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 Equation (3.2) for every temperature value, by assuming the silicon

biaxial modulus in the (100) direction, Es = 180.5GPa [100] and the biaxial modulus of

VO2, Ef = 156GPa. Although the used value for VO2 is an average of the values found in

literature [101–103], an error of up to 10% was taken into consideration in all calculations.

The strain change of the micro-actuator throughout the major heating-cooling loop is shown

in Figure 3.5. A total strain change of −0.32% (where the negative denotes compression)

was obtained with a strain change rate of −0.022%/◦C through the VO2 transition, which

is in accordance with the previously obtained results [14]. A maximum error of ±2.6% was

obtained with the deviation of the VO2 biaxial modulus. This strain change produces an

axial thermal stress (σT ), which can be calculated from [99]

σT =
EfEs

(
Hf +Hs

) (
EsH

2
s

(
3Hf +Hs

)
+ EfH

2
f

(
Hf + 3Hs

))
E2
fH

4
f + E2

sH
4
s + 2EfEsHfHs

(
2H2

f + 2H4
s + 3HfHs

) ε, (3.3)

Figure 3.5 also shows the thermal stress change as a function of temperature for the same

major heating-cooling loop. A maximum error of ±0.2% is obtained when considering the

VO2 biaxial modulus variations. A recoverable stress of −510MPa was obtained from the

results of Equation (3.3) (stress change rate of −36MPa ◦C−1 through the materialâĂŹs

transition), which is higher than the −379MPa obtained by wafer curvature measurements

of VO2 deposited on Si reported by Viswanath, et al. [93]. In another work, the stress
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Figure 3.5: Micro-actuator strain and stress change as a function of temperature through the
complete heating and cooling cycle (21 ◦C — 84 ◦C). The error bars (±2.6%) correspond 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.

produced by the materialâĂŹs transition was estimated from cantilever curvature changes

using a modified version of StoneyâĂŹs equation [14]. A value of approximately 1GPa was

estimated, which is about twice the value reported here. However, since the StoneyâĂŹs

equation used to estimate this value assumes infinitesimal deflection (small angle approxi-

mation) the 1GPa value is likely to be an overestimate of the real value. Hence, the analytical

study presented in this thesis is believed to result in a more accurate representation of the

reversible stress produced in VO2-coated silicon micro-actuator.

The strain energy density (W ) of a bilayer micro-actuator made of isotropic materials is

defined by [104]

W =
1

2
εTσT , (3.4)

where εT and σT are the produced stress and strain, respectively. For the case of the

micro-actuator presented in this thesis, the stress and strain values were those obtained

from Equation (3.2) and Equation (3.3) for each of the temperature values measured.

After substituting Equation (3.2) and Equation (3.3) on Equation (3.4) the strain energy
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density can be expressed in terms of the curvature, biaxial elastic moduli, and thicknesses:

W = (E2
fH

4
f + E2

sH
4
s + 2EfEsHfHs(2H

2
f + 2H4

s + 3HfHs)

×
EsH

2
s ((3Hf +Hs) + EfH

2
f (Hf + 3Hs))

72EfEsH
2
fH

2
s (Hf +Hs)

κ2.
(3.5)

Figure 3.6 shows the strain energy density induced by the device through the major heating-

cooling loop calculated from Equation (3.5). A strain energy density change of approxi-

mately 8.1× 105 Jm−3 was produced by the VO2-based micro-actuator with a maximum

deviation error of ±2.4% (due to the VO2 biaxial modulus uncertainty) through a tempera-

ture window of only 15 ◦C. The strain energy density change rate throughout the transition

is constantly increasing due to the squared curvature term in Equation (3.5). As the phase

transition ends, the difference in thermal expansion coefficient between the VO2 and the

SCS begins to become the dominant actuation mechanism, and the energy density change

rate begins to decrease, also following a parabolic behavior.
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Figure 3.6: Micro-actuator strain energy density as a function of temperature through the
complete heating and cooling cycle (21 ◦C — 84 ◦C). The error bars represent the (±2.4%)
error due to the uncertainty of the biaxial modulus of the VO2.

Krulevitch, et al., compared the strain energy density of various types of micro-actuators

[19], all of which are shown in Figure 3.7 along with that of VO2-based micro-actuator stud-
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ied in this thesis. The strain energy density values are calculated from the product of stress

and strain divided by two (according to Equation (3.4)). Although the VO2-based micro-

actuator 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 micro-

actuator 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, SMAs are not fully reversible and start fatiguing after less than a

hundred cycles [19]. This means that the strain energy density of the SMA micro-actuator

decays rapidly as the number of cycles increases. Secondly, VO2-based micro-actuators are

simple structures, easy and relatively inexpensive to fabricate, with demonstrated photo-

thermal responses of fractions of milliseconds [96]. The fabrication of thermo-pneumatic

micro-actuators is a very complicated process and its actuation usually involves very high

temperatures (around 300 ◦C) and slow transients (in the range of seconds) [105]. Solid-liquid

phase transition based micro-actuators are also complicated structures and are mainly used

for micro-fluidic applications, making difficult a fair technological comparison [106]. Finally,

the reported strain energy density measured for VO2-based micro-cantilevers in this thesis

is produced by a temperature difference 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 [107].

In order to validate the calculated values from Equation (3.5) a numerical simulation

was performed using the solid mechanics module from the finite element analysis software,

COMSOL Multiphysics. The thermal expansion and phase transition effects were considered

in the model as to replicate the experimental procedure and find agreement between theory,

experiment and model. The simulated geometry consisted of a bilayer cantilever with length,

width and thicknesses corresponding to the ones previously discussed. The material parame-

ters used — YoungâĂŹs moduli, coefficients of thermal expansion, and PoissonâĂŹs ratios —

were the same ones used for obtaining the analytical results. All boundaries were free to move
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Figure 3.7: Strain energy densities of different micro-actuators including the VO2-based
micro-actuator studied in this thesis (green). The actuation mechanism for each micro-
actuator can be found in the referenced work [19].

except one end of the cantilever, which was fixed. An initial strain of −0.256% was chosen,

which produced the initial micro-actuator tip deflection of 67 µm observed experimentally at

21 ◦C. Since the VO2 phase transition is a highly nonlinear hysteretic phenomenon, there

are no preset parameters or functions that capture the behavior of VO2 in the simulation

software. To include this effect in the simulation, a nonlinear fit of the calculated strain as a

function of temperature produced solely by the VO2 transition was done through a nonlinear

least square method of a modified Boltzmann model. For simplicity purposes, only the strain

major heating curve, shown in Figure 3.5, was taken into consideration in the simulation

and in the nonlinear fit. The strain produced only by the VO2 transition was obtained by

subtracting the thermal expansion terms from Equation (3.2) such that

εΦT = εΦT −
(
αf − αs

) (
T − Tref

)
, (3.6)

where is the thermal expansion coefficient, T is temperature in Celsius, and Tref is the

strain reference temperature (assumed to be 21 ◦C). The transition strain εΦT (T ) was used
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to find the parameters of the model εΦTS(T ) given by

εΦTS(T ) =
a1

1− exp (T − a2)/a3
+ a4T

2 + a5T + a6, (3.7)

where a1−6 are the six model parameters (summarized in Figure 3.8). As seen in Figure

3.8, the model efficiently fits the experimental data with a coefficient of determination (R-

squared) of 0.9998.

2 0 3 0 4 0 5 0 6 0 7 0 8 0
0 . 0 0

- 0 . 0 5
- 0 . 1 0
- 0 . 1 5
- 0 . 2 0
- 0 . 2 5
- 0 . 3 0

 

 

Str
ain

 Ch
an

ge
 (%

)

T e m p e r a t u r e  ( o C )

 E x p e r i m e n t
 M o d e l

a 0 . 0 0 3 0 6
a 3 2 9 . 2
a 2 . 8 5 6
a - 6 . 2 3 8 E - 9
a - 9 . 1 3 5 E - 7
a 0 . 0 0 3 8 9

1

5

4

3

6

2

Figure 3.8: Experimental strain change produced by the VO2 phase transition (dots) and
modified Boltzmann model (line) as a function of temperature. The inset table show the
model parameters fitted by the experimental values.

Equation (3.7) was included in the simulation as an axial strain, in the direction of the

micro-actuatorâĂŹs length, on the VO2 layer in the micro-actuator along with the thermal

expansion effect of both layers. A temperature dependent study was performed where the

temperature was monotonically increased from 21 ◦C to 84 ◦C uniformly through the can-

tilever length in steps of 0.5 ◦C. Figure 3.9 shows the curvature change obtained from the

simulation along with the experimental values. The simulated values clearly follow the ex-

perimental values, which validates the strain change obtained from the experimental data

with Equation (3.2). Figure 3.10 shows the strain energy density obtained from the sim-

ulation and the experimentally obtained values as a function of temperature. The behavior
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Figure 3.9: Experimental (dots) and simulated (line) curvature change as a function of
temperature.
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Figure 3.10: Experimental (dots) and simulated (line) curvature change as a function of
temperature.

between both curves is similar, corroborating the strain energy density values obtained ex-

perimentally.
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3.3 Photo-thermal Actuation

The following two types of experiments were designed to study and compare the dynamics

of photo-thermally driven VO2:Cr-coated micro-cantilevers when actuated in air or water.

The reason for using Cr-doped VO2 thin films is due to the slightly higher quasi-static

performance that was observed in other experiments [95].
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Peltier-Heater
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Figure 3.11: Measurement setup for frequency and time response experiments (a) and optical
setup for the side view images of the micro-cantilever (b).

The setup schematically shown in Figure 3.11 was used, with the tank empty or filled

with DI water, according to the case. In the frequency response experiments, a modulated

driving laser (672nm wavelength) was focused on the cantilever plane, illuminating the film

surface, while the maximum amplitude of the tip oscillation was monitored as a function of

frequency using a side-looking CCD camera. In the time response experiments the transient

signal of the tip displacement as the cantilever was illuminated by a heating pulse was

recorded by detecting the beam from a second laser (low power, 808nm wavelength), which
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was reflected from the cantilever tip.

The chip body and tank base, cemented to the heater, acted as a heat sink. The power

of the actuating laser beam used in each case was 100mW and 150mW in air and in water,

respectively. The driving laser was focused on the cantilever plane with a spot size diameter

corresponding to that of the microcantileverâĂŹs length (250 µm). The laser output was

modulated as a square wave with 50% duty cycle using a house-built electronic circuit. The

âĂĲonâĂİ value corresponded to the minimum power required for maximum bending for

the cantilever (for each medium). The sensing laser used for the time-response experiments

and was focused on the tip of the cantilever with a laser spot size close to the width of the

cantilever (40 µm). The reflected sensing beam was detected by a linear position sensitive

diode (PSD) (Hamamatsu C-3683-1) with very high sensitivity in the near IR range. The

PSD outputs a voltage proportional to the position of the laser spot, which was observed

and recorded in a storage oscilloscope. Since the output of the PSD represents a relative

displacement, the system was calibrated using the side-looking CCD camera. This camera

and its corresponding optical components — shown in Figure 3.11-(b) — were arranged in

a spatial plane perpendicular to the first setup, providing a side view of the cantilever.

The results for the frequency response experiments in both fluids are shown in Figure

3.12. The amplitude is expressed in decibels (dB), relative to the amplitude at 1Hz, as a

function of frequency in a log scale (i.e. a Bode diagram). For illustrative purposes, Figure

3.13 shows still images from the video taken with the side-view camera as the cantilever was

actuated with the pulsed laser in air or in water, and at two different driving frequencies.

