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Abstract 

 

 Bulk-shape memory alloy actuators have great potential to be used in various 

microdevices.  Previous studies show that this material is very attractive due to its very large 

force, high mechanical robustness with a simple structure and biocompatibility.  These 

properties have resulted in its commercialization for various applications including those in 

biomedical field.  Yet their advantages have not been fully utilized.  For example, the 

commonly used actuation mechanism using Joule heating which requires wired interfaces 

limits their application especially in those instances where access and space are very limited.  

In addition, their incompatibility with the standard MEMS fabrication process further limits 

their potential for use in microscale devices.   

 This thesis presents a novel technique for the wireless control of shape-memory alloy 

microactuators and the method for integrating bulk-micromachined shape memory alloy 

material into the MEMS fabrication process.  The wireless control of shape memory alloy 

actuators using radiofrequency magnetic field wireless heating through resonant planar coils 

to directly drive the actuator without the use of conditioning circuits is demonstrated.  An 

electroplating bonding technique is developed to integrate the bulk-micromachined shape-

memory alloy to the planar heater and the bonding strength is evaluated.  A shape-memory 

alloy microgripper is fabricated and reported using developed actuation and the integration 

technique.  Multiple actuator control is demonstrated using frequency modulated signals and 

its application in a form a microsyringe employing three actuators is reported.  To improve 

the temporal response of the actuator, the wireless resonant heater circuit is fabricated using a 

shape-memory alloy to form an out-of-plane spiral coil which acts as the receiver coil as well 

as the actuator.  Wireless displacement control and monitoring is also demonstrated using the 

fabricated device.   

 The presented radiofrequency wireless control method also provides a platform to 

investigate the wireless actuation of the thermal based actuators other than the shape-memory 

alloy.  The reported integration method also provides a means to exploit bulk materials into 

the MEMS fabrication process.   
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Chapter 1 

Introduction 

Microactuators are used in the microelectromechanical system (MEMS) to generate 

mechanical motion that can be utilized to perform a specific task.  Microactuators have been 

successfully applied to various devices such as radio frequency (RF) switches [1], inkjet 

heads [2, 3] and digital micromirror devices [4].  Their potential to operate in a very limited 

space, with very limited access has attracted tremendous interest in the biomedical field and 

has been successfully engaged for use in surgical tools [5, 6], drug delivery devices [7] and 

artificial organs [8].    

In this chapter, various actuation mechanisms in MEMS are discussed, including their 

advantages and disadvantages.  Since this research is related to the shape-memory alloy 

(SMA) actuators, their advantages, working principles and the actuation mechanisms are 

reported in detail.  The wireless actuation method of the SMA and the use of the RF magnetic 

field to control actuation are discussed.  In addition, the method for integration of the bulk-

micromachined SMA into MEMS fabrication is also presented.  At the end of this chapter, the 

research objectives, methodology and overview of this thesis are discussed.   

 

1.1  MEMS Actuator 

MEMS actuators offer various actuation mechanisms that can be classified into several 

categories including thermal, electrostatic, magnetic, piezoelectric, and SMA actuations.  

Table 1.1 presents a brief review of the different actuation mechanisms of MEMS actuators 

and their work density.   
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Table 1.1: Actuation mechanism, working principles and work density [9]. 

Method Principle Work Density (J/m
3
) 

Electrostatic 
Attractive forces between two plates 

with different electrostatic charges 
~10

5 

Piezoelectric 
An electrical field leading to 

mechanical deformation 
~1.2x10

5 

Magnetic Interaction between magnetic fields ~4x10
6 

Thermal Different CTEs of two materials ~5x10
5 

SMA 
Crystal phase transformation with 

macroscopic shape change 
~10

7 

    

 

In microsystems, the electrostatic actuation principle is often favored [10] due to its 

simple structure, minimal energy loss and compatibility with integrated circuit processes [11, 

12].  However, its stroke is usually small [13] and a very high voltage is required over narrow 

gaps between its electrodes which limits the application of the device.  Moreover, its high 

voltage requirement reduces the lifetime of the actuator due to the side effects of the dielectric 

charging [14] and possible sparks during actuation [15]. 

The piezoelectric actuator is based on the mechanical deformation of the piezoelectric 

material when an electric field is applied which leads to the actuation.  The piezoelectric 

actuator is well known for its high-force potential and energy density, compactness, fast 

dynamic response time, repeatability, low input power and low driving voltage [16].  Despite 

its advantages, integration of piezo material is challenging because of the need for its high 

temperature thermal processing.  In addition, the actuation range is very small, which makes 

the piezoelectric actuator often undesirable [17].   

Magnetic actuators utilize the interaction of the actuator with the magnetic field generated 

by permanent magnets or coils.  An electromagnetic principle has the advantage of a large 
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force, high frequency and low driving voltage [18].  It also can be operated in a liquid because 

of the non-existence of an electric charge [19].  However, process and material compatibility, 

and the integration of the magnetic material into the overall fabrication process are common 

issues when one wishes to employ this actuation principle.  

The desirable property of thermal actuation is the simplicity of the fabrication method and 

its large displacement.  However, in general, thermal actuation tends to have higher power 

consumption and a slow response time.  It is also very sensitive to environmental influences.  

One of the most common thermal actuator types is the bimorph, which utilizes the difference 

in the coefficient of thermal expansion (CTE) of two different materials for actuation.  The 

displacement can be determined by choosing an appropriate CTE combination and also by 

controlling the temperature.  The SMA actuator is one of the thermal actuators that undergoes 

phase changes as the temperature changes and causes the macroscopic deformation of the 

actuator.  The SMA actuators posses the highest degree of work density from among the 

MEMS actuators as described in Table 1.1.  The SMA’s working principle is discussed in the 

next section.   

 

1.2 Shape-Memory Alloy 

The actuation of the SMA basically involves the straightforward principle of shape-

memory effects.  The SMA exhibits characteristic shape transformations when within 

particular temperature ranges.  SMAs undergo crystal transformations or atomic 

rearrangements when materials are heated or cooled to their austenitic and martensitic phase 

transformation temperatures, respectively [20].  Their material properties differ in these two 

phases in terms of their electrical resistivity, Young’s modulus, coefficient of thermal 

expansion (CTE), and thermal conductivity as described in Table 1.2.   
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Table 1.2: SMA properties at martensite and austenite phases. 

Property Martensite Phase Austenite Phase 

Young's Modulus (GPa) 40 75 

Thermal Expansion (µ/°C) 6.6 11 

Thermal Conductivity (W/m °C) 18 16.3 

Electrical Resistivity (µ Ω-cm) 76 82 

 

At the martensite phase, the material’s less symmetric atomic structure makes it more 

flexible and thus more easily deformable.  Following distortion of the crystalline orientation 

of the material, its original shape can be recovered by heating it to higher than the austenite 

phase temperature, driving the molecular rearrangement to construct its original cubic 

symmetric shape.  Figure 1.1 shows a simplified illustration of the changes in the crystalline 

form of the SMA that result in the shape-memory effects at different phases.   

 

 

Figure 1.1: Changes in the crystalline orientation of the SMA at different phases. 
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This material is rigid, hard and difficult to deform when it is hot.  When the material 

undergoes a cooling process to below its martensite phase transformation temperature and no 

external force has been applied, the physical shape of the material will be the same as that in 

the hot austenite phase shape.  However, the atomic layer will tilt in alternating directions 

between each layer [21].  This state is known as twinned martensite, and the SMA can be 

deformed by applying an external force or by using the bias spring effect to achieve reversible 

motion [22].  There are several phase transformation temperatures that need to be considered 

in the selection of the SMA depending on their applications.  Figure 1.2 shows the phase 

transformation and the hysteresis property of the SMA.   

  

 

Figure 1.2: The phase transformation and hysteresis properties of the SMA. 

 

During the shape recovery process, transformation from the martensite cold state to the 

austenite hot state commences at the austenite starting temperature, As, and ends at the 

austenite finishing temperature, Af.  On the other hand, the transformation from the hot 

austenite phase to the cold martensite phase starts at the martensite starting temperature, Ms, 

and ends at the martensite finishing temperature, Mf.  Another important parameter in the 



Chapter 1: Introduction 

6 

phase transformation of the SMA is the hysteresis, ∆T, between the phases.  Hysteresis is 

often unfavorable in SMA actuations as it delays the phase change from martensite to 

austenite and vice versa [23].     

The transformation phase temperature of the SMA depends on its material composition.  

The SMA encompasses few elements.  The composition level between these elements will 

essentially determine the transformation temperature.  Thus, the composition can be adjusted 

in order to achieve the specific transformation temperature.  This offers great flexibility and a 

wide range of options when applying SMA to various applications depending on their suitable 

temperature range.  Table 1.3 shows different types of SMAs and their properties.  Among 

them, Cu based SMA and a NiTi alloy, known as Nitinol, have been practical options for 

most engineering uses as others involve very expensive elements such as Au, Pt and Cd.   

 

Table 1.3: Alloys with shape-memory effects and their temperature properties [24]. 

Aloy Composition 
Transformation 

temperature range (°C) 

Transformation 

hysteresis (°C) 

AgCd 44 - 49 at % Cd -190 ~ -50 ~ 15 

AuCd 46.4 - 50 at % Cd 30 ~ 100 ~ 15 

CuAlNi 14 - 14.5 wt % Al -140 ~ 100 ~ 35 

 

3 - 4.5 wt % Ni 

  CuSn ~ 15 at % Sn -120 ~ 30 

 CuZn 38.5 - 41.5 wt % Zn -180 ~ -10 ~ 10 

CuZuX 

(X=Si/Sn/Al) few wt % X -180 ~ 200 ~ 10 

InTl 18 - 23 at % Tl 60 ~ 100 ~ 4 

NiAl 36 - 38 at % l -180 ~ 100 ~ 10 

NiTi 49 - 51 at % Ni -50 ~ 110 ~ 30 

FePt ~ 25 at % Pt ~-130 ~ 4 

MnCu 5 - 35 at % Cu -250 ~ 180 ~ 25 

FeMnSi 

32 wt % Mn, 6 wt % 

Si -200 ~ 150 ~ 100 

*wt = weight, at = atomic 
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 Nitinol has been the most favorable type employed for biomedical applications due to its 

biocompatible properties, and has been utilized in various biomedical applications such as 

stents, orthodontics and catheters [25].  Due to the high demand on Nitinol type SMAs, this 

material is commercially available in various forms including those of tubes, sheets and wires.  

 

1.3 Shape-Memory Alloy Actuators 

SMA actuators in MEMS area are usually fabricated in two different forms: thin film 

SMA actuators [26-32] and bulk-micromachined SMA actuators [33-36].  Thin film SMA 

actuators are often formed through the sputter deposition process.  SMA films undergo 

crystallization and shape setting through heat treatments.  The thickness of these actuators is 

commonly in the order of from hundreds of nanometers to several microns.  These types of 

actuators are easy to pattern and compatible with the MEMS fabrication process.  However, 

they often exhibit very low actuation force and the fact that their transformation temperatures 

are dependent on their deposition conditions results in their unpredictable material properties.   

Bulk-micromachined SMA actuators exhibit attractive features including very large forces, 

high mechanical robustness with simple structures, and biocompatibility [25, 37-40].  In 

addition SMA actuators are also ductile and corrosion resistant [41-43].  These properties 

make an SMA actuators very competitive and they have been successfully demonstrated in 

many applications including robotics [44-46] and microfluidics [47-48].  Nitinol, a 

biocompatible Ti-Ni SMA, has been used extensively in medical fields, facilitating the 

creation of a variety of implantable devices and surgical tools [25, 38, 40, 49-62].  However, 

their potential has yet to be fully exploited since research on the actuation methods, reversible 

motion and wafer level integration of these SMAs is still ongoing. 

The reversible actuation of the SMA has mainly been considered in terms of two 
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mechanisms: one-way memory assisted by external forces provided by cold-state reset layers 

[22] and two-way memory [63].  One-way memory has been more commonly utilized for 

actuation due to its greater reliability as compared with the two-way memory method, which 

requires a long thermal cycling period for the material’s training and is not very stable.   

Various actuation mechanisms for SMA microactuators have been investigated.  Joule 

heating by passing currents through heaters [64] or directly through SMA parts [65, 66] is 

among the most widely used method for their actuation.  In this case, however, the mobility of 

the devices is severely constrained by the need for a wired interface, limiting the application 

range for the devices.  In order to address this constraint, wirelessly controlled SMA 

microactuators have been studied.   

 

1.4 Wireless Microactuators 

Wireless microactuators provide a broad range of application opportunities.  One 

promising area is in biomedical applications, including therapeutic implants and 

microsurgical tools.  MEMS technology has been applied to develop wireless drug-delivery 

devices [67-70], which implement drug release by wirelessly triggering the breakage of the 

sealing membranes of drug reservoirs.  Traditional actuators such piezoelectric [71-74], 

electrostatic [75-77], thermal [78, 79] and magnetic [80, 81] actuators are often limited by 

their need to be powered by wire interfaces.  One major approach to the wireless control of 

microactuators is to utilize active circuitry, often powered by batteries [82-89].  In this 

approach, however, the actuators tend to develop a relatively large overall size, with limited 

longevity when batteries are used, and these constraints deteriorate as the number of actuators 

employed increases [89].   
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Passive actuation mechanisms eliminate the need for active circuitry and batteries and are 

thus potentially advantageous in terms of size, longevity, cost, and robustness.  Passively 

operated wireless microactuators have been reported to use several mechanisms, including 

electrostatic actuations induced by surface acoustic waves [90] and magnetic fields [91], and 

energy-beam-assisted heating (for SMA [92-95], and bimorphs [96-98]).  However, they pose 

various practical issues, such as possessing a small actuation force and stroke, employing high 

voltage, their micromachining, and actuator/system packaging.  The magnetic actuation 

method has been applied to wirelessly control the actuators [99-105].  Even though a 

magnetic actuator is known to provide a large actuation force, this is only true in macro-scale 

cases.  In micro-scale devices, a very high magnetic field is required to attract actuators [106], 

making this method undesirable.  Moreover, the integration of magnetic material has yet not 

become an easy process in MEMS fabrication.  The control of multiple actuators using 

magnetic actuation will further intensify the existing issues related to this method.  Wireless 

control of multiple actuators using the electrostatic actuation method is reported in [107, 108].  

This technique, however, requires a very high driving voltage for actuation and is not suitable 

to be applied for powering implantable devices in biomedical applications.  Another 

limitation of the electrostatic actuation principle is its very limited actuation force.  This 

problem becomes more apparent when the actuator is fabricated at the micro-scale level 

where force is dependent on the electrodes’ surface area [109]. 

The ability to selectively and wirelessly control multiple microactuators will be a key to 

achieving novel functionalities while enhancing their performance.  For implantable drug-

delivery actuators, for example, this ability may be utilized to enable the controlled and 

selective delivery specific mixtures of diverse types of drugs.  To the best of the author’s 

knowledge, only a few of the techniques that use energy-beam-assisted heating for thermal 
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actuations reported the control of multiple microactuators [94, 95, 98].  In these types of 

wireless actuation techniques, however, overall systems employing beam sources and optics 

for beam conditioning tend to be large and complicated.  In cases when the target actuator 

moves, typical in microrobotic applications, the beam control system needs to include an 

automated function that precisely directs the beam to the moving target to ensure its 

continuous actuation.  These difficulties become further exacerbated when multiple actuators 

are involved.  Moreover, these actuators are ineffective when an object obstructs the beam’s 

path, and they are evidently inapplicable for actuations inside the body.   

Another passive actuation approach that can potentially address the above mentioned 

issues is to use RF magnetic fields for the powering and control of thermal actuators.  SMA 

actuators are promising candidates in this approach.  A macro-scale implantable SMA valve 

passively operated using an RF power transfer was reported [110, 111].  The RF actuation 

approach potentially offers a means to enable multiple actuator operation by exploiting its 

frequency selectivity capability associated with SMAs.  Designing each actuator to operate at 

a specific resonant frequency allows each of them to be controlled selectively or 

simultaneously using modulated frequency signals.  In this study, wireless heaters in a form of 

passive planar inductor-capacitor (LC) resonant circuits that are controlled by RF magnetic 

fields are used to drive the SMA actuators. 

 

1.5 Integration of Bulk-Micromachined SMA 

 
Despite the favorable features of the bulk-SMA materials mentioned above, they have not 

been widely adopted in MEMS largely due to their incompatibility with standard batch 

microfabrication techniques, and difficulties in their wafer-level assembly.  Recently, wafer-

scale integration methods have been reported for SMA wires using SU-8 [112], and for bulk-
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SMA devices using benzocyclobutene (BCB) bonding [113].  However, in these cases, the 

bonding strengths between the SMAs and the substrates have not been characterized.  Other 

polymer-based adhesives utilized for wafer-level MEMS assembly that are potentially 

applicable to bulk-micromachined SMA bonding include polyimide (PI) [114], parylene [115] 

and epoxy [116].  SU-8 [117] and BCB [118] bonding have also been reported for wafer level 

MEMS packaging.  Table 1.4 summarizes the properties of these polymer based bonding 

methods.  In order to achieve high bonding strength, however, many of them require high-

temperature processing that tends to introduce residual stress after bonding especially when 

there is a large mismatch in the coefficient of thermal expansion (CTE) between the materials 

bonded together.  Void formation due to outgassing, which degrades bonding uniformity and 

strength, is also an issue with polymer adhesives.   