With the cantilever in air, the vibration amplitude is constant up to a frequency of

500Hz, when it starts decaying and reaches the 3 dB loss at 1 kHz and afterward continues

decaying at a rate of −22 dBdecade−1. For the case where the cantilever is submerged in

water, from 1Hz up until 7Hz the amplitude decays at approximately −1.5 dBdecade−1

where it reaches −1.3 dB. From 7Hz the amplitude starts decaying at a much more rapid

rate of approximately −8.5 dBdecade−1 and reaching a 3 dB loss, compared to its initial
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Figure 3.12: Vibrational amplitude in decibels as a function of laser pulse frequency for the
cantilever actuated in air and water.

gain, at approximately 11Hz. After 30Hz the decay rate becomes slightly steeper as the

frequency is increased, up to the maximum measured frequency of 200Hz. The amplitude,

after this driving frequency, was too small to be measured by the means employed. At

a driving frequency of 100Hz the cantilever in air still vibrates at maximum amplitude,

while in water it has already decayed from 53 µm to 11 µm. At 1 kHz, there is no longer

an observable response in water, while it is still 33 µm in air. In order to test for response

degradation under repeated laser pulses with the beam intensities used for actuation during

the experiments in both media, the cantilever was exposed, for two hours, to laser pulses

of 100Hz and 10Hz in air and in water, respectively. After these exposures the cantilever

had been subjected to tens of thousands of pulses and showed no reduction in vibration

amplitude. A more detailed discussion can be found in [28]. In [28] it is concluded that the

amplitude decay observed in the measurements are essentially unrelated to fluid drag and

can instead be a consequence of heat transfer effects in the cantilever and the surrounding

medium.

To better understand the transient effects of the pulse-driven cantilever, the time response

experiments were performed. Figure 3.14 shows the measured tip displacement as a function
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Figure 3.13: Still images from the video taken with the side-view CCD camera as the can-
tilever was actuated at the indicated frequencies with the heating laser in air (top images)
and in water (bottom images). The measured vibrational amplitude is shown for each case.
After 200Hz there was no measurable displacement for the cantilever in water.

of time for the cantilever in air and in water. In both cases the laser was turned on and off

at the specified âĂĲlaser onâĂİ and âĂĲlaser offâĂİ instants. Slower response is observed

for the cantilever in water, in which case the rise-time is 30ms, compared to 0.58ms air and

the fall-time is 32.5ms, while in air it is just 0.45ms. Both, rise- and fall-times are defined

here as the time it takes the cantilever to go from 10% to 90% of its final deflection value.

The relatively fast rise- and fall-times for the cantilever in air are in good agreement with

the observed 3 dB cut-off frequency of nearly 1 kHz. While the frequency dependence results

for the cantilever in water were more complex, the 3 dB cut-off frequency, at slightly more

than 10Hz is also in agreement with the observed transient times. The transient response in

air shows small oscillations just after the laser pulse is turned on and just after it is turned

off (Figure 3.14-(a)). These oscillations may be caused by rapid thermal transients along
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Figure 3.14: Measured tip displacement of the VO2:Cr coated cantilever as a function of
time in air (a) and in water (b) through a complete laser pulse.The vertical lines denote the
times of laser pulse turning on and off. Note the difference in the time scale.

the cantilever associated with the fact that light intensity is not constant across the incident

beam. These oscillations were not observed in the case of the cantilever immersed in water.

It is possible that the enhanced heat conduction provided by the water in contact with the

cantilever reduces the magnitude of these transients.

The results obtained in this experiment suggest that VO2-coated micro-actuators can

be driven photo-thermally at frequencies higher than 500Hz. The photo-thermal actuation

can be substituted with integrated heaters in the devices that will make further device

miniaturization possible.

3.4 Self-sensing and Hysteresis Reduction

The following experiments were performed to shown that self-sensing feedback can be achieved

in VO2-coated micro-cantilevers by using the VO2 resistance to estimate the cantilever de-

flection. The VO2 thin film was deposited following a similar procedure to the one used in

Section 3.1 and is discussed in more detail in [29].
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The measurement setup shown in Figure 3.15 was used for all experiments performed in

this thesis. The VO2-coated Si micro-actuator (shown in cross-sectional view) was attached

to the same test piece used during deposition, which was also Si coated with the same VO2.

This test piece was needed in order to create the electrical connections to the VO2 and

measure its resistance. These contacts were located next to the micro-actuator chip and

fabricated by evaporating aluminum through a custom-made metal mask. A voltage divisor

(not shown in the schematic) was used in order to measure the resistance of the VO2 film.

Temperature
Sensor

CCDQ
(TopQ
View)

PeltierQHeater

VO2- coatedQ
SiQfilm

VO2- coatedQSiQ
microactuator

ElectricQ
connection

DAQ/
FPGA

Computer

CurrentQ
Controller

Figure 3.15: Schematic for the experimental setup used for deflection and resistance measure-
ments as a function of temperature and the closed-loop control of self-sensed deflection. The
micro-actuator, film and heater representations are cross-sectional views of the structures.

To measure the deflection of the device, a sensing laser (λ = 808 nm, 0.5mW) was focused

on the tip of the micro-actuator and the reflected light was then focused on the active area of

a position sensitive detector (PSD). A charged-coupled device (CCD) camera was used to aid
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in the alignment of the laser. The PSD output was a voltage proportional to the deflection

of the micro-actuator, which was calibrated by sideview images of the cantilever at different

deflection values. In particular, the calibration of the PSD reading was done by first assigning

the initial deflection of the cantilever at 20 ◦C as 0 µm. Then the sample was heated to 85 ◦C,

which resulted in the maximum deflection of the cantilever, 70 µm, as measured from the side

view images of the cantilever. A Peltier heater was used to control the temperature of the

sample. The temperature at the heater was measured with a platinum temperature sensor.

A data acquisition card and field programmable gate array (DAQ/FPGA) was used to access

the PSD output, the resistance of the VO2 film, and the temperature sensor output. The

DAQ/FPGA system was programmed to either: 1) control the temperature of the Peltier in

closed loop in order to measure the deflection of the micro-actuator and the VO2 resistance

of the test piece simultaneously, or 2) control, using PID or robust controller, the deflection

of the micro-actuator by self-sensing the deflection through resistance. For both cases the

DAQ/FPGA controlled the magnitude of the current signal sent to the Peltier heater. All

the variables were controlled and observed in a computer connected with the DAQ/FPGA

system.

Figure 3.16 shows the major heating-cooling cycle of the micro-actuator deflection and

film resistance as a function of temperature. The deflection in this thesis is defined as the

tip displacement change relative to the initial position. A total deflection of 70 µm and a

resistance drop of two orders of magnitude were measured during the VO2 transition through

a temperature span of 15 ◦C. Both variables were simultaneously measured, and by mapping

deflection with resistance, it was observed that the hysteresis between the deflection and the

resistance was significantly reduced, enabling the use of the resistance of the film in the test

piece to estimate the deflection without the need of physically measuring its value.

The deflection-resistance mapping is shown in Figure 3.17-(a), which also includes a

ninth-degree polynomial used to estimate the deflection in the experiments. This model was

obtained from fitting the average of the heating and cooling curves and was used as the
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Figure 3.16: (a) VO2 film resistance, and (b) VO2-coated micro-actuator actual deflection
as a function of temperature through a heating-cooling cycle (20 ◦C-85 ◦C). Both variables
were simultaneously measured.

deflection sensing mechanism in the closed-loop deflection control experiments done in this

work. The maximum errors between the heating/cooling curves and the self-sensing model

are shown in Figure 3.17-(b). For a wide range of the resistance, the deflection estimation

error was lower than 2 µm whereas slightly larger estimation error was found at the two ends.

It is observed that some hysteresis remains. This is believed to be due to the slightly different

energy requirements between the IMT and the SPT [27]. This hypothesis is supported by the

fact that this difference in energy requirements has been found to be more pronounced at the

onset of the phase transition, which would correspond to the higher resistance-low deflection

region in Figure 3.17-(a). Hereinafter the estimated and measured deflection values will be

addressed as self-sensed and actual deflections, respectively.

Two types of controllers will be considered and compared: 1) a PID controller, which

only considers the error between the controlled variable (in this case self-sensed deflection)

with the desired reference signal, and 2) a robust controller, which aside from considering the
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Figure 3.17: (a) VO2-coated micro-actuator actual deflection as a function of VO2 film
resistance during the heating-cooling cycle. A polynomial function of degree 9 was used
to model the deflection-resistance mapping. (b) Maximum model error obtained from the
major heating and cooling curves.

error from the controlled variable, also accommodates the error brought by the self-sensing

model, noises, and system uncertainties. The details on the system modeling and controller

design can be found in [29].

For the following control experiments, the system was operated in closed-loop, where

the designed controllers were used to control the actual deflection using only the resistance

measurements. The block diagram shown in Figure 3.18 was used for this experiments. The

variable yref is defined as the desired deflection output. The input of the controller is the

deflection error defined as the difference between yref and the self-sensed deflection yself .

The controller output is the current I that goes to the Peltier, which produces temperature

T . The VO2 film resistance is defined as R, which is used by the self-sensing model to

compute yself .

Experiments with step reference inputs were designed so that the micro-actuator followed

a set of three different setpoints, each with duration of 15 s, programmed in the DAQ/FPGA.
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Figure 3.18: Block diagrams of the simplified physical closed-loop control system with self-
sensing.

The goal of these experiments was to study the transient behavior and steady-state error

of the robust controller and compare those to the performance of PID controller. Figure

3.19 show the experimental performance in terms of the actual deflection and self-sensed

deflection. Although the controlled variable is the self-sensed deflection and a better steady-

0 1 0 2 0 3 0 4 0 5 0 6 0
2 03 04 05 06 07 0

0 1 0 2 0 3 0 4 0 5 0 6 0
2 03 04 05 06 07 0

De
fle

ctio
n (

µm
)

T i m e  ( s )

 S e t p o i n t
 P I D
 R o b u s t

( b )

( a )
 S e t p o i n t
 P I D
 R o b u s t  
 

Se
lf-S

en
se

d 
De

fle
ctio

n (
µm

)

T i m e  ( s )
Figure 3.19: (a) Actual, and (b) self-sensed microactuator deflection under self-sensed,
closed-loop PID and robust control through a series of step reference inputs.

state performance is observed in Figure 3.19-(b) for the PID, Figure 3.19-(a) shows that the

actual steady-state deflection under the robust controller is closer to the setpoint for every

step value, whereas it has a higher difference under the PID controller. The actual steady-
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state deflection errors and control efforts are shown in Fig. Figure 3.20-(a-b). Although the

largest tracking error for both controllers is similar, the RMSE and average steady-state error

under the robust controller are 3.66% and 36%, respectively, less than those of the PID.

The advantages of the robust controller in terms of settling time over the PID controller can

be noticed from Figure 3.19, although there is higher overshoot with the robust controller.

In practice, the actual deflection performance is of relevance, thus only the actual deflection

is provided for the remaining figures in this paper.
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Figure 3.20: (a) Actual deflection error and (b) controller effort for the PID and robust
control approaches through the step reference tracking experiment.