With respect to applications for SMA bonding, polymer adhesives inherently pose 

challenges in achieving efficient heat transfer from heat sources to SMAs.  For example, the 

thermal conductivity of polyimide (0.52 W/(m·°C)) is ~770 times smaller than that of Cu (401 

W/(m·°C)).  They also electrically isolate SMAs from the substrates, which can limit not only 

the applications of SMA devices but also their actuation methods when the direct Joule 

heating technique is used.   

 

Table 1.4: Polymer based bonding properties. 

  
Polyimide 

[114] 

Epoxy 

[116] 

BCB 

[118] 

SU-8 

[117] 

Parylene 

[115] 

Bonding time (minutes) 60 30 ~16 N/A 30 

Bonding pressure (kPa) 200 3 10 0.6 900 

Bonding temperature (°C) 160 150 250 90 230 

Bonding strength (MPa) 8.2 14 30 20.6 3.6 

Void source 
Solvent 

release 

Solvent 

release 

Solvent 

release 

Bonding 

agent 

Dirt 

particles 
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Electroplating can be a means of bonding that potentially clears these issues associated 

with polymer adhesives.  An electroplating bonding method was used for the fabrication of 

MEMS solenoid coils [119] in which electrical contacts were formed using electroplating.  In 

addition to its use for electrical bonding reported in [119], electroplating is potentially an 

effective path to achieving robust mechanical bonding as well as high thermal coupling 

between a heat source and an SMA component, promoting the use of bulk-SMA materials for 

MEMS applications.   

Another potential approach to enhance the use of bulk-micromachined SMAs in MEMS 

fabrication is to build the layers onto the SMA.  In these cases the SMA will act as a substrate, 

the actuator as well as a part of the circuit will eventually form standalone devices.  

Furthermore, the direct integration of the heat source to the SMA part will improve the 

temporal response of the actuator compared to the case where the SMA and the heat source 

are built as two different parts that are then bonded together, which causes a delay in heat 

transfer.  Furthermore, the direct integration approach is expected to allow batch fabrication 

of the bulk-SMA devices, where the heat source can be directly built onto the SMA. 

 

1.6 Research Objectives 

Although significant work has been conducted by many researchers on the bulk-SMA 

actuator, this material has not been exploited well in MEMS as noted earlier, and there are 

still many challenges on their actuation mechanisms and integration methods for successful 

applications.  The main objective of this research was to study the integration and wireless 

control methods for bulk-micromachined SMA actuators.  The focus was on wireless power 

transfers to the devices using external RF magnetic fields for their actuation, as well as the 

control of multiple SMA actuators, both in a passive manner that eliminates the need for 
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batteries and active circuitry.  In terms of the integration of the bulk-micromachined SMA to 

the receiver electronics circuit, the research focus was to develop a unique planar integration 

method that provides good thermal conductance and strong bonding between the planar 

circuit and the SMA part.  The objective was also to use the SMA as part of the circuit and 

also as an actuator, forming the SMA coil which would act as an out-of-plane actuator as well 

as the circuit so as to achieve a better temporal response as compared with the cases where the 

circuit is bonded to the SMA.  In addition, the displacement of the SMA actuator needs to be 

wirelessly monitored and controlled to achieve a more precise operation, which was also 

investigated as part of the study.  

 

1.7  Potential Impact of the Research  

The applications of MEMS-based actuators/devices in biomedical areas are currently very 

limited due to various factors.  These factors include the powering method, limited actuation 

force, overall device size, and biocompatibility issues as described in previous sections.  The 

use of passive RF wireless control method to drive bulk-micromachined SMA actuators will 

uniquely allow us to address these issues effectively and will open a variety of application 

opportunities.  One of the promising application areas is the implantable drug delivery devices 

[51, 62], in which the longevity and the overall size are very crucial to ensure the long term 

operation and minimal invasiveness of the devices.  The ability to control multiple 

microactuators integrated in a device selectively in wireless manner will be another important 

feature for applications in surgical tools [50, 55] and catheters [58, 65], where this ability will 

enable more complex tasks and motions with them.  The successful outcomes from this 

research are expected to promote advances in these device technologies in biomedical fields 

and beyond. 
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1.8 Research Methodology 

Consequent to the discusssion in the previous section, the development of the MEMS 

SMA device particularly involves the wireless control of SMA actuators using RF signals, the 

integration of the SMA to the planar circuits, the selective actuation of multiple actuators, out-

of-plane SMA actuators, wireless displacement tracking, thermal and temporal performance 

analyses, and optimization.   

The research described in this dissertation can be divided into three main streams: a) A 

study of the wireless power transfer and the heat generation mechanism on planar coils to 

drive the SMA actuator; b) The development of wireless bulk-micromachined SMA actuators 

and their integration method; and c) The application, demonstration and characterization of 

the fabricated actuators.  The following approach was carried out to achieve the research 

objectives: 

 

A. Wireless power transfer and heat generation characterization 

 As noted earlier, passive resonant circuits can serve as wireless heaters for the remote 

control of thermal actuators including SMAs.  Experiments and analyses were carried out 

to evaluate RF power transfer and heat generation efficiency and their dependence on 

receiver coil size, the distance between the transmitting coil and the receiver, and the line 

width (resistance change) of the coils for the wireless resonant heater.  The simplified 

models were then used to evaluate the experimental result. 

 

 

 B. Design and simulation of a SMA actuator 

 In the initial stage of the research, the effort for design and fabrication focused on a single 

SMA actuator and the integration of bulk-SMAs into the MEMS fabrication process.  As 
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part of this effort, simulation work was performed to determine the displacement of the 

actuators and based on this result the fabrication steps were developed.  The materials for 

the fabrication including that of the SMAs were determined. 

 

C. Development of planar assembly and the bonding technique of bulk-micromachined 

SMA actuators, and their characterization  

 In order to address the issues involved in SMA integration, a planar assembly technique 

based on photo-defined selective electroplating was developed and used to bond the SMA 

actuators to the heater circuits.  The setup to perform the bonding strength test was 

developed and the bonding strength of the proposed method will be characterized.  Using 

the developed integration method, a bulk-micromachined SMA gripper operated through 

frequency-selectable wireless excitation using external RF magnetic fields was fabricated 

and demonstrated.  Detailed measurement including the thermal and temporal response of 

the actuator was performed.  The result was then compared with the measured phase 

transformation properties of the SMA used for the fabrication of the device.   

 

D. Control of multiple SMA actuators using frequency modulated signals 

 The study was then extended to the wireless SMA actuation using the RF signal principle 

that achieves multiple-microactuator control while addressing the issues possessed by 

other wireless actuation principles such as the laser beam and electron beam techniques.  

This is an essential step to ensure that the wireless SMA actuation using the RF signal can 

be adapted to various possible applications by employing multiple actuators.  This step 

also involves the design, simulation and fabrication of the device.  A proof-of-concept 

device that employs three actuators based on this principle was then fabricated and its 

microfluidic application was demonstrated.   
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E. Batch integration of SMA actuators and thermal characterization 

 In this step, a detailed characterization of the developed bonding technique based on 

photo-defined electroplating that may be leveraged for the microfabrication of arrayed 

SMA actuators by scaling up the technique was performed.  The multiple actuations of the 

devices using frequency modulated RF signals as well as heat transfers from a wireless 

heater to the SMA through electroplated Cu was evaluated.  In addition, the thermal 

coupling and the heat distribution between the actuators was measured to verify the effect 

of the heat produced on the nearby actuators.  The time the response of the actuators for 

various power levels was evaluated. 

 

F. Direct integration of wireless heat source with SMA actuators  

 In the previous stages, the actuator is bonded to a separate heater component, i.e., the 

passive resonant circuit, to provide heat to the actuator.  As discussed earlier, it is expected 

that the direct integration of the heat source onto the SMA structures improves the 

temporal response and achieve uniform heating of the device.  Moreover, it would further 

miniaturize the device.  For the direct integration of the LC circuit (i.e., wireless heater) on 

the SMA, however, the adverse effects of Eddy currents produced in the SMA and their 

negative impact on the RF power transfer to the circuit may be involved in the device.  

These potential issues may be effectively circumvented if the receiver coil (the inductor of 

the LC circuit) itself is formed using the SMA that simultaneously behaves as an actuator.  

In this stage, an SMA coil that forms an out-of-plane actuator was designed and fabricated 

using the localized bimorph actuation method.  The whole LC circuit was fabricated on the 

SMA to improve the temporal response of the actuator.  The impact of the miniaturization 

and direct integration of the SMA on the temporal response was characterized.  In addition, 
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the forces generated by the SMA and the bimorph layer were measured and analyzed.  As 

an extension of this study, this new out-of-plane actuator concept also provided different 

microdevice application opportunities beyond SMA actuators and was applied to the 

development of three-dimensional (3-D) micromachined inductors.    

 

G. Wireless displacement monitoring 

 This step involves the wireless displacement tracking of the out-of-plane spiral actuator.  

As described in the previous section, it is important to establish a means to implement 

high-precision displacement control for an accurate operation and continuous monitoring.  

The SMA actuator in the form of an out-of-plane coil with a capacitor forms a resonant 

circuit which gives the flexibility to wirelessly track its resonant frequency.  When the coil 

is actuated, the change in the displacement modifies the inductance value of the coil and 

causes a shift in the resonant frequency of the device.  This change in the resonant 

frequency can be tracked by employing an external coil to determine the actual 

displacement because its discrete frequency value corresponds to a specific degree of 

displacement.  This might be a useful property for enabling the built-in function for 

displacement monitoring.  In this stage the change in the displacement and the resonant 

frequency was characterized.    

 

H. Optimization  

 In this step, the focus was on the Q-factor improvement for achieving better resonant 

frequency tracking.  The SMA has a relatively high electrical resistance which reduces the 

Q-factor of the coil.  This resistance will be further increased as the SMA is heated to the 

austenite phase.  This issue was addressed by adding an additional material that has a very 
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high electrical conductivity onto the SMA coil.  The resistance change and Q-factor 

improvement were measured and reported.  

 

1.9 Thesis Overview 

This dissertation is divided into 6 chapters.  The research background, objectives and 

research methodology are described in Chapter 1.  Chapter 2 focuses on the background 

theory of the planar LC circuit, wireless power transfer and heat generation in the planar coils 

as well as on experimental verification (A in Section 1.7).  Chapter 3 focuses on the design, 

fabrication and characterization of a wireless bulk-micromachined SMA microgripper.  This 

chapter also discusses the development and characterization of the electroplating bonding 

technique that was used to integrate bulk-micromachined SMAs to the planar LC circuit (B 

and C in Section 1.7).  Chapter 4 describes the design and development of the wireless control 

of multiple SMA actuators, and its application and detailed characterization (D and E in 

Section 1.7).  In Chapter 5, the direct integration of the LC circuit using SMA is reported.  In 

addition, this chapter also discusses out-of-plane displacements using localized bimorph 

actuations, wireless frequency monitoring for displacement tracking and quality factor 

improvement (F, G and H in Section 1.7).  The last chapter, Chapter 6, discusses the findings 

and contributions and provides direction for future work in this research field.  Mentioned in 

the appendix, an additional investigation that was performed using the out-of-plane 

displacement method employing localized bimorph actuation as reported in Chapter 5, to 

form a 3-dimentional out-of-plane Cu coil is described.   
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Chapter 2 

Wireless Power Transmission: Background, 

Theory and Analysis 

 

2.1 Introduction 

Over past decades, the study of wireless power transmission has gained tremendous 

interest [120-124].  So far, wireless power transmission using electromagnetic coupling has 

been applied to and demonstrated for many applications include consumer electronics 

products such as smart phones, computer peripherals and wireless sensors [125].  However, 

wireless power is more prominently employed in cases where the use of interconnecting wires 

would be inconvenient, hazardous, or impossible.  Thus, much attention has been applied to 

the wireless empowerment of biomedical applications such as implantable medical devices 

that need continuous monitoring and/or operation [126-130].   

Wireless power transfer, especially in microscale devices, often encounters challenges due 

to the requirement for conditioning circuitries to rectify and regulate the power that received 

at the receiver section.  This requirement causes an undesirable increase in the overall size of 

such devices, and remains one of their main issues.  As well, the use of additional electronic 

components causes additional power losses and makes overall power transfer inefficient.  

Another important fact is that power loses from heat generated at the receiver coil further 

deteriorate the efficiency of the power transfer.   

Considering all of the above motioned issues, the use of wireless power transfer to control 

thermo-responsive materials such as SMA actuators by utilizing the heat generated 
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at the receiver coil could be very beneficial.  This also eliminates the losses associated with 

the conditioning circuitries.  On top of that, it is also reduces the overall size of the devices.   

In this chapter, a study on the wireless power transfer through RF magnetic coupling and 

heat generation are reported.  The receiver microcoil is fabricated to have various sizes and 

dimensions.  The coupling coefficient between the transmitting and receiving coils are 

theoretically and experimentally analyzed and compared.  The relationship between the coil 

size, resistivity and Q-factor with the heat generated in terms of the steady state temperature is 

also studied and reported.    

 

2.2 Background  

There are numerous studies that describe the underlying physics of RF wireless power 

transfer, including efficiency and design considerations [131, 132].  The wireless power 

transmission using magnetic coupling between sets of coils can be found in almost any 

electronic device that uses transformer.  In transformer, two coils are coupled using a 

magnetically conducting core such as iron.  However, it is not practical to use metal cores in 

cases where coupling between coils is performed over large distances.   

Using a similar concept to that utilized in the transformer, power transfer is accomplished 

using two coils without the use of a metal core, a transmitter coil that supplies energy in the 

form of a magnetic field and receiver coil that collects energy from this field [133].  Since no 

magnetic core is employed to focus and concentrate the magnetic field, the transmitter and 

receiver coil are aligned so that maximum power transfer will occur.  Figure 2.1 depicts the 

working principle of inductive coupling and wireless power transmission between a 

transmitter coil and the receiver planar coil. 
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Figure 2.1: The working principle of wireless power transmission between two coils. 

 

The magnetic field is generated at the transmitting coil when an alternating current, I, 

flows through the coil turns.  Based on Ampere’s Law, the magnetic field strength, H, is 

proportional to the current supplied to the transmitting coil.  The magnetic field strength, H, 

as a function of a specific distance, x, can be expressed as [122]; 
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where I, nt and r are the circulating current, the number of turns and the radius of the 

transmitting coil, respectively.  Both transmitter coil, L1 and receiver coil, L2 form a 

magnetically coupled mutual inductance, M.  An electromotive force, v will be induced at the 

receiving coil when it is placed within the magnetic field produced by the transmitting coil.  

The v induced in the receiver coil can be estimated using Faraday’s law [122]; 

pp AnHv 0      (2.2) 
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where µ0 is the magnetic constant, ω is the operating angular frequency, and np and Ap are the 

number of turns and the area of the receiver coil, respectively. 

In order to drive the thermal actuators using magnetic wireless power transmission, the 

objective of this research, receiver coil is designed to have a resonant frequency, fr, that 

matches the frequency of the magnetic field induced by the transmitter coil, fm. In this case, 

the power will be efficiently converted as Joule heat as will be described in Section 2.4.5.  

The coupling coefficient, k, between the transmitter and the receiver coils and also the Q-

factor, are important parameters that need to be considered in wireless power transmission for 

efficient power transfer.  The coefficient, k, Q-factor and the heat generated by the coil are 

also discussed in this chapter.  The design of the receiver coil is discussed in Section 2.3.   

 

2.3 Design and Fabrication of the Planar Resonant Circuit 

In MEMS, planar coils are very important elements and are being widely used especially 

for the generation of magnetic fields [134-138].  This is mainly due to the simplicity of their 

fabrication methods.  Extensive work has been done on the modeling and design of planar 

coils [139-141].  The focus of this section is on the design of the planar resonant circuit, 

which will be used as a receiver coil for wireless power transmission, using a simplified 

model.   

Generally, passive resonant circuits are formed from connecting a planar inductor, L, and 

a parallel plate capacitor, C, in parallel as depicted in Figure 2.2.  The resonant frequency of 

this circuit is given as fr=1/(2π (LC)
-1/2

).  When L is fabricated in a planar coil form, the 

resonant circuit can be magnetically coupled by bringing it into the vicinity of the magnetic 

field generated by the transmitting coil as described in the previous section.  The values of L 

and C depend on their shape and dimensions. 
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Figure 2.2: LC resonant circuit. 

 

Significant work has been accomplished on the modeling of planar coils using lumped 

circuit models [139, 140].  In [142], an accurate representation of spiral coil is reported.  

However, the model presented does not expressed directly by the simple dimensions of the 

coils.  A simplified accurate model for the planar spiral inductor based on the Wheeler model 

[143] has been reported in [141] to facilitate the design of planar coils.  Figure 2.3 illustrates 

an example of a square spiral planar coil that is used as a model for inductance calculations 

based on the simplified Wheeler model.  