Experiments involving multi-sinusoidal reference inputs were carried out to study the

performance of the micro-actuator under continuous input changes. For this experiment,

the sum of three different sinusoidal waveforms with frequencies of 0.001, 0.005, and 0.01Hz,

maximum amplitude of 20 µm and an offset of 35 µm was chosen as the input signal. The

different frequency components of the signal were used to study the deflection control at

different frequency values. The amplitude and offset values were chosen in order to cover a

wide actuation range throughout the hysteresis. Figure 3.21 shows the actual deflection of
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the micro-actuator as a function of time with PID and robust control. From the observed
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Figure 3.21: Microactuator deflection response to a multi-sinusoidal reference input under
PID and robust control.

data, it is seen that the robust controller performance is better than that of the PID. This is

more evident by looking at the tracking errors and control efforts under the two controllers,

which are shown inFigure 3.22-(a) and Figure 3.22-(b), respectively. The robust controller

has around 18% less tracking RMSE and 1.8% less control effort than the PID controller.

The effectiveness of the robust controller in reducing the steady-state error of the actual

deflection is again verified experimentally. These results suggest that self-sensing can be

used to accurately control the VO2 micro-actuators, although further miniaturization is

required.

3.5 Summary

In this chapter, a comprehensive study on VO2 applicability to smart material systems was

performed. All the results from this section suggest that VO2 micro-actuators are capable of
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Figure 3.22: (a) Actual deflection error and (b) controller effort for the PID and robust
control approaches in the multi-sinusoidal reference tracking experiment.

achieving very high displacements — with values comparable to the device length —, strain

energy densities higher than 8× 105 Jm−3, photo-thermal actuation responses higher than

100Hz — which greatly depends on the device geometry. In addition, the use of self-sensing

was proven through the successful estimation of micro-actuator deflection using resistance

measurements, which reduces the deflection to resistance hysteresis and can be used to control

the device. These capabilities can be combined by designing and fabricating a structure with

monolithic integrated localized heater and self-sensing mechanism. The following chapter

address the design and fabrication of the VO2-based MEMS micro-actuator.
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CHAPTER 4

DESIGN AND FABRICATION OF VANADIUM DIOXIDE MEMS ACTUATORS

In this chapter, the design, fabrication, and VO2 deposition for the VO2-based MEMS

actuator used in the closed-loop control experiments using external sensing and integrated

self-sensing are presented. The design specifications consists of a series of finite element

method (FEM) simulations performed in order to determine the geometry needed to achieve

a specific performance. In device fabrication, a detailed fabrication process of the micro-

actuator is presented. Finally, the VO2 PLD deposition used is explained.

4.1 Design Specifications

In order to achieve a desirable performance for micro-actuation, a series of design specifi-

cations are given. The micro-actuators should produce displacements higher than 50 µm,

with a maximum power consumption of less than 10mW and actuation speeds (bandwidth)

higher than 20Hz in order to compete with other thermal actuators. The electro-thermal

actuation will be achieved by internal localized heaters fabricated along the device length

with dimensions that meet the design specifications. In addition, a pair of vias will be cre-

ated from the VO2 to the Pt layer in order to create the electrical connections to the VO2

along the structure length. This will be isolated from the heater connections and will be used

as the self-sensing mechanism. Figure 4.1 shows a representation of the desired finalized

device, with the VO2 deposited on top.

VO2-based MEMS micro-actuators can be optimized for deflection, bandwidth, and

power consumption in many ways, such as varying the geometry of the device, the ge-

ometry of the heating element, and the thickness of the different layers. While decreasing

the thickness of the layers improves the amount of deflection through the VO2 transition, it

also increases the amount of residual stress after fabrication, which greatly affects the device
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2

Figure 4.1: Rendered three dimensional image of the finalized micro-actuator, which shows
the heater and VO2 resistance measurement electrodes.

performance. Hence, this type of optimization is not pursued in this thesis. The geometry

of the heater can be optimized to produce higher bandwidth and less power consumption at

the cost of overall maximum deflection. This has been observed in previous experiments [25].

Since the device in this thesis requires the use of self-sensing through the length of the actu-

ator, the heater geometry is constrained to a serpentine along the cantilever length. In terms

of optimization by modifying device geometry, the length of the device is the optimization

parameter pursued in this thesis analysis. While width can also be decreased to increase

performance, for the present analysis it is constrained to 50 µm since decreasing it further

decreases the self-sensing Pt electrode width resulting in possible self-heating.

To meet the required power specifications, a quasi-static electro-thermal FEM simulation

was performed where different heater dimensions where tested. Since a total deflection of

80 µm is also required, the heater was designed throughout the length of the device, which

would optimize deflection range. The width of the heater and self-sensing electrodes are

5 µm and 15 µm, respectively, with thickness of 200nm. The electrodes are sandwiched

between two SiO2 layers 1 µm thick each and a 200nm thick layer of VO2 is drawn on

top of the structure. The simulated geometry is shown in Figure 4.2 with consisted of a

550 µm long and 50 µm wide micro-cantilever with the specified layers and thicknesses.
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Figure 4.2: Top view of the simulated geometry.

Table 4.1 contains all the material thermal parameters used in the simulations. Common

thermal properties were used for SiO2, Pt and air, while for VO2, values found in literature

were adopted [102, 103]. The electrical conductivity of Pt was modeled as a function of

temperature due to its highly temperature dependence [25], which can be approximated by

σ (T ) = 8.9 × 106/ (1 + 0.003729T ). For the boundary conditions, one of the heater ends

was set as ground while the other was set to have a constant current of 3.7mA. Conductive

heating through air was also considered in all directions and the anchor was assumed to be

at 20 ◦C (room temperature). The resulting temperature distribution for the electro-thermal

static actuation is shown in Figure 4.3. It is evident that this current input is more than

necessary to induce the IMT and SPT of the VO2 using this geometry. The measured Pt

resistance under this temperature distribution is 160 Ω. This results in a power requirement

of 2mW, which is below the required value.

Table 4.1: Material parameters used in the electro-thermal and structural mechanics FEM
simulations.

Parameters Material

VO2 Pt SiO2 Air

Heat Capacity Cp (J/(kgK)) 700 133 730 1,005
Density ρ (kg/m3) 4,670 21,450 2,650 1.18
Thermal Conductivity k (W/(mK)) 4 71.6 1.4 0.025
Resistivity σ (S/m) — σ (T ) — —
Young’s Modulus E (GPa) 140 168 70 —
Poisson Ratio ν 0.33 0.38 0.17 —

58



x

y
0 200 400

40 115.91

20

100
50

oCTemperature

Figure 4.3: Temperature distribution obtained from the electro-thermal FEM simulation.
The required power is 2mW and the temperature is more than the required to induce the
transition in VO2.
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Figure 4.4: Temperature at the center of the free edge of the structure as a function of time
during and after the current pulse.

It is known, from the photo-thermal experiments in Section 3.3, that the limiting mech-

anism for the dynamic performance on VO2-coated micro-structures are the thermal dissipa-

tion through the anchor and the surrounding media. Thus, a time dependent electro-thermal

FEM simulation was performed to determine the actuation speed of this design and ensure

it meets the required 20Hz cut-off frequency. The same geometry and boundary conditions

from the static experiments with the exception of the input current, which now is a pulse
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function with duration of 100ms at 50% duty cycle and current “on” and “off” values of

3.7mA and 0mA, respectively. Figure 4.4 shows the temperature at the center of the free

edge of the structure as a function of time that covers a pulse duration. This allows to

see the heating and cooling transients of the structure. From the observed response a time

constant — defined as the time it takes the temperature to reach 63% of its step value —

of 5.4ms is observed, which results in a bandwidth of 30Hz.

To ensure the device deflection will be greater than 50 µm, a solid mechanics static

simulation is performed using the same geometry as before. A strain of 0.0032 is applied to

the VO2 layer, which was the value obtained in Section 3.2 for fully actuated VO2. The

material parameters used in this simulation are shown in Table 4.1. The results under

these conditions are shown in Figure 4.5 in which a deflection of 140 µm is obtained. This

value is much greater than the desired specification. From the temperature distribution in

Figure 4.3 it is noticed that not all the VO2 will be fully actuated, which means that the

value obtained from Figure 4.5 is an overestimate of the deflection. Nonetheless, more than

75% of the cantilever length have temperatures above the transition temperature of VO2,

which is more than enough to meet the required specification. The overall deflection also

depends on the residual stress of the structure after fabrication, which makes this estimation

even harder. However, deflections higher than 50 µm have been obtained in structures with

similar geometries [25].
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Figure 4.5: Deflection of the cantilever obtained from the structural mechanics simulation.
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Figure 4.6: Simulation results for (a) the power consumption at constant maximum tem-
perature, (b) temperature bandwidth, and (c) deflection at constant strain as a function of
device length. The scattered points indicate the lengths at which the simulations were made.

Figure 4.6-(a-c) shows the power consumption, bandwidth, and deflection of the VO2-

based MEMS actuator used in this thesis as a function of device length. The power required

to achieve a specific temperature increases linearly with length since thermal load increases.

The bandwidth decreases exponentially with length reaching a limit value of approximately

35Hz. The deflection of the micro-actuator increases nonlinearly as a function of length.

Although this increase can be approximated by the equation in Figure 4.6-(c), a more

accurate representation is given by the transcendental equation in Equation (3.1). Note

that, while decreasing the length increases the bandwidth, the amount of deflection decreases

as well. Hence, these devices can be optimized depending on the application and the required

specifications following the design analysis employed in this thesis.
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Figure 4.7: Masks used for the fabrication of the VO2-based MEMS actuator.

4.2 Device Fabrication

After verifying, through the FEM simulations, that the design specifications meet the re-

quirements, the masks and the fabrication process flow are developed. The design consists

of a two step lithography process, which requires just two masks (shown in Figure 4.7).

The first mask (red) is for metallization of the heater and self-sensing electrodes and the

second mask (blue) is for creating the micro-actuator pattern and the vias to the self-sensing

electrodes.

The VO2-based MEMS actuator used in this work consisted of a titanium/platinum

(Ti/Pt) electrode sandwiched between two layers of SiO2 with a VO2 layer on top of the

device. A rendering of the fabrication process flow steps is shown in Figure 4.8 along with

a description of each step. A 1 µm layer of SiO2 is deposited on the polished side of a (100)

Si wafer using low thermal oxide (LTO). After the SiO2 deposition, the wafer is cleaned and

prepared for lift-off using a two layer resist of LOR 5A and Shipley 1813.

A combination layer of Ti/Pt (500Å/1500Å) is deposited through thermal evaporation

followed by a lift-off step using Remover PG and then cleaned using NanoStrip. The Ti

layer is used for addition between the Pt and the SiO2 layers. A second 1 µm SiO2 layer is

deposited on top of the patterned Pt using LTO. This oxide layer serves to electrically isolate
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the Pt and the VO2 deposited on the final step. The wafer is then patterned with Shipley

1813 to create the micro-actuator pattern to be released, the wire bonding pads, and the

vias that will expose the Pt to the VO2 in the cantilever. Deep reative ion etching (DRIE)

is used to etch the SiO2 on the exposed areas until the Pt and Si are revealed. The wafer is

partially diced into 0.25 × 0.25 inch dies and the MEMS actuators are then released using

xenon difluoride (XeF2). After performing the release step, a 200nm VO2 layer is deposited

Figure 4.8: Fabrication process flow of the VO2-MEMS-actuator. (a) Deposition of SiO2
by LTO (first layer), (b) thermal evaporation of Pt and pattern by lift-off, (c) deposition of
SiO2 by LTO (second layer), (d) DRIE etching of SiO2 for device pattern, (e) MEMS release
by XeF2 etching of Si, (f) Deposition of VO2 by PLD.
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Figure 4.9: Images of the fabrication process at different steps.

using pulsed laser deposition (PLD).