 

 

Figure 2.3: Square type spiral planar coil. 
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The L value of the square spiral coil as illustrated in Figure 2.3 is given by [141]; 
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     (2.3)  

 

where K is the layout dependent constant.  K1 and K2 are 2.34 and 2.75, respectively.  The fill 

ratio, ρf, is defined as (dout ˗ din) / (dout + din) and the average diameter davg is given by 0.5(dout 

+ din).  dout and din are define in Figure 2.3. 

The value of C is basically determined by the area, A, the separation gap, d, and the 

dielectric constant of the dielectric material, εr, between the two parallel plates that are used to 

form the capacitor.  A parallel plate capacitor’s effective capacitance is simply expressed as C 

=εoεrA/d, where εo is the vacuum permittivity. 

Based on the above mentioned models for estimating L and C values, planar resonant 

circuits that have specific resonant frequencies are fabricated.  The LC resonant circuit is 

fabricated on the Cu-clad PI substrate that offers a simple and cost effective implementation.  

In addition, PI is being widely used in implantable devices due to its biocompatibility 

property [144]. Furthermore, Cu-clad PI is the basis of the flex-circuit technology that is well 

established for electronic circuit fabrication.   

Figure 2.4 illustrates the fabrication process of the LC resonant circuit.  A single-sided 

Cu-clad PI (Shehdahl Co., MN, USA) with 50-m thick PI and 5-m thick Cu is used in this 

effort.  The photolithography for the circuit fabrication is performed with liquid and dry-film 

photoresists (SPR 220-7, Rohm and Hass Co., PA, USA and 15-m-thick MacDermid SF 

306).  The first capacitor electrode is formed by wet etching of the Cu-clad layer using 

patterned SF306 photoresist as a mask (step 1).  Next, the PI film is etched using a KOH-

based solution to create the via contact hole in the film (step 2).  Then, a Ti-Cu seed layer 
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(thickness of 200 nm and 1 µm for Ti and Cu, respectively) is deposited on the PI side using 

e-beam evaporation.   

 

 

Figure 2.4: Fabrication process of the LC circuit. 

 

Next, Cu electroplating in the patterned SPR 220-7 photoresist mold is performed in a 

sulfuric-acid-based bath for 10 minutes to form the coil and the other capacitor electrode with 

a thickness of 8-10 m (step 3).  The photoresist is then stripped in concentrated sodium 

carbonate solution.  The fabrication of the LC circuit is completed by etching the seed Cu-Ti 

layers.  Figure 2.5 shows an example of the fabricated LC circuits.   

  

 

Figure 2.5: Fabricated LC circuits. 
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2.4 Results 

Planar coils have been widely studied by many researchers in terms of their Q-factor 

[145], induced magnetic fields [146], and applications [147, 148].  The planar coils also have 

been extensively studied for wireless power transmission [149, 150].  In this section, we 

report a study for wireless power transfer to the planar LC resonant circuits with coils with 

varying line width and numbers of turns to evaluate the wireless power transfer efficiency, 

and heat generation in the coils which could be benefited to wirelessly drive the thermal 

actuators.  The study also includes the measurement of their fr, frequency-dependent 

resistivity, and Q-factor.  In addition, the coupling coefficient between the planar LC resonant 

circuits and the transmitter coil are evaluated and reported.    

 

2.4.1 Resonant Frequency 

Two different sets of LC circuits are fabricated; the coils in the first set have different 

numbers of turn, n (5, 7, 9, 11 and 13 turns), as illustrated in Figure 2.5. The coils in the 

second set have different fill ratios achieved by adjusting its line width, lw (50, 75, 100, 125, 

150 and 175 µm).  All the LC circuits are designed to have the same C value of 5 pF by 

keeping the electrodes area constant.  All the capacitors are fabricated using a 50-µm thick PI 

sheet as their dielectric separation layer (dielectric constant, εr of 3.4).  The parameters of both 

types of coils are described in Tables 2.1 and 2.2.   

 

Table 2.1: Parameters for coils with different numbers of turns. 
No. of turns, 

n 

din  

(mm) 

dout  

(mm) 

Line width, lw 

(µm) 

Line spacing 

(µm) 

Coil dimensions 

(mm
2
) 

5 0.8 3.1 100 150 3.1 x 3.1 

7 0.8 4.1 100 150 4.1 x 4.1 

9 0.8 5.1 100 150 5.1 x 5.1 

11 0.8 6.1 100 150 6.1 x 6.1 

13 0.8 7.1 100 150 7.1 x 7.1 

All coils have the same capacitor area of 8.4 mm
2
. 
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Table 2.2: Parameters for coils with different fill ratios. 

Line width, lw 

(µm) 

Line spacing  

(µm) 

Fill ratio, 

ρf 

din  

(mm) 

dout  

(mm) 

No. of turns, 

N 

50 200 0.15 0.9 5.6 10 

75 175 0.23 0.85 5.6 10 

100 150 0.31 0.8 5.6 10 

125 125 0.39 0.75 5.6 10 

150 100 0.47 0.7 5.6 10 

175 75 0.55 0.65 5.6 10 

All coils have the same capacitor area of 8.4 mm
2
and the same coil dimensions of 5.6 mm 

× 5.6 mm. 

 

The resonant frequencies, fr, of the fabricated coils are measured using a network-

spectrum-impedance analyzer (Agilent 4396B) and compared with the calculated values.  

Figure 2.6 plots fr of the coils with n of 5 to 13 turns.  The calculated and measured values 

show a very good fit with less than 4% error.  The coils with higher n posses a lower fr as 

there is an increase in L.  The coil with n of 13 has fr of 86 MHz and fr increases exponentially 

as n decreases.  The coil with n of 5 has fr of 299 MHz which is more than 3 times increase in 

fr compared to the case with n of 13. 

 

  

Figure 2.6: Changes in fr for coil with different numbers of turns and a comparison between 

the measured and theoretical values.   
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Figure 2.7 shows fr for coils with different fill ratios.  The coils lw increases from 50 to 

175 µm with a 25 µm increase in each step (Note: the relationship between lw and fill ratio, ρf 

is shown in Table 2.2).  The calculated fr values have relatively good agreement with 

measured values with less than 5 % error.  As observed in the plot, fr has a proportional 

relationship with lw of the coil which is due to a reduction in L.  The coil with a larger lw has a 

smaller L since the inner turns of the coil are closer to the centre of the spiral and thus 

contribute more negative and less positive mutual inductance [141].  Even though there is an 

increasing trend in fr the actual increase is only around 3.6 % when lw is doubled from 50 µm 

(118.6 MHz) to 100 µm (122.9 MHz) while keeping the dout and the n constant.   

 

  

Figure 2.7: Changes in fr for coil with different fill ratios and a comparison between the 

measured and theoretical values. 

 

2.4.2 Coil Resistance 

Another important factor in wireless power transfer is that the resistance of the planar coil, 

Ro.  Ro, can be expressed as ρl/A, where ρ is the resistivity of the material that is used to 
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construct the coil, l is the length of the coil line, and A is the cross-sectional area of the wire.  

As Ro of the coil increases, the Q-factor of the coil, given by            , is degraded 

and eventually affecting the overall efficiency of the wireless power transfer.  The 

measurement of Ro was performed using the Agilent impedance analyzer to determine the 

frequency characteristic of Ro.  The frequency dependence of Ro is caused by strong time-

varying magnetic fields produced by an alternating current passing through the conductor.  

This induces a current that is normal to the magnetic field and in the opposite direction to the 

supplied current.  This phenomenon is called Eddy currents, which is an undesirable element 

in wireless power transfer.  When the coil operates at a higher frequency, the current shifts to 

the surface of the coil, and results in an uneven current redistribution in the coil lines.  This 

effect which is known as the skin effect leads to an increase in the coil’s Ro.  The measured Ro 

for the set of coils with different n and lw values are plotted in Figures 2.8 and Figure 2.9, 

respectively.   

 

  

Figure 2.8: Frequency-dependent characteristics of coils with different numbers of turns. 
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Figure 2.9: Frequency-dependent characteristics of coils with different line widths. 

 

As shown in Figures 2.8 and 2.9, Ro of the coils shows an increasing trend toward a higher 

frequency due to the Eddy current and skin effects described earlier.  In both cases, the 

increase in n and the fill ratio modification through varying lw, measurements agrees with the 

resistance model. 

In the varying n case as plotted in Figure 2.8, the coil with a higher n possesses a higher 

Ro.  This is due to an increase in the total length of the coil wire when the coil has a larger n.  

For example, the coil with n of 13 has Ro of 5.8 Ω as compared with a coil with n of 5 which 

has 1.3 Ω at a 10 MHz frequency.  As described in the resonant frequency measurement 

section, the above coils have fr values of 87 and 299 MHz for n of 13 and 5, respectively 

which suggests that the actual resistances for these coils during the operation are ~11 Ω and 5 

Ω, respectively.  The values of measured fr, L, C and Ro of the fabricated coils at operating 

frequency are described in Table 2.3.   
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Table 2.3: Measured electrical parameters for the fabricated coils with different numbers of 

turns. 

Number of 

turns, n 

Resonant frequency, 

fr (MHz) 

Inductance, 

L (nH) 

Capacitance, 

C (pF) 

Resistance, 

Ro (Ω) 

5 299.3 50.1 5 4.81 

7 195.2 118 5 6.1 

9 139.2 242.5 5 7.2 

11 108.3 410.9 5 8.86 

13 86.5 610.4 5 10.5 

 

 

As can be verified in Figure 2.9, Ro decreases as the fill ratio is increased.  For the coil 

with lw of 50 µm, Ro is ~14 Ω at its fr (118 MHz) while the coil with lw of 100 µm has Ro of 

11.1 Ω (at fr, 123 MHz).  Although lw is doubled from 50 to 100 µm, Ro does not show the 

same amount of change in this case.  This might be caused by the skin effect where the 

current is pushed to the edge or side of the wire and the increase in lw has less effect on Ro.  

The values of fr, L, C and Ro of the fabricated coils at fr are described in Tables 2.3 and 2.4.   

 

Table 2.4: Measured electrical parameters for the fabricated coils with different fill ratios. 

Line Width, lw 

(µm) 

Fill ratio Resonant frequency, 

fr (MHz) 

Inductance, L 

(nH) 

Capacitance, 

C (pF) 

Resistance, 

Ro (Ω) 

50 0.15 118.6 350.2 5 14 

75 0.23 120.5 340.9 5 12.5 

100 0.31 122.9 325.4 5 11.1 

125 0.39 124.1 322.9 5 9.16 

150 0.47 127.6 304.2 5 7.75 

175 0.55 130.9 290.7 5 6.54 

 

2.4.3 Quality Factor 

In achieving efficient power transfer, the Eddy current that causes power losses due to 

heating affecting the power transfer efficiency is considered as a detrimental factor.  Although 

the heating due to Eddy currents could be beneficial in driving the thermal actuators, the 

increase in resistance causes a reduction in the Q-factor and affects the efficiency of the 
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power transfer to the coil.  In addition, the increase in Ro will reduce the current, I, in the coil 

with a given voltage, where I has more influence on the coil power, P, as given by I
2 

R, and 

results in less resistive heat generation in the coil.   

The Q-factor is defined by the ratio of the energy stored to the energy dissipated in a 

resonator.  The Q-factor of the fabricated resonant LC circuits was measured and plotted in 

Figures 2.10 and 2.11.  The changes in the resonant circuits’ Q-factor in these cases are only 

caused by the change in L and Ro, as C is kept constant for all the resonant circuits tested.  As 

can be observed in both cases in Figures 2.10 and 2.11, Q-factor shows increasing trends as n 

and lw increase, respectively.   

 

  

Figure 2.10: Q-factors of the fabricated LC resonant circuits with different numbers of turns. 
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Figure 2.11: Q-factors of the fabricated LC resonant circuits with different line widths. 

  

When n is increased, the total inductance of the coil increases, resulting in an increase in 

Q-factor.  Significant improvement in Q-factor from ~22 to ~31, at about a ~41% 

improvement, was observed as n increased from 5 to 9.  The Q-factor’s trend, however, does 

not show much progress as n further increases to 11 and 13, where the recorded Q-factor 

values are ~33 and ~34, respectively.  This suggests an only 10% improvement when n is 

increased from 9 to 13.This phenomenon is caused by the rise of Ro with n since the length of 

the coil wire increases significantly as the perimeter of the planar coil grows.  Although there 

is also a boost in L, the dominant factor in the Q-factor is Ro, since L is square-rooted in the 

Q-factor relationship, as previously demonstrated.   

On the other hand, Q-factor shows continual improvement when the fill ratio of the coils 

is increased by increasing lw of the coil from 50 µm to 175 µm by a 25 µm stepwise 

increment.  As shown on the plot in Figure 2.11, Q-factor is increased from ~19 to ~37 when 
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lw is increased from 50 to 175 µm.  This corresponds to an improvement of ~95% from the 

original Q-factor.  From the results reported in Table 2.4, there is a small reduction in L as lw 

is increased that contributes to the drop in Q-factor.  However, this decrease in L is much 

lower than the dominant element, Ro, in the Q. 

 

2.4.4 Coupling Coefficient  

In wireless power transmissions using RF magnetic coupling, high efficiency between 

transmitter and receiver coils is usually achieved at distances of less than the diameter of the 

transmitting coil.  In other words, the transmitter and receiver coils should be placed close to 

one another in order to achieve strong magnetic coupling between them.  The transmitter coil 

generates a magnetic field and the receiver coil partially accepts it depending on the coupling 

coefficient, k, which is a quantitative description to represent how well the two coils are 

coupled together.  The coupling coefficient is given by [133]; 

 

RT LL

M
k       (2.4)  

 

where M is the mutual inductance between the transmitter and receiver coils, and LT and LR 

are the inductance of the transmitter and receiver coils, respectively.  k denotes a value from 0 

to 1, where 1 indicates that both coils have perfect coupling.   

A large M is the main source for a good coupling between the transmitter and receiver 

coils and leads to an efficient power transfer.  M is dependent on the shape, distance and 

alignment of the transmitter and receiver coils which makes the modeling complex [151-152].  

Since the modeling of M is not the main focus of this research, this parameter is calculated 

based on the measurement results.  M can be calculated based on [153]; 

 

RTTotal LLLM 2     (2.5) 



Chapter 2: Wireless Power Transmission: Background, Theory and Analysis 

35 

where LTotal is the measured inductance value when both LT and LR are connected in series and 

aligned together as used in a wireless power transfer case.  When they are aligned in-phase, 

the total inductance will be more than the sum of their individual inductances.  The difference 

between the measured LTotal and the sum of individual Ls is twice the mutual inductance.  The 

parameters of the transmitter coil are described in Table 2.5.  Based on Equation 2.4, the k 

coefficient between the transmitter, which is a wounded cylindrical coil (used as transmitter 

for all experiments) and receiver coils is computed using the measured M between the coils.  

Figures 2.12 and 2.13 show k between the transmitter and receiver coils (Table 2.1) when they 

are well aligned at a 1 mm distance. 

 

Table 2.5: Transmitter coil parameters. 

Diameter 6 mm 

Inductance 497 nH 

Q-factor 160 

Number of turns 9 

 

 
Figure 2.12: Coupling coefficient between transmitter and receiver coils with different 

numbers of turns.   
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Figure 2.13: Coupling coefficient between transmitter and receiver coils with different line 

widths.   

 

Figure 2.12 shows a small increase in k when the number of the turns increases.  k 

increased about ~35 % when n is increased from 5 to 11.  However, k drops about ~14 % 

from 0.35 to 0.3 when n is further increased from 11 to 13.  This is mainly due to the size of 

the receiver coil (Table 2.1) with n of 13 (7.1 x 7.1 mm
2
) which exceeds the size of the 

transmitter coil (with a 6-mm diameter).    

When the fill ratio of the coils is modified by adjusting lw, there is also change in k as 

shown in Figure 2.13.  The k coefficient sustains a continuous increase when lw is increased.  

When lw is increased from 50 to 175 µm, k increased about 135 % from 0.2 to 0.47.  This 

shows that more power is absorbed by the receiver coil with higher line width which has a 

lower Ro and a higher Q-factor (Table 2.4 and Figure 2.11).   
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2.4.5 Wireless Power Transfer  

When the receiver coil is exposed to the magnetic field generated by the transmitter coil, 

an AC current is generated in the receiver coil which is essentially an LC circuit, due to the 

electromotive force induced by the field.  The power consumed in the receiver coil, P, can be 

expressed as [154]; 
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where v is the electromotive force induced in the receiver coil.  The reactance in Equation 2.6 

is eliminated when the frequency of the AC current, or that of the magnetic field, matches fr 

of the circuit; the angular frequency at the receiver coil, ωr, can be expressed as   1

LC .  In 

this condition, the power transfer to the circuit is maximized, and Equation 2.6 can be 

rewritten as; 
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The power in the transmitter coil, PT, is transferred to the receiver coil by way of mutual 

inductance coupling.  The power received at the receiver coil, PR, can be expressed as PT (M / 

LT).  Using Equation 2.4, PR can be rewritten as; 
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and the power transfer efficiency, ɳ, can be expressed as; 
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In the experimental test, the frequency of the signal supplied to the transmitter, fm, is tuned 

to fr of the coil being tested (Tables 2.3 and 2.4).  A power of 1 W was fed to the transmitter 

coil, and each of the receiver coils were aligned with the transmitter coil and placed at 1 mm 

above the transmitter coil, just as in the measurement of k between the coils.  Figures 2.14 and 

2.15 plot the measured v at the receiver coils with different n and lw, respectively.   