During the PLD deposition process, an individual die is placed on a rotating holder

in order to ensure uniform thickness and temperature distribution through the deposition

process. A shadow mask is placed directly on top of the die to protect the wire bonding

pads from the VO2 deposition. Before deposition, a background pressure of 5× 10−6 Torr is

reached. Then, a heater located at the back of the sample is controlled to a temperature of

550 ◦C under an oxygen atmospheric pressure of 15mTorr. A krypton fluoride (KrF) excimer

laser is then focused on a rotating metallic vanadium target with an energy of 350mW and a

repetition rate of 10Hz. The deposition lasts for 30min and its followed by another 30min of

annealing under same conditions. The finalized device consists of a 550 µm long and 50 µm
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wide micro-cantilever with Pt trace dimensions of 8 µm for the heater and 18 µm for the VO2

resistance measurement electrodes. After deposition the die is placed on a integrated circuit

(IC) package and wire bonded to create the electrical contacts to the Pt heater and the VO2.

Figure 4.9 shows microscope and SEM images of the MEMS fabrication at different stages.

4.3 Summary

In this chapter a detailed design methodology for the VO2 MEMS actuator was presented.

The design consisted of a series of FEM simulations that were performed to verify that the

proposed actuator geometry met the desired performance specifications. The masks used for

the fabrication of the device and a detailed fabrication process were presented along with

images of the fabrication at different stages. In the next chapter, detailed characterization,

modeling and closed-loop control of the device are presented.
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CHAPTER 5

CLOSED-LOOP CONTROL

Through the successful integration of heaters in the fabrication of VO2-based actuators, re-

search groups have achieved low power actuation, fast response times, and large operational

ranges through the electro-thermally driven transition [24,25]. Nonetheless, open-loop actu-

ation hinders the use of VO2 MEMS actuators for micro-positioning and other applications

requiring accurate movements due to their high sensitivity to their stimuli. In addition,

the high sensitivity of VO2-based actuators to temperature fluctuations represents a major

challenge when implementing such devices in actual applications with non-controlled envi-

ronments. The work presented in this chapter shows the characterization and testing of

the first closed-loop controlled VO2 MEMS-based actuator using the fabricated structure

detailed in Chapter 4.

5.1 Measurement Setup

In order to characterize the device and perform the control experiments, the chip holding

the micro-actuator was placed in an integrated circuit (IC) package and the electrical pads

to the Pt heater and the VO2 connections were wire bonded. The IC package was then

placed on a custom-made PCB board, which contained the electrical traces to access the

device. Figure 5.1-(a) shows the schematic representation of the measurement setup used

for characterizing and controlling the actuator. A charge-coupled device (CCD) camera was

used for aligning a near infrared laser diode (λ = 808 nm) with the tip of the actuator. The

reflected light from the laser was focused into the active area of a position sensitive detector

(PSD) (Hamamatsu S3270) whose output voltage (Vd) is proportional to the incident light

from the laser. The voltage was connected to a field programmable gate array (FPGA)

and a data acquisition (DAQ) system, in order to monitor the deflection of the actuator.
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Figure 5.1: (a) Measurement setup for performing the characterization and control experi-
ments on the actuator, and (b) Sideview of superimposed SEM images of the VO2-MEMS-
based micro-actuator at both actuation limits.
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In the FPGA/DAQ, Vd was converted to the device deflection by performing a linear fit

of the relationship between tip displacement and Vd at various Pt heater current values.

The output of the FPGA/DAQ was connected to the integrated Pt heater in order to drive

the actuator through Joule heating by supplying a current (Ih). The FPGA/DAQ was

programmed to actuate the device in open or closed-loop and was used to obtain all the

measurements shown in this work. A computer was used to interface with the FPGA/DAQ,

change setpoint values, and extract the data.

5.2 Device Characterization

The measurement setup shown in Figure 5.1 was used to characterize the actuator in terms

of quasi-static tip response, frequency response, transient response, creep, repeatability, and

rate dependence. This characterization is essential, not only to obtain crucial information for

the controller design, but also, to understand the working principles of the micro-actuator

and how it can be optimized to achieve desired performance specifications.

5.2.1 Quasi-static Analysis

For obtaining the tip displacement as a function of current, an increasing-decreasing stair-

case current sweep, from 0 to 4.7mA in steps of 0.3mA, was applied to the integrated heater

to electro-thermally drive the actuator. Each setpoint duration was set to 10 s (4 s of wait

time, which were used to ensure the deflection reached steady-state, and 6 s of hold time,

during which the deflection signal was averaged). Figure 5.2 shows the tip displacement as a

function of current through the Pt heater. A similar behavior to that of previous experiments

is observed, which is dominated by a non-monotonic hysteresis [14, 25,26,31].

The maximum observed deflection for the increasing current direction was found to be

approximately 82 µm, which was different than the 80 µm observed in the SEM images due

to the viewing angle. A larger deflection of approximately 95 µm was observed through the
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Figure 5.2: Tip displacement of the VO2-MEMS-actuator as a function of current applied
to the Pt heater.

current decreasing direction. The maximum controllable deflection chosen in this work was

82 µm due to the difficulties in controlling non-monotonic curves with a simple PID. At this

maximum deflection the current and voltage were 3.64mA and 1.28V, respectively, resulting

in a heater resistance value of 353.33 Ω and a power dissipation of 4.5mW. It is important to

note that the resistance value calculated here includes the Pt trace to and from the heater,

although the trace resistance is smaller due to its larger geometries.

5.2.2 Frequency Response

The frequency response of the micro-actuator was obtained by applying a frequency varying

sinusoidal current signal with adjustable offset and amplitude to the Pt heater while mea-

suring the deflection amplitude. An offset and amplitude values of 2.75mA and 0.75mA

were chosen, respectively, since the region of interest to be controlled is during the VO2 film

transition and these values result in the highest deflection gain (see Figure 5.2).
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Figure 5.3 shows the gain of the micro-actuator, defined here as µm/mA, as a function

of frequency. The behavior of the frequency response resembles that of a first order transfer

function with a maximummagnitude of 45.5 µm/mA at low frequencies, with an experimental

cut-off frequency (fce) of 42.7Hz (268 rad/s), where fce is defined as the frequency where

the magnitude is 0.707 times of the magnitude at DC. A plot of the model fitted with the

experimental data is also shown in Figure 5.3 and will be explained in detail in the following

section.
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Figure 5.3: Experimental and fitted data of the deflection frequency response of the VO2-
based MEMS actuator.

To determine the mechanism limiting the performance of the actuator, an electro-thermal

time-dependent FEM simulation was performed using COMSOL Multiphysics. The material

parameters for heat capacity at constant pressure (Cp), density (ρ), thermal conductivity

(k), and electrical conductivity (σ) used in the simulation are summarized in Table 4.1.

Common thermal properties were used for SiO2, Pt and air, while for VO2, values found in

literature were adopted [102,103]. The electrical conductivity of Pt was modeled as a function

of temperature due to its highly temperature dependence [25], which can be approximated
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by σ (T ) = 8.9× 106/ (1 + 0.003729T ). Using the geometry of the micro-actuator described

previously, the results revealed a simulated cut-off frequency (fcs) of 34Hz, which is relatively

close to fce. Thus, the mechanism limiting the performance of the micro-actuator in this

work is the thermal dissipation through the device anchor and surrounding media, which is

in accordance with previous work [25,28].

5.2.3 Time Response

Another important experiment that reveals dynamic characteristics of the device is the time

response of the micro-actuator. For this experiment, current steps were given to the heater

while the tip deflection of the device was being monitored. The sampling rate for this

experiment was 20 kHz, which is much larger than fce. The measured deflection throughout a

series of current steps is shown in Figure 5.4. From the insets, the time constants associated

with the increasing and decreasing steps were calculated to be 3.5ms and 3.7ms, respectively.

Although their values are very similar, the differences may be due to the different system

boundary conditions in both cases — there is no active cooling in the device — and the

asymmetry of the deflection hysteresis. Similar behavior have been observed in [28].

Another observed feature from Figure 5.4 is the slow steady-state transient and, although

one can think of it as being a result of material creep, it only seems to happen during

cooling steps. Creep is known to be a temperature dependent process, increasing with

increasing temperature, which is the opposite of what is observed in this experiment. A

consequence of creep is permanent performance degradation [108] due to dislocations and

material fatigue, which is not observed to happen for the VO2-based MEMS actuator studied

in this work. In a previous work, the authors did not find evidence of creep nor differences

between heating and cooling in VO2-coated Si cantilevers [26]. The actuation mechanism

used in [26] was orders of magnitude slower than the thermal transients in the micro-device,

which made the differences between heating and cooling transients unnoticeable. In this

work, the micro-actuator thermal transients dominate the time response of the device, and
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Figure 5.4: Deflection time response of the micro-actuator through a series of current steps.
Two inset figures showing increasing (heating) and decreasing (cooling) steps were added to
the figure for visualizing their differences.

thus, the differences between heating and cooling boundary conditions are more evident.

This evidence suggests that the observed slow cooling transients might be due to differences

in boundary conditions between heating and cooling rather than material creep.

5.2.4 Reliability

Reliability is a measure of similarity between two separate measurements under same condi-

tions and measurement setup, which accounts for variations in measurement setup and device

performance. The latter includes fatiguing, fracture, and degradation of the micro-actuator,

while the former is related to vibrations and environmental disturbances. For achieving ac-

curate control of the micro-actuator, it is important that both, measurement setup and the

device performance, are repeatable and reliable.

To show the reliability of the VO2-based MEMS actuator, a quasi-static deflection mea-

surement was taken five days after all the measurements in this work were completed and
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Figure 5.5: Reliability test results for the VO2-based MEMS actuator. (a) Quasi-static
deflection as a function of current before and after all the experiments. (b) Error between
both curves for the increasing and decreasing current sweeps.

after the device was pulsed in open-loop for hundreds of thousands of cycles. Figure 5.5-(a)

shows this quasi-static result along with the data of the experiment in Figure 5.2. Figure

5.5-(b) shows the error between the two quasi-static sweeps for both increasing and decreas-

ing current plots. The error for the increasing sweep is between 3.8 and −2.75 µm with

an average of 0.69 µm, and for the decreasing sweep is between 3.2 and −2.25 µm with an

average of 1.2 µm. Both graphs are almost identical with differences probably due to random

vibrations or other environmental noises, which shows that the VO2-based MEMS actuator

and the measurement setup can produce reliable and repeatable results even after hundreds

of thousands of cycles with no noticeable degradation.

5.2.5 Rate Dependency

Rate-dependent hysteresis is produced by a phase lag between input and output signals as a

result of the system dynamics. This phase lag in conjunction with the memory effect due to
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the hysteresis produces a change in the input-output relationship, which strongly depends

on the frequency of the input. Although this mechanism has been observed in the past in

micro-actuators [109–111], it has never been observed in VO2-based actuators.
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Figure 5.6: Deflection as a function of sinusoidal current input at different frequencies. The
shape of the hysteresis is dependent on the actuation frequency showing the rate dependency
of the micro-actuator.

To study this effect in the device used in this work, a sinusoidal current input was

applied to the Pt heater in the actuator with amplitude of 0.68mA and offset of 2.68mA at

different frequencies while measuring its deflection. The results for some of the frequencies

are shown in Figure 5.6. The response at low frequencies (0.1Hz) is similar to the quasi-

static experiment results, but, as the frequency is increased, the output-input relationship

starts changing. At 10Hz the hysteresis is significantly wider although its amplitude seems

unaffected, and at 50Hz the amplitude has already decreased almost half of its original

value while the hysteresis becomes even wider. From here and up to 100Hz the amplitude

continues to decrease while the hysteresis shape completely shifts to the other side — at

low frequencies higher currents produced higher deflections while at higher frequencies lower
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currents produced higher deflections.