 

  

Figure 2.14: Voltages measured in the wirelessly powered receiver coil with different 

numbers of turns; (a) voltage vs. time and; (b) peak voltage (vp) vs. number of turns. 

 

  

Figure 2.15: Voltage measured in the wirelessly powered receiver coil with different fill 

ratios; (a) voltage vs. time and; (b) peak voltage , vp vs. line width. 
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The results plotted in Figure 2.14 show that receiver coils with larger n values induce 

higher voltages.  As can be observed, the coil with n of 5 induces vp of ~0.8 V, as compared 

with the coil with n of 7, which induces vp of ~1.2 V.  The coil with n of 13 induces the 

highest vp of ~2.1 V.  However, the voltage induced in these coil does not differ much as 

compared with the coil with n of 11 which induces vp of ~2.05 V.  This small difference is 

caused by the relationship in the size of the receiver coils and the transmitter coil, as 

described in Table 2.5 earlier.  This suggests that, although a large coil can spatially capture 

or ‘interact’ with more magnetic fields generated by the transmitter coil, power transfer is not 

very efficient when the size of the receiver coil exceeds the dimensions of the transmitter coil. 

Figure 2.15 shows voltage induced in the receiver coil when the fill ratio is varied by 

adjusting lw.  In this case, the coils with a larger lw induce higher voltage.  However, the 

voltage result does not reveal a significant change when the line width is altered as compared 

with the case where n is varied.  When lw is increased from 50 to 175 µm, vp induced 

increases from ~1.8 to ~2.2 V which corresponds to a ~22% increase.   

Based on the voltage measurement at the receiver coil and the coils’ Ro (Table 2.3 and 

2.4), the power transfer efficiency, ɳ is computed.  Both the theoretical and measured value of 

ɳ obtained by comparing the power at the receiver coil with a transmitted power, are plotted 

for receiver coils with different values of n and lw in Figure 2.16 and 2.17, respectively.  As 

shown in the plots, both calculated and measured efficiencies display similar trends with some 

discrepancies.  These differences could be caused by some level of errors in positioning 

alignments of the receiver coils with transmitter coil during the measurement of k and that of 

wireless power transfer.   
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Figure 2.16: Power transfer efficiency for receiver coils with different numbers of turns. 

 

The receiver coils with larger n numbers resulted in higher power transfer efficiency as 

shown in Figure 2.16.  As can be observed, the power transfer efficiency shows a continuous 

improvement from ~0.1 to ~0.25 when n is increased from 5 to 11.  This corresponds to an 

improvement of ~150 % in the power transfer efficiency.  However, there is not much 

improvement when n is further increased to 13 where the measured efficiency is ~0.26, 

almost the same as the efficiency of coils with n of 11, which agrees with the trend of k as 

reported earlier.  These results also come to the agreement with Equation 2.9 where ɳ 

proportional to k.  Although there was a drop in k when n is increased to 13, the increase in 

the receiver coil’s L compensates it and resulted in small increase in ɳ. This result clearly 

demonstrates the importance of selection in transmitter and receiver coil sizes. 

For coils with different fill ratios, efficiency increases from ~0.1 to ~0.37 with an 

improvement of 270 % when lw is increased from 50 to 175 µm as described in Figure 2.17.  

This shows that coils with larger lw which corresponds to higher k posses higher power 

transfer efficiency.   
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Figure 2.17: Power transfer efficiency for receiver coils with different fill ratios. 

 

2.4.6 Wireless Heating 

When the receiver coil is designed to resonate at the same frequency as the signal in the 

transmitter coil, the field energy is most effectively converted to Joule heat (Equation 2.7). 

The steady state temperature rise of the coil, Tss, can be theoretically expressed as [155]; 
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where RT is the thermal resistance between the heater and the surroundings of the circuit and 

αR is the temperature coefficient of resistance of the coil.  The heat resistance, RT, is related to 

the amount of heat that will be retained without loss to the surroundings.  There are three heat 

loss mechanisms that need to consider in thermal devices, i.e., thermal conduction, convection 

and radiation.  Figure 2.18 shows the setup and the heat flow from the heater during the 

thermal measurement.   
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Figure 2.18: Heat losses at the planar heater. 

  

A. Conductive heat transfer 

Heat flow through conduction occurs when there is a difference in temperature between 

the heater and another part that is in contact with the heater.  The conduction heat flow, qCond 

is given by [156]; 
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where ∆T is the temperature different between heater and the substrate and RCond  is resistance 

of thermal conduction.  Rcond can be expressed as [156]; 
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where Lt is the thickness of the material in the direction of which the heat flows, kp is the 

thermal conductivity of the material and the A is the surface area.  In this work, the Lt and A 

correspond to the thickness of the PI (50 µm) and the surface area of the heater respectively.   

 

B. Convective heat transfer 

Convection occurs when the medium that is in contact with the hot surface of a heater is 

not stationary for example air or liquid.  The heat flow through convection, qConv is expressed 

as [157]; 

   

TAhqConv       (2.13) 

 

where h is the convection heat transfer coefficient.  For air, h can be expressed as [157]; 
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where ka is the thermal conduction of air, NuL is the Nusselt number for laminar flow, and LC 

is the characteristic dimension [158].  For horizontal plate (e.g. planar heater) NuL depends on 

the face of the heater; hot surface facing up and hot surface facing down [159].  For the hot 

surface facing up, NuL is given by; 

 
4/1

54.0 LL RaNu      (2.15) 

 

and for a hot surface facing down, NuL is given by; 
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where RaL is the Rayleigh number.  RaL is given by [160];  
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where g is the gravity acceleration, β is the thermal expansion of the air, and v and α are the 

kinematic viscosity and thermal diffusivity of the air respectively.  LC for a horizontal surface 

is given by [160]; 

P

A
L c

C       (2.18) 

where Ac is the surface area of the coil and P is the perimeter.  The heat resistance due to the 

natural convection loses, RConv is given by [161]; 

 

hA
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1
      (2.19) 

   

where A is the surface area of the heater.  Using Equations 2.14 to 2.19, the convective 

thermal resistance of the planar heater can be estimated depending on its dimensions.   

  

C. Radiative heat transfer 

Radiation heat transfer is caused by the travel of electromagnetic waves [162].  Thermal 

radiation occurs in any object that has absolute temperature above 0 K and occurs directly 

through the components’ surface, without any transfer medium.  The rate of heat radiation, 

qRad, is given by [163]; 

  4

2

4

1 TTAqRad       (2.20) 

 

where ε is the emissivity of the surface, σ is the Stefan-Boltzmann constant, and T1 and T2 are 

the temperature of the heater and that of the surrounding respectively.   

 

D. Conduction, convection and radiation heat loses  

The magnitude of the heat loses through all the three heat loss mechanisms described 

above can be obtained by solving the heat flow equations.  The parameters used in the 
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calculation are given in Table 2.6.  The heat flows thorough conduction, convection, and 

radiation for a planar heater with n of 5 are estimated for a temperature range of 20 to 100 °C 

and plotted in Figure 2.19.   

 

Table 2.6: Numerical values used for heat flow calculation. 

Parameter Symbol Value Units 

Surface area A 9.6×10
-6

 m
-2 

Thermal conductivity of PI kp 0.12 [164] W/°C-m 

Thickness of the PI sheet Lt 50×10
-6

 m 

Characteristic dimension Lc 5.06×10
-5

 m 

Gravity acceleration g 9.81 m/s
2 

Thermal conductivity of air ka 0.024 [157] W/°C-m 

Thermal expansion of air β 3.41×10
-3

[160] °C
-1

 

Kinematic viscosity of air v 1.59×10
-5

 [160] m
2
/s 

Thermal diffusivity of air α 2.25×10
-5

 [160] m
2
/s 

Surface emissivity of Cu ε 0.97 [157] - 

Stefan-Boltzmann constant σ 5.676×10
-8

 W/m
2 

     

As can be observed, the heat flow through conduction has the highest magnitude, 

followed by the natural convection.  The loss through radiation is ~1000 times smaller than 

the heat loss through convection, suggesting very high thermal resistance.  Since the radiative 

and convective losses occur in parallel, in the device of interest, the thermal loss through the 

radiative transfer is negligible.  Although the heat loss through convection is just ~5 % of the 

conduction, the loss through convection is not negligible in the thermal resistance calculation 

since it is in series with conduction loss (for hot surface facing down case).   
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Figure 2.19: Comparison of heat flow components in the planar heater. 