Hysteretic nonlinear models and control schemes, such as hysteresis compensation, would

increase modeling accuracy, but, due to the complicated system dynamics and hysteresis

behavior shown, this approach would be highly computationally intensive. In addition,

the observed rate dependency must be considered in closed-loop control if incorporating

hysteresis compensation schemes, which requires an even increased level of modeling and

computational complexity. The control schemes needed to incorporate these effects would be

outside the scope of the computationally efficient modeling and control techniques proposed

in this work, which is aimed at demonstrating closed-loop control of VO2-based MEMS

actuators using PID control.

5.3 Modeling

Using the results obtained from the device quasi-static and dynamic characterizations, and

after demonstrating device and setup reliability, the device can be modeled and controlled.

Rather than utilizing complex modeling and control schemes, the proposed approach in this

work is to show that VO2-based MEMS actuators can be accurately controlled through a

simple, yet effective PID controller.

5.3.1 Thermal Domain

The micro-actuator model in this work consists of a first-order transfer function representing

the electro-mechanical component, which is derived from the experimental results in Figure

5.3, plus a second-order transfer function representing air drag and damped resonance, which

is derived theoretically and validated through a FEM simulation. From the experimental

results on frequency response as shown in Figure 5.3, it was observed that the micro-actuator

can be modeled by a first order transfer function with a cut-off frequency determined by the
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thermal dynamics in the device. The general expression for a first order transfer function is:

Ath (s) =
A0

τs+ 1
, (5.1)

where A0 is the DC gain and τ is the time constant of the micro-actuator. In this work the

gain at 0.1Hz was assumed as the DC gain since it was orders of magnitude below fc. The

gain and time constant resulting from the fitted transfer function model in Equation (5.1)

were 44.8 µm/mA and 3.8ms, respectively. The plot shown in Figure 5.3 is the magnitude of

the deflection, which is derived from Equation (5.1). The accuracy of the thermo-mechanical

model can be seen in Figure 5.3, where it is plotted along with the obtained experimental

data.

5.3.2 Mechanical Domain

To consider the effect of air damping and damped resonant frequency in the micro-actuator,

a similar analytical procedure to the one done in [28] is employed, where the normalized

transfer function of a damped harmonic oscillator is defined as:

Adrag (s) =

keff
meff+βa

s2 + βv
meff+βa

s+
keff

meff+βa

, (5.2)

where keff is the effective spring constant of the device obtained from [112, 113], meff is

the effective mass (meff = 33/144m) where m is the actual cantilever mass calculated from

the densities and volume of the materials, and βa and βv are the acceleration and velocity

drag coefficients, respectively. These coefficients are defined as [114]:

βv = 6πηRs

(
1 +Rs

√
ρω

2η

)
, (5.3)

βa =
2

3
πρR3

s

(
1 +

9

2Rs

√
2η

ρω

)
, (5.4)

where ρ and η are the density and dynamic viscosity of the medium surrounding the micro-

actuator, which in this case is air, Rs is the radius of the sphere used to model the micro-

actuator following the procedure detailed in [115], and ω is the angular frequency. All of
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Table 5.1: Derived values for modeling micro-actuator dynamics.

Parameter Value

A0 (µm/mA) 44.8
τ (ms) 3.8
Rs (µm) 95.5
keff (N/m) 0.0606
meff (kg) 3.25× 10−11

the material parameters used for the calculations are shown in Table 4.1 and the derived

coefficients are shown in Table 5.1. Although βv and βa are a function of ω, Equation (5.2)

can be approximated by another second-order transfer function (Âdrag (s)) with coefficients

obtained through a parameter fitting in order to approximate Adrag (s) effectively with

coefficients independent of ω. Here, Âdrag (s) results in:

Âdrag (s) =
ω2
n

s2 + 2ζωns+ ω2
n
, (5.5)

where ωn is defined as the natural frequency of the micro-actuator, and ζ is defined as the

damping ratio. The obtained values from the model fitting were ωn = 39 898.2 rad/s and

ζ = 0.05. To study the accuracy of the approximated model, the magnitude of Equation

(5.2) and Equation (5.5) were compared where a maximum error of 0.1% was observed

through a frequency range from 0.1Hz to 100 kHz. To further validate the approximated

model, a natural frequency of 41 202 rad/s was obtained from a FEM eigenfrequency simu-

lation of the micro-actuator using the material parameters in Table 4.1. The error between

the analytically calculated angular frequency to that obtained from the simulation is 5%.

Equation (5.1) and Equation (5.5) can be multiplied to obtain the overall transfer func-

tion of the VO2-based MEMS micro-actuator and substituting all of the parameters in the

resulting transfer function yields:

AMA (s) =
1.8767× 1013

(s+ 263.2)
(
s+ 1.995× 103 ± 3.985× 104

) , (5.6)
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Figure 5.7: Bode plot for the simulated model of the VO2-based MEMS micro-actuator
under open-loop. The gain margin (GM) and phase margins (ΦM) are shown.

Figure 5.7 shows the bode plot (magnitude and phase) of the micro-actuator transfer

function in Equation (5.6). The resulting system has a gain margin GM = −5.64 dB,

which clearly states that the system would be closed-loop unstable for any proportional gain

greater than 0.34. This limit is observed experimentally, although it shows at a slightly

lower gain, probably due to the approximations used in the model. The system also has

multiple crossover frequencies that result in three phase margins of ΦM = 90.7◦, 65.5◦,

and −53◦. Using this approximated model, which consisted of the experimentally identified

thermo-mechanical model and the theoretically derived air drag and harmonic model, a PID

controller can be designed and implemented for closed-loop control of the micro-actuator.

5.4 Controller Design

The closed-loop control diagram of the VO2-based MEMS actuator is shown in Figure 5.8,

where G (s) is the transfer function of the micro-actuator dynamics, K (s) is the transfer
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function of the controller used in this work, and f is the linear conversion from deflection

setpoint to voltage (the inverse of f is the calibration result used to obtain the deflection

using the voltage of the PSD in all experiments). The variable yref is the reference signal

in micrometers, which is converted to a reference voltage vref (t). The error e is the dif-

ference between vref and the output voltage of the PSD v. The current Ih is the same as

defined before, but in this case is controlled by K (s), whose goal is to minimize e ultimately

controlling the VO2 actuator deflection y while meeting specific performance requirements.

Figure 5.8: Closed-loop deflection control diagram for the VO2-based MEMS actuator.

5.4.1 Design Specifications

The transfer function of the PID control derived through the Laplace transform is defined

as:

K (s) = Kp +
Ki
s

+Kds, (5.7)

where Kp, Ki, and Kd are the proportional, integral and derivative gains of the controller,

respectively. The values of these gains are chosen as to obtain a desired system performance

in terms of frequency and transient response while ensuring zero steady-state error. In the

process of obtaining the gains in this work it was noticed that the micro-actuator closed-loop

response showed steady-state oscillations with frequency and amplitude strongly dependent

on the controller gains. This effect has been observed in the past for hysteretic systems

controlled in closed-loop and has been attributed to limit cycles produced by the hysteresis
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Table 5.2: PID controller gains for the two controller designs.

Gain PID1 PID2

Kp 0.105 0.28
Ki 11.66 93.31
Kd 1.05× 10−4 1.05× 10−4

[116–118]. Another observation is that the amplitude and frequency of limit cycles increase

with increasing Kp [116], which is in accordance with what is observed in this work. As

mentioned in [116], it is difficult to determine the effect of the controller gains in the limit

cycle behavior through an analytical study, and thus, an experimental approach is used in

order to determine a set of controller gains that reduce the limit cycles while accurately

controlling the micro-actuator.

In this work, two PID controllers (PID1 and PID2), with bandwidths more than half a

decade apart, are designed, implemented and compared. Bandwidths of fc1 = 70Hz and

fc2 = 500Hz are chosen in order to stay well below the resonant frequency while achieving

relatively fast actuation transients. In addition, a maximum overshoot of 1% is required,

which traduces to a phase margin of 173◦ for both controllers. This overshoot limit is chosen

to show the applicability of this technology to micro-manipulation, where large deviations

from the setpoint are undesirable. The gains for the resulting controllers are shown in Table

5.2 and the controllers transfer functions are given by:

K1 (s) =
1.05× 10−4 (s+ 872.7) (s+ 127.3)

s
, (5.8)

K2 (s) =
1.05× 10−4 (s+ 2276) (s+ 390.4)

s
. (5.9)

5.4.2 Simulation

The resulting closed-loop transfer functions for the system in Figure 5.7 using both con-

trollers are shown in Figure 5.9. It is observed that for the system withK1 (s) the bandwidth

and phase margin are 72Hz and 173◦, respectively, while for K2 (s) these values are 496Hz
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and 168.7◦. These results show that both controllers meet the design requirements and will

be used to study the VO2-based MEMS actuator performance under closed-loop control. For

implementing the closed-loop controller a sampling time of 10 µs was used, which is sufficient

enough to ensure complete signal reconstruction.
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Figure 5.9: Closed-loop bode plots for the system in Figure 5.7 using the two PID controllers.

5.5 Results

To determine the performance of the PID controllers designed in the previous section, a se-

ries of tracking experiments are performed. A step reference tracking experiment is used to

study the transient characteristics of the closed-loop system and the effect of the controller

gains in the limit cycles. Another experiment is performed in order to study the tracking per-

formance of the system under sinusoidal-modulated reference signal at different frequencies.

Finally, a comparison between open-loop and closed-loop control of the micro-actuator under

temperature disturbance is done to demonstrate the need of accurate closed-loop control.
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5.5.1 Step Reference Response

In this experiment, a total of six increasing and decreasing steps were applied to the input

of the system in order to study the transient and steady-state performance of the micro-

actuator. Each step size was 21 µm with duration of 0.5 s and the total controlled range was

65 µm. Figure 5.10-(a) shows the setpoint and measured deflection of the micro-actuator

as a function of time under PID1. It is observed that the deflection of the device follows

the desired deflection path effectively and the deflection is maintained during steady-state.

The inset in Figure 5.10-(a) shows the transient of the deflection signal, characterized by

a time constant of 2.42ms, which is close to the 2.2ms approximated from the model and

simulated controller. In addition, no overshoot was observed in the signal as require by the

design specifications.
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Figure 5.10: Results for the micro-actuator under PID1 control. (a) Deflection, (b) deflection
error, and (c) controller effort of the step reference tracking experiment.
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The error of the signal, in µm, is shown in Figure 5.10-(b) where the average steady-state

error observed was zero, due to the integral part of the PID. The insets on this plot show

evidence of the steady-state limit cycles produced by the hysteresis. It is observed that the

peak-peak error is setpoint-dependent with a maximum of 3.8 µm. In addition to the error

amplitude, the error frequency is also observed to be setpoint-dependent. These dependencies

with setpoint values are thought to be due to the non-monotonic and asymmetric hysteresis

observed in Figure 5.2, which changes the shape of the resulting limit cycles. These effects

can also be noticed in the control effort shown in Figure 5.10-(c) where an interesting

feature is the difference in effort amplitude and frequency between increasing and decreasing

setpoints for the same deflection value.

Figure 5.11 shows the step reference tracking results using PID2. The first difference

to notice between the deflection performance in Figure 5.11-(a) and Figure 5.10-(a) is the

noisier signal of the former, which is produced by the higher bandwidth (higher Kp) obtained

with PID2. The second difference is the faster transient times obtained with PID2, which

results in a time constant of 0.34ms, although higher transient oscillations are observed since

Kp in this controller is closer to the stability maximum. A third difference for PID2 is the

amplitude and frequency of the steady-state oscillations observed in the deflection error in

Figure 5.11-(b).

Although the average steady-state error is zero, similar to the results with PID1, the

maximum peak-peak error is 5.75 µm, which is 1.5× larger than with PID2. In addition, the

frequencies of these oscillations seem to have increased with PID2. These results are in agree-

ment with previous observations were the frequency and amplitude of the steady-state limit

cycles increase with increasing Kp [116]. The effect of the higher gains is also observed in the

controller effort in Figure 5.11-(c), which is substantially higher than with PID1. These re-

sults show that closed-loop control of VO2-based MEMS actuators can achieve fast transient

responses while minimizing deflection overshoot and average steady-state error. Depending

on the performance specifications, different controllers can be designed and implemented to
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Figure 5.11: Results for the micro-actuator under PID2 control. (a) Deflection, (b) deflection
error, and (c) controller effort of the step reference tracking experiment.

take advantage of the large displacements produced by these actuators.

5.5.2 Sinusoidal Tracking Response

In some cases, micro-actuators are operated under time varying reference inputs, such as

sinusoidal signals. To study the frequency performance of the micro-actuator under PID

control using using both controllers designed in this work, the frequency of a sinusoidal

reference input is varied across a large deflection range while the deflection is been monitored.

The amplitude and offset of the reference signal are 25 µm and 35 µm, respectively. Figure

5.12 shows the results obtained in this experiment using PID1 up to a frequency of 10Hz at

which the response has a phase lag of approximately 8.3◦. This phase lag is in agreement with

the model and PID predictions observed in the bode plots in Figure 5.9. The results also
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Figure 5.12: Sinusoidal reference tracking results at different frequencies for the micro-
actuator under PID1 control.

show the effective control of the micro-actuator throughout the frequencies studied. One

observable trend is that the error at the sinusoidal peaks tends to increase for increasing

frequencies. This might be due, not only to the phase lag, but also to the non-monotonic

deflection, as can be seen from the measured deflection signals near the sinusoidal peaks.

Figure 5.13 shows the results of the sinusoidal tracking experiment with the PID2 con-

troller. These results show a better performance of the micro-actuator at higher frequencies,

which results in smaller errors, while higher errors are observed at lower frequencies, possibly

due to the higher proportional gain. The deflection of the micro-actuator accurately tracks

the desired deflection up to 50Hz with almost no phase lag. These results are again validated

by the frequency response of the simulated system and controller in Figure 5.9. Similar to

the response under PID1, the non-monotonic behavior of the micro-actuator is noticeable at

the sinusoidal peaks.

In order to compare both results in terms of deflection error, the root-mean-square error
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(RMSE) is calculated. The RMSE in this work is defined by:

RMSE =

√∑N
n=1 e (n)2

N
(5.10)

where e is the error calculated from the difference of desired and measured deflection,

and N is the number of elements in e. Figure 5.14 shows the RMSE as a function of

frequency calculated from the sinusoidal tracking experiments for the system under PID1

and PID2 control. At low frequencies the RMSE under PID1 is significantly lower than

the RMSE under PID2, but as the frequency is increased, the RMSE under PID1 increases

exponentially whereas the RMSE under PID2 has a much gradual linear slope. This effect

is likely due to the higher bandwidth of PID2, although the larger RMSE observed for PID2

at lower frequencies might be due to the higher amplitude for the limit cycles in this case.
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Figure 5.13: Sinusoidal reference tracking results at different frequencies for the micro-
actuator under PID2 control.
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5.5.3 Open- vs Closed-loop Control

In this experiment, a Peltier heater was placed directly underneath the microactuator chip in

order to simulate temperature disturbances. The temperature was controlled in closed-loop

and temperature steps where given to the Peltier while the deflection of the micro-actuator,

the current passing through the Pt integrated heater and the temperature at the sample were

being monitored. Figure 5.15-(a-c) shows the deflection, heater current and temperature

as a function of time with the micro-actuator under open-loop — constant current — and

closed-loop control — constant deflection reference of 35 µm. Note that for the closed-loop

control the PID1 controller was used. The results show an evident superiority of closed-

loop for controlling the deflection in temperature variant environments. Through the 20 ◦C

temperature change, the deflection under open-loop underwent a change of 45 µm, which is

undesirable for real-life applications. By using closed-loop control, the system was able to

maintain the 35 µm deflection throughout the complete temperature disturbance range.

To further show the capabilities of the closed-loop controlled micro-actuator, a sinusoidal
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Figure 5.14: RMSE as a function of frequency obtained from the sinusoidal reference tracking
experiment under PID1 and PID2 control.
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tracking reference input with a frequency of 0.1Hz was applied to the system while the

sample temperature was varied. Figure 5.16-(a-c) show the effectiveness of the control

system throughout the complete actuation range even with a temperature disturbance of

more than 15 ◦C. As long as the sample temperature does not exceed the temperature

required to maintain the micro-actuator at a desired deflection, the controller would supply

the required current to maintain such deflection.

5.6 Summary

In this chapter, the characterization and implementation of a closed-loop system comprising

a VO2-based MEMS actuator with an integrated heater have been developed in order to
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Figure 5.15: Open-loop vs closed-loop control. (a) Micro-actuator deflection, (b) Pt heater
current, and (c) temperature measured during the temperature dependent experiment.
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Figure 5.16: Closed-loop control of sinusoidal reference tracking at 0.1Hz under temperature
disturbance. The different plots show the (a) Micro-actuator deflection, (b) Pt heater current,
and (c) temperature measured during the experiment.

accurately control the large deflections produced by these devices through the use of Joule

heating. A comprehensive characterization and modeling of the micro-actuator was per-

formed and used to tune two PID controllers whose performance were compared through

step reference, and sinusoidal reference tracking experiments. Finally, a temperature distur-

bance experiment was performed in order to show the advantages of closed-loop control over

open-loop actuation. All of these results showed that VO2-based MEMS actuators can be

used for highly precise micro-manipulation and micro-positioning applications in tempera-

ture varying environments while achieving fast actuation, no overshoot and minimizing the

deflection error.
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CHAPTER 6

SELF-SENSING FEEDBACK

The work in this chapter shows a closed-loop controlled MEMS-based actuator with an in-

tegrated heater and sensor, which uses a self-sensing approach that drastically reduces the

measurement hysteresis throughout the complete actuation range. Self-sensing is achieved by

estimating the actual deflection through a resistance-to-deflection Boltzmann model obtained

after a parameter fitting using simultaneous in situ VO2 resistance and deflection measure-

ments. The estimated deflection is then used in feedback with a proportional-integral (PI)

controller in order to accurately control the MEMS actuator. For this experiment, a dif-

ferent sample from the one used in the experiments in Chapter 5. Hence, there are some

differences in the characterization parameters, such as maximum tip displacement, open-loop

cut-off frequency, and gains.

6.1 Measurement Setup

The IC package containing the VO2-MEMS actuator fabricated in Chapter 4 is placed

on the measurement setup shown in Figure 6.1 in order to perform the simultaneous in

situ VO2 resistance and deflection measurements used in the characterization and control

of the device using self-sensing. For deflection measurements, a sensing laser (λ = 808 nm)

is focused at the tip of the cantilever and the reflected light is aimed at a position sensitive

detector (PSD). The output of the PSD is a voltage (Vd) proportional to the position of

the incident light in the active area. Using side view images from a charge-couple device

(CCD) camera at different actuation values, Vd is calibrated to actual deflection (Dr). For

VO2 resistance measurements, a constant current of 15 µA is applied to the VO2 through

the two middle Pt electrodes (green dashed lines) while the voltage is being measured. This

current value is chosen to avoid self-heating of the VO2 while obtaining high signal-to-noise
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Figure 6.1: Measurement setup for performing the characterization and control experiments
on the actuator. The setup is capable of in situ resistance and deflection measurements.

ratio. This was verified by measuring the deflection of the actuator with and without the

sensing current. Since both deflection values were the same, it was concluded there was no

self-heating of the VO2. By using Ohm’s Law, the VO2 resistance (Rv) is then calculated.

A data acquisition system and field programmable gate array (DAQ/FPGA) supplies the

actuation signal (Ih) to the Pt heater (red dashed lines) and measures the corresponding

voltage input signals and converts them to Rv and Dr. The DAQ/FPGA can be configured

to operate either in open- or closed-loop using a computer interface.

6.2 Simultaneous in situ Resistance and Deflection Characteriza-
tion

The electro-mechanical measurement setup in Figure 6.1 it used to perform simultaneous

in situ resistance and deflection measurements of the VO2 MEMS actuator. Quasi-static
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Figure 6.2: Quasi-static results for self-sensing model. (a) VO2 resistance and (b) MEMS
actuator deflection as a function of heater current. (c) MEMS actuator deflection as a
function of VO2 resistance and Boltzmann model used with the corresponding parameters.
(d) Self-sensing modeling error as a function of VO2 resistance.

and dynamic response analysis are performed in order to determine the self-sensing model

and the PID controller gains. The procedure adopted in this section is similar to the one in

Section 5.2 with the added resistance measurements.

6.2.1 Quasi-static Analysis

The measurement setup is used to obtain quasi-static simultaneous Rv and Dr curves as

a function of Ih, which are shown in Figure 6.2-(a-b). For this experiment, a series of

decreasing first order reversal curves are obtained in order to cover the hysteresis minor

loops. The current range for the complete experiment is from 1.8 to 5.2mA in steps of
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30 µA. To ensure Rv and Dr have reached steady state values, a wait time of 4 s is selected

between each current setpoint. The VO2 resistance shows the typical nonlinear hysteretic

behavior observed in similar deposited films on SiO2 with a maximum resistance change of

8× 105 Ω [25]. The deflection range obtained with the actuator is 95 µm, which is obtained

through less than 1mA change in Ih. There are two competing mechanisms that affect the

deflection of the device: the structural phase transition of the VO2 layer and the differential

thermal expansion. The former is responsible for the large positive change in deflection from

3 to 4.5mA, while the latter is responsible for the small negative changes at both ends.

This nonmonotonic behavior has been observed in the past and a detailed discussion is given

in [14,31] and in Section 3.1.

6.2.2 Frequency Response

The setup in Figure 6.1 is used to obtain the open-loop magnitude frequency response of

the micro-actuator under a sinusoidal input signal. The input frequency is varied from 0.1

to 200Hz with a constant magnitude and offset of 0.4mA and 3.6mA, respectively. This

values are chosen in order to include large part of the transition region in the deflection (see

Figure 6.2-(b)). Figure 6.3 shows the Ih to Dr and the Ih to Rv gains as a function of

frequency for the micro-actuator. The cut-off frequencies for both signals are very close to

each other, which is expected since the dynamics in these types of thermally-actuated devices

is dominated by thermal dissipation through the anchor and the surrounding media [25].

6.3 Modeling

Using the results from the quasi-static and frequency response experiments, the micro-

actuator and the self-sensing models can be determined. A transfer function that fits the

experimental resistance dynamic data is found. For self-sensing, the goal is to find a simple

and effective non-hysteretic resistance-to-deflection model for implementation in an FPGA
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Figure 6.3: VO2 resistance and deflection gains as a function of frequency under open-loop
sinusoidal actuation obtained experimentally. The resistance gain is also modeled by a first-
order transfer function with parameters shown in the inset table.

system.

6.3.1 Self-sensing Static Model

Figure 6.2-(c) shows the self-sensing relationship between deflection and VO2 resistance for

the same experimental data. The hysteresis is greatly reduced due to the highly coupled

mechanisms responsible for the electrical — product of the insulator-to-metal transition

(IMT) [20] — and the mechanical changes — resulting from the structural phase transition

(SPT) [22] — in the VO2. During the transition, the crystal structure changes and the

vanadium ions are reordered, which causes a change in the VO2 bandgap. This produces a

strain change in a highly oriented VO2 film. A Boltzmann function is then used to model

the self-sensing relationship. The Boltzmann function is defined by

D̂r =
A1 − A2

1 + exp (Rv − x0) /dx
+ A2, (6.1)
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where A1, A2, x0 and dx are the model parameters, which are obtained through a nonlinear

model fit using a conjugated gradient method, and D̂r is the estimated deflection. The

model parameters obtained from the fitting are A1 = 100.72, A2 = 1.2264, x0 = 553170,

and x0 = 40840. Note that the operational region is defined as the region through which

the positive deflection (VO2 transition) occurs in the actuator. Figure 6.2-(d) shows the

error between the experimental data and the model in Equation (6.1). The maximum

absolute error produced by the self-sensing model is 5 µm with an average error of −1.1 µm,

throughout the complete actuation range of 95 µm. These results show that Equation (6.1)

can accurately estimate Dr and can be used as the feedback signal to control the device

deflection.

6.3.2 Actuator Resistance Dynamics

Both frequency responses, resistance and deflection, resemble the behavior of a first-order

system. Since drag and internal mechanic dynamic effects are known to take place at much

higher frequencies — more than an order of magnitude higher than the thermal cut-off

frequency (see Section 5.3.2 — they were not studied in this work. Since D̂r will be used

instead of Dr for control, the resistance gain is modeled by a first-order transfer function

defined here as:

G (s) =
A0

τs+ 1
, (6.2)

where A0 is the resistance DC gain, and τ is the time constant of the system. Notice that

the transfer function in this experiment is defined differently than in Section 5.3.1. In

order to find the parameters for the system using the experimental results, the magnitude

of Equation (6.2) is calculated by finding |G (jω)| and then fitted with the data. Note that

ω = 2πf where f is the frequency in Hz. The resulting model is also shown in Figure 6.3.
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6.4 Controller Design

The self-sensing and dynamic system models are now used to determine a set of PI gains

that will result in an accurate and controlled Dr using D̂r. Figure 6.4-(a) shows the high-

level block diagram representation of the micro-actuator system. The controller uses D̂r

(calculated from the self-sensing model using Rv) and the reference deflection value Dref

to supply Ih (the control signal) in order to drive the VO2-MEMS device. Note that Dr is

only used to validate the performance of the self-sensing closed-loop system. An expanded

view of the self-sensing closed-loop system is shown in Figure 6.4-(b), where e is the error

between Dref and D̂r, K (s) is the PI controller transfer function, G (s) is the resistance

transfer function from Equation (6.2) and D̂v (Rv) is the self-sensing model from Equation

Figure 6.4: (a) Simplified high-level and (b) expanded dynamic closed-loop block diagrams
of the VO2-MEMS actuator using self-sensing.
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(6.1). K (s) is defined as

K (s) = Kp +
Ki
s
, (6.3)

where Kp and Ki are the proportional and integral gains, respectively. Note that Equation

(6.3) is Equation (5.7) without the derivative gain. Since the deflection and resistance

open-loop responses have very similar performance in terms of cut-off frequency, a controller

designed to compensate D̂r should also compensate Dr with similar closed-loop performance.

Hence, Equation (6.3) was designed to control the system in Figure 6.4-(b) in order to

achieve a bandwidth (BW) of at least 40Hz (which is double the open-loop bandwidth), and

a percent overshoot of less than 10% (which traduces to a phase margin (ΦM) of less than

121◦). The obtained gains based on these specifications are Kp = 0.07 and Ki = 87.5 and

the simulated performance of the closed-loop system using these gains is shown in Figure

6.5-(a-b).
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Figure 6.5: Experimental and simulated (a) magnitude and (b) phase as a function of fre-
quency of the closed-loop controlled VO2-based MEMS actuator.
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6.5 Results

To test the performance of the micro-actuator system, a series of reference tracking exper-

iments are performed. First, the closed-loop frequency response is obtained experimentally

by applying a sinusoidal reference signal with varying frequency. Second, a step reference

input response is performed in order to obtain the transient performance of the system and

study the overall system accuracy. More emphasis is given to the actual deflection (Dr) in

the result discussions since, in practice, its performance is of most value. However, the esti-

mated deflection (D̂r) is also included to show the effectiveness of the self-sensing feedback

method.

6.5.1 Closed-loop Frequency Response

To experimentally obtain the closed-loop frequency response of the micro-actuator, Dref

was chosen as a sinusoidal wave of varying frequency from 0.1 to 200Hz with a magnitude

and offset of 30 µm and 45 µm, respectively. Figure 6.5-(a) shows the magnitude gain in

decibels of the closed-loop system for the mentioned input conditions. Both self-sensed and

actual deflection gains follow the simulated results closely with a BW of 43Hz.

The effectiveness of the self-sensing model is also verified by the unnoticeable difference

between the self-sensing and actual deflection performances before the ΦM (0dB) frequency

of 30Hz. The maximum difference between Dr and D̂r is 0.255dB or 1.8 µm through the

deflection range of 60 µm tested in this experiment. In addition, maximum actual and

self-sensing errors to that of the setpoint are 0.19 dB (1.32 µm) and 0.015dB (0.1 µm), re-

spectively.

To further show the frequency and time dependent performance of the micro-actuator,

some of the deflection sinusoidal responses used to obtain the results in Figure 6.5-(a) as

a function of time at different frequencies are shown in Figure 6.6. One noticeable trend

is the increased difference between the actual and setpoint deflection values right after the
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Figure 6.6: Sinusoidal time dependent deflection response for the self-sensing and actual
values at different frequencies.

maximum and minimum setpoint peaks. Hence, it is difficult to obtain a measure of the phase

difference, since the phase value varies when calculated at different locations within a period.

For example, at 10Hz the phase difference is 22◦ if calculated at the sinusoidal offset value

or 30◦ if calculated at the maximum value. One plausible explanation is the asymmetry of

the hysteretic curve. The actuation region for this particular frequency response experiment

— which is smaller than the actuation region used for the quasi-static experiments shown in

Figure 6.2-(c) — includes a hysteretic region that is non-symmetric. This non-symmetry

(which is not modeled by Equation (6.1)) changes the shape of the limiting cycles in the

actuation region; causing pronounced differences between the estimated and actual deflection

when cycling between setpoint peaks. This has been observed in a previous sinusoidal control

experiment performed by the authors, where the actual deflection was directly controlled [29].
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6.5.2 Step Reference Response

Dref was chosen as two sequences of varying step inputs with duration of 200ms each in

order to study the transient and steady-state errors of the closed-loop controlled VO2-MEMS

actuator. The first sequence was designed to cover one stable hysteresis loop (increasing

and then decreasing staircase cycle), while the second sequence was designed to study the

performance throughout the hysteresis (arbitrary increasing and decreasing steps). The

results for the first and second sequences are shown in Figure 6.7-(a-b), respectively. Both

figures also show inset plots of some step regions in order to show transient behavior.
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Figure 6.7: Step reference input results for the (a) increasing-decreasing loop and (b) arbi-
trary steps experiments.

The effectiveness and accuracy of the self-sensing feedback micro-actuator is evident.

An average Dr steady-state error of 1.15 µm is found from all the different steps in both

sequences with average system accuracy of ±430nm. The maximum steady-state error is
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1.88 µm from all the setpoint values tested. Rise times — defined here as time taken by

Dr to change from 10 to 90% of the step value — ranging from 5 to 12ms are obtained

with maximum percent overshoot of 8.4%. These results are in good agreement with the

closed-loop performance specifications and show that self-sensing can be used to accurately

and effectively control the deflection of VO2-based MEMS actuators.

6.6 Summary

In this chapter, a closed-loop controlled VO2-based MEMS actuator with monolithically

integrated heater and deflection sensing has been designed and implemented. The VO2 re-

sistance was used as the sensing element due to the strong correlation between resistance

and deflection, and because of the hysteresis reduction effect recently discovered when mea-

suring multiple VO2 properties. A simple, yet effective, Boltzmann function was used to

model the resistance-to-deflection relationship to obtain an estimated deflection value. The

resistance and deflection dynamic responses were used to design a PI compensator that ac-

curately controlled the actual deflection using the estimated deflection value as the feedback

signal. Sinusoidal and step input tracking experiments were performed in order to show the

performance of the micro-actuator in terms of frequency response, transient response and

steady-state error.
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CHAPTER 7

SELF-HEATING CONTROL

VO2-based MEMS actuators can be further miniaturized and studied by inducing the ac-

tuation through the heating of the VO2 film itself, instead of having additional heating

components. This technique is usually referred to as self-heating. In this chapter, the

actuation of the same VO2-based MEMS actuators shown in Figure 4.8 is achieved by volt-

age and current controlled techniques. Since the actuation in these devices is produced by

Joule heating — an effect inherently unstable in MIT materials if controlled by voltage —

current-controlled actuation of MIT materials is desired [119–121]. Nonetheless, the voltage

controlled actuation is also studied in this thesis for comparison purposes.

7.1 Measurement Setup

The setup used for the experiments done in this chapter is shown in Figure 7.1 and its

operation is similar to the one in Figure 6.1 except that there are no connections made to

the Pt heater and that it includes a signal conditioning circuit. In this setup Vj represents

the j − th output of the circuit and Vin is the input voltage to the circuit, which can be

controlled using a PI or varied manually. This supplies the required voltage or current to the

VO2 resistance (Rv). In the voltage-controlled experiments, the circuit shown in Figure 7.2

was used, which consisted of a load dependent voltage-controlled actuation. The resistance

in series with the Rv (100 kΩ total) is used to limit the current through the VO2, while

the voltage divider is used to limit the voltage going to the DAQ/FPGA (V1). The voltage

amplifier is used to amplify the voltage supplied by the FPGA (Vin) and produce Joule

heating of the VO2 resistor. The voltage-controlled by the circuit is dependent on the VO2

resistance, which decreases abruptly during the transition as the voltage is increased. This

results in actuation instability. In Joule heating process (resistive heating), the temperature
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Figure 7.1: Measurement setup used for performing the self-heating quasi-static and dynamic
characterization using voltage or current-controlled actuation of the VO2.
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Figure 7.2: Schematic of the compensating circuit used in the voltage-controlled experiments.
The inputs and outputs colors correspond to those in the setup schematic in Figure 7.1.

is directly related to the power dissipated (P ) by the resistor, which in turn is very sensitive

to the current I (P = I2R). As the the voltage is increased and the temperature is increased

due to Joule heating, the VO2 resistance drops abruptly, which causes a sudden increase

in current (I = V/R). This abrupt change in current translates into a sudden increase in

power, which then produces an increase in temperature and a drastic drop in resistance.
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Figure 7.3: Schematic of the compensating circuit used in the current-controlled experiments.

This unstable cycle is repeated until equilibrium is reached. This has been observed in other

studies where VO2 is used as an electronic switch [119]. Other materials, such as titanium

dioxide (TiO2) have been successfully operated using current-controlled sources [120]. If the

current is controlled (instead of the voltage) there is no actuation instability, which allows

continuous operation throughout the transition. To this end, the closed-loop voltage-to-

current converter shown in Figure 7.3 is used for the current-controlled actuation of the

VO2-based MEMS actuator in closed-loop.

7.2 Self-heating Open-loop Characterization

Using the setup described in Figure 7.1, the voltage and current-controlled experiments are

performed. The voltage-controlled experiments confirmed that self-sensing using self-heating

of the VO2 is not possible (at least for the current device design) and that current control

is needed in order to achieve stable VO2 actuation.
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7.2.1 Voltage-controlled Actuation

Figure 7.4-(a-b) shows the quasi-static actuation of the VO2-based MEMS actuator in terms

of its deflection and resistance change. The curves are obtained by measuring deflection

and resistance through a series of increasing-decreasing voltage cycles in steps of 2V. It

is observed that approximately 35V is the lowest voltage where a deflection value can be

measured. Any voltage below this would result in instability due to the VO2 resistance

change across the IMT. It is also observed that for the voltage range of 35 − 95V the

resistance change is almost linear — the VO2 resistance measured is almost completely in

its metallic state — while a significant amount of the deflection change is still observed.

This is a result of the pronounced difference in transition voltage between the mechanical

and electrical domains in this experiment, which hinders the use of self-sensing for hysteresis

reduction for this device design (see Figure 7.5). Although the reason for the difference in

transitions is currently unknown, it is thought to be related to formation of a filament or

conduction channel resulting from the IMT of the VO2. The filamentary behavior of VO2
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Figure 7.5: Deflection of the VO2 actuator as a function of VO2 resistance using self-heating
of the VO2. Note that the hysteresis is not reduced due to the differences in mechanical and
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has been observed in other self-heating experiments [122].

7.2.2 Current-controlled Actuation

To eliminate the instability produced by the self-heating of the VO2 through the IMT, the

voltage-to-current converter in Figure 7.3 is used as the conditioning circuit hereinafter.

A series of experiments are performed using the current-controlled actuation in order to

characterize the self-heating actuation in terms of quasi-static and dynamic response, develop

a dynamic model for control design purposes, and implement closed-loop deflection control

using self-heating.

For this experiment, the current through the VO2 is varied from 200 µA to 1.4mA and

back to 200 µA in steps of 25 µA while the deflection is measured. To ensure steady-state

deflection values were reached, the deflection measurement is performed after 1 s from reach-

ing the steady-state current setpoint value. Figure 7.6 shows the deflection as a function of
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Figure 7.6: Deflection of the VO2-based MEMS actuator as a function of current through
the VO2.

current through the VO2 for this experiment.

The observed hysteretic curve resembles the ones from previous experiments except for

the behavior at low currents, where it seems the observed hysteresis is an inner loop of the

major hysteresis curve. However, it was experimentally observed through side view images

that there were no difference between the deflection at 200 µA and zero — obtained by

turning off the conditioning circuit. A maximum deflection change of more than 70 µm is

observed, which is produced by a current of 1.4mA and a VO2 resistance of 5.5 kΩ resulting

on a power consumption of 8.8mW. This power value is a twice the one obtained in the

experiments from Chapter 5, when the actuation was done by heating the Pt (instead of

the VO2).

The frequency response of the micro-actuator is measured in order to study its dynamical

performance and limits. In this experiment, the current-to-deflection gain of the micro-

actuator is obtained for a time-varying sinusoidal input current within a frequency range

of 0.1Hz to 1 kHz.The offset and amplitude of the sinusoidal signal are 0.8mA and 0.1mA,
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Figure 7.7: Open-loop frequency response of the VO2-based MEMS actuator using self-
heating.

respectively. Figure 7.7 shows the micro-actuator gain in decibels, which shows a 3 dB cut-

off frequency of approximately 65Hz. Similarly to the results obtained in the experiments

in Chapter 5, the observed behavior is only limited by the thermal dissipation through the

cantilever for the frequency range studied.

7.3 Modeling and Controller Design

The experimental data obtained in the device characterization can be used to find an ap-

proximate dynamic self-heating model for the micro-actuator. This model can then be used

to develop a PID controller for accurate deflection control. Figure 7.7 also shows a plot of

the first-order transfer function model fitted with the experimental data. Similarly to the

experiments in Chapter 6, the model used is given by Equation (6.2) with the exception

that A0 and τ are now approximately 60 000 µmA−1 and 0.002 s rad−1, respectively. These

parameters are found using a least squared method to solve the magnitude of Equation (6.2)
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given by 20 log (|G (jω)|) and fitted with the experimental data. Note that other mechanical

dynamics such as internal and external damping are ignored since they occur at much higher

frequencies.

The block diagram for the closed-loop system using self-heating is shown in Figure 7.8,

which is a slight variation from the one in Figure 5.8. Here, CC(s) represents the transfer

function of the current compensating circuit, which can be modeled by a first order transfer

function with time constant equal to 1.6× 10−6 s rad−1 and DC gain of 5.6× 10−4 AV−1.

The PI controller (K(s)), which is given by Equation (6.3), is designed in order for the

system to have a bandwidth of 200Hz with a maximum percent overshoot of 15%. Using

these device specifications the gains of the PI controller are calculated to be Kp = 0.9 and

Ki = 750. The simulated closed-loop frequency response of the VO2-based MEMS actuator

using self-heating is shown in Figure 7.8.

7.4 Results

A series of tracking experiments are completed in order to show the performance of the

closed-loop system of Figure 5.8. First, a closed-loop frequency response experiment is

done to compare simulation and experimental results and determine the bandwidth of the

system. Second, a sinusoidal tracking response is performed to show time varying system

performance. Finally, an input reference tracking experiment is done in order to study

deflection transients and steady-state tracking errors. These three experiments are discussed

in the following sub-sections.

K(s) G(s)+-

yref ye Ih

f 

vref

PSDv

CC(s)
Vin

Figure 7.8: Block diagram of the closed-loop VO2-based MEMS micro-actuator.
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7.4.1 Closed-loop Frequency Response

Three different sinusoidal signals with different reference offsets (24, 37, and 49 µm), but

same amplitude are used as the input reference signal in three separate experiments. The

frequency of each signal is varied from 1Hz to 1 kHz while the output-input gain is measured.

Figure 7.9 shows the experimental results obtained with the three different offsets in addition

to the simulated response.

It is observed that the response of all the experimental curves are similar with slight

differences product of the hysteresis nonlinearity. The bandwidth of all three signals is rel-

atively close to the simulated curve with a value of approximately 300Hz. This shows that

the deflection of the self-heated micro-actuator can be accurately tracked with a gain of 0dB

up to frequencies close to 100Hz across the complete actuation range. While this experi-

ment reveals frequency-dependent magnitude and bandwidth performance, time-dependent

sinusoidal tracking experiment at different frequencies reveals transient and lag performance
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under continuously changing setpoint [30,32].

7.4.2 Sinusoidal Tracking Response

In this experiment a sinusoidal input with offset and magnitude of 37 µm and 14 µm is used

while the deflection of the micro-actuator is measured as a function of time. These values

were chosen to cover a wide range of the hysteresis. However, different values may produce

slightly different response performance due to the hysteresis non-linearity. Figure 7.10

shows the sinusoidal time responses as a function for four different actuation frequencies of

5, 10, 50, and 100Hz. At the two lowest frequency values, effective tracking performance

is observed with relatively small lag. For the two higher frequencies, a more noticeable lag

effect is observed although it is not constant for all setpoint values, which is attributed to

strong hysteretic asymmetry observed. This behavior is similar to the one observed in the

Joule heating control experiments discussed in Chapter 5, which hinders the experimental

phase lag calculations.
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Figure 7.10: Sinusoidal tracking response of the VO2-based MEMS actuator using self-
heating under four different frequencies.
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7.4.3 Step Reference Response

To obtain the tracking performance under step input response across the VO2 transition, two

separate input sequences are employed. The first one is aimed at studying the performance

of input steps through a hysteresis loop, while the second one is intended to study the

performance inside the hysteresis with randomly selected setpoints. The duration of each

setpoint in both experiments is 0.2 s, which is more than required for the micro-actuator to

reach steady-state values [30]. This allows to monitor the transient signals of each setpoint

which is used to determine rise/fall times, overshoot, and steady-state error.

Figure 7.11-(a-b) shows the step input response of the VO2 micro-actuator to both input

sequences using self-heating. The effectiveness of deflection control is evident resulting in

a performance that accurately follows the desired behavior. While the average steady-state

error for all setpoints in both sequences is zero micrometers, the average accuracy of the

system is ±0.7 µm with maximum of ±0.8 µm. The maximum observed percent overshoot
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Figure 7.11: Step input tracking response of the VO2-based MEMS actuator using self-
heating under for two different sequences: an increasing-decreasing hysteresis loop (a) and
randomly selected inputs inside the hysteresis (b).
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is 12.5%, which is mainly observed when the setpoint is decreased. Maximum rise time of

2ms is obtained with minimum of 0.5ms. The rise/fall times are defined as the time it takes

the deflection to go from 10% to 90% of the setpoint value.

7.5 Summary

Voltage-controlled and current-controlled self-heating of the VO2 were used to drive the

MEMS micro-actuators. It was found that the present device design is not able to produce

strongly correlated resistance and deflection measurements, and hence, self-sensing is not

possible. Current-controlled actuation was found to be the most stable of the two self-

heating methods and was used to characterize the device in terms of quasi-static and dynamic

analysis. A dynamic model was derived from the experimental data and used to design

a PI controller that accurately controlled the self-heated VO2-based MEMS actuator. A

series of tracking experiments were performed to determine the effectiveness, accuracy and

performance of the micro-actuator in terms of steady-state error, overshoot, and response

times.
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CHAPTER 8

SUMMARY

8.1 Summary of Contributions

In this work, the development of an accurately controlled VO2-based MEMS actuator with

integrated heaters and self-sensing technique is presented. A preliminary set of studies that

involved the characterization of VO2-based devices in terms of total tip displacement across

the transition, dynamic displacements using photo-thermal actuation, strain energy density

calculations, and the proof-of-concept of self-sensing in VO2 are performed. The results ob-

tained from these studies suggest that VO2 micro-actuators possess advantages over other

thermal actuation technologies, such as multi-layered structures and SMAs, in terms of strain

energy density and repeatability. Based on this performance, a VO2-based MEMS actuator

is proposed that allowed for electro-thermal actuation and self-sensing of the device deflec-

tion through VO2 resistance measurements. A detailed design and fabrication process, which

involves the use of FEM simulations, masks design, and clean-room fabrication, is presented.

After fabrication, a comprehensive device characterization is performed, which provides in-

formation for modeling and controller design and implementation. A series of experiments

for determining steady-state, tracking, and frequency response closed-loop performance are

realized using external sensing and self-sensing. A self-heating actuation technique is also

studied, in which the voltage and current through the VO2 are controlled in order to precisely

control the device deflection.

8.2 List of Problems Solved in this Thesis

This work addresses the following:

1. Characterize VO2 actuators in terms of total deflection strain energy density, overall
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quasi-static displacement, photo-thermal actuation and self-sensing.

2. Design and fabricate a VO2-based MEMS actuator with integrated VO2 resistance

measurement in the device, which enables simultaneous in situ resistance and deflection

measurements.

3. Characterize thoroughly the VO2 MEMS actuator in terms of quasi-static response,

frequency and time domains, reliability, and rate dependency.

4. Perform analytical and numerical micro-actuator thermal and mechanical modeling for

use in controller design and results validation.

5. Study the closed-loop actuator performance through a series of reference tracking ex-

periments, which includes closed-loop frequency response, and step and sinusoidal ref-

erence tracking.

6. Demonstrate VO2 cross-property hysteresis reduction across the complete actuation

range using the resistance-deflection relationship.

7. Demonstrate self-sensing feedback and self-heating control in the VO2-based MEMS

actuator.
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