 

The surface heat resistance for the planar heater can be calculated based on the Equations 

2.12 and 2.19.  The conduction heat resistance takes place through the PI sheet substrate that 

used to form the heater, while the convection heat resistance will take place at top and the 

bottom surface of the heater as illustrated in Figure 2.18.  For a horizontal plate hot surface, 

the heat resistance on the top surface for natural convection, RTu is given by; 
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assuming a laminar flow. The heat resistance at the bottom surface of the heater, RTd is 

expressed as; 
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The total heat resistance, RT to the surrounding area is given by; 

1

11












TdTu

T
RR

R .     (2.23) 

 

Since the thickness of the PI used as the coil substrate is very low (50 µm), the thermal 

resistance due to the PI in vertical and lateral direction is negligible.  Thus the conductive heat 

resistance element in Eq. 2.19 may be eliminated to simplify the calculation.  The RT now can 

be rewritten as; 
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The difference in the temperature ∆T can be also written as Tss, the steady state temperature 

rise.  Tss can be obtained by substituting Eq. 2.11 to Eq. 2.9; 
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The steady state temperature of the coil, Tf can be computed using; 
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        (2.26) 

 

where TR is the room temperature.  Table 2.7 describes the parameters used in the theoretical 

analysis of the steady state temperature, Tf.  Tf is calculated for the coils with different n and 

lw. 
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Table 2.7: Numerical values used for steady state temperature, Tf calculation. 

Parameter Symbol Value Units 

Temperature coefficient of resistance (Cu) αR 0.0043 [165] °C
-1 

Room temperature TR 20 °C 

Resistance Ro Table 2.3 and 2.4 Ω 

Voltage v Figure 2.15 and 2.16 VRMS 

Characteristic length of the heater Lc Appendix B m 

Surface area A Table 2.1 and 2.2 m
2 

    Heat generation was experimentally tested by feeding the transmitter coil with 1 W of RF 

power with the frequency tuned to fr of the receiver coil being tested (Tables 2.3 and 2.4).  

The receiver coils were aligned to the transmitter coil and placed at 1 mm above the 

transmitter coil just as in the measurement of k between the coils, while the temperature was 

measured using an infrared (IR) thermal camera.  The measured and calculated Tf are plotted 

in Figures 2.20 and 2.21 for the coils with different n and lw values. 

 

 
Figure 2.20: Steady state temperature of coils with different numbers of turns. 
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Figure 2.21: Steady state temperature of coils with different line widths. 

 

 

In both of in Figures 2.20 and 2.21, the measured and calculated values have similar Tf 

trends.  As shown in Figure 2.20, Tf increases as n increases.  The measured Tf has an 

increment of ~39 % from 64 to 89 °C when n is increased from 5 to 11.  The drop in Tf for 

coil with n of 13 is mainly caused by the drop in k which resulted in not much increase in v in 

the coil.  In addition, the increase in Ro, which increases when l increases, limits the I which is 

the main contributing element in power generation, P.  Furthermore, the large area of the coil 

increasing the amount of heat lost to the surroundings contributes to the drop in Tf.   

On the other hand, when lw increases, Tf reveals a continuous increase (Figure 2.21).  The 

measured Tf is increased by about ~68 % from 62 to 98 °C when lw is increased from 50 to 

175 µm.  This significant increase in Tf is due to the continuous improvement in k and 

reduction in Ro value when lw is increased.  As described earlier, I has an inverse proportion 

relationship with Ro.  When Ro is reduced, I induced in the coil is increases.  This contributes 
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to the higher resistive heating in the coil.  The discrepancy between the measured and 

calculated Tf in Figures 2.20 and 2.21 is may be related to the model used, which was 

assumed to neglect the heat loss by the conduction in the lateral direction (through the 

spacers).   

 

2.4.5 Distance Characterization 

The increase in the distance, d between transmitter and receiver coils affects the power 

transfer efficiency due to the reduction in k.  To characterize this relationship between d and 

k, a coil with lw of 175 µm and n of 10 was tested for d of ~0 mm to 10 mm and results are 

plotted in Figure 2.22.  The maximum coupling of 0.48 was observed when the receiver coil 

is placed within 0-1 mm from the transmitter coil.  A significant drop was observed when d 

between the transmitter and receiver coils was increased beyond 2 mm and almost no 

coupling existed between the coils when d was increased to 7 mm and above.   

The power transfer to the receiver coil was measured using the same setup as described in 

the precious sections.  The transmitter coil was fed with 1-W of RF power with fm which was 

set at fr of the coil.  The measured v at the receiver coil, and the measured and calculated ɳ are 

plotted in Figure 2.23.  A maximum ɳ of 0.37 was obtained when the receiver coil was within 

d of 0 to 1 mm from the transmitter coil.  An exponential decay in the measured v and ɳ was 

recorded when the coil was moved more than 2 mm from the transmitter coil.  The efficiency 

dropped to ~0 when the coils were separated at d of more than ~7 mm.  The measured v and ɳ 

agrees with the trend of k as plotted in Figure 2.22. 
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Figure 2.22: Coupling coefficient vs. distance of the transmitter and receiver coils. 

 

 

 

Figure 2.23: Calculated and measured efficiency and measured voltage vs distance. 
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The calculated and measured Tf values are plotted in Figure 2.24.  The highest Tf of ~100 

°C was recorded when the receiver coil is placed within d of 0 to 1 mm from the transmitter 

coil.  When d was increased from 2 to 4 mm, Tf dropped drastically from 87 to 34 °C.  At d 

beyond 6 mm, the coil does not show any response in terms of temperature rise.  This shows 

that the operating range of the coil tested is from 0 to 5 mm and for efficient operations, d 

must be kept within 0 to 2mm.  The operation range of the heater could be improved by 

employing a larger transmitter and receiver coils. 

 

 
 Figure 2.24: Steady state temperature of the coils when distance is increased. 

 

2.5 Conclusion 

This chapter discusses passive wireless heating using LC resonant circuits.  The working 

principle, design, and modeling of the wireless heater is presented and experimentally 
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verified.  The LC circuits with different n and lw are fabricated and tested to evaluate ɳ and 

heat generation due to resistive heating.  Maximum ɳ of ~0.37 is reported when a coil with n 

of 10 and lw of 175-µm is used hence possesses the highest Tf.  The measured Tf and the 

theoretical estimation show similar trends in both coil sets with different n and lw.  This 

resonant wireless heating provides a high frequency selectivity heating and could serve as a 

unique and effective path to wirelessly drive or control thermoresponsive actuators such as 

SMA actuators.   
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Chapter 3
 

A Wireless Bulk-Micromachined Shape-

Memory Alloy Microgripper and the Integration 

Method 

 

3.1 Introduction 

This chapter
1
 discusses the wireless control of bulk-micromachined SMA actuators using 

external RF magnetic fields and its application to microgrippers.  The microgrippers are 

passively controlled through RF power transfer to resonant heater circuits (discussed in 

Chapter 2) with which the SMA actuators are coupled.  In order to address the issues involved 

in SMA bonding, a batch-compatible planar assembly technique based on photo-defined 

selective electroplating is developed and used to bond the SMA actuators to heater circuits.  

Gripper devices employing the above mentioned SMA actuation method and possessing a one-

way memory principle are designed and microfabricated using the developed bonding 

technique, and the devices have been experimentally characterized in this effort.  The 

manipulation of vertically aligned carbon-nanotube (CNT) forests is presented as a 

demonstration of RF control of fabricated devices.  This chapter also describes the mechanical 

strength provided by the bonding technique, along with its effects under different sample 

conditions. 

                                                           
1
 A version of this chapter has been published in a peer-reviewed journal (Reused with permission from “M. S. 

Mohamed Ali and K. Takahata, ‘Frequency-Controlled Wireless Shape-Memory-Alloy Microactuators Integrated 

using an Electroplating Bonding Process,’ Sensors and Actuators A: Physical, 163(1), pp 363-372, 2010”, 

Copyright 2010, Elsevier) [166].  
 
 

Parts of this chapter were also presented in The Solid-State Sensor, Actuator and Microsystems Workshop (Hilton 

Head 2010), Hilton Head Island, South Carolina, USA [167].  
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3.2  Working Principle of the Device 

The micromachined SMA actuator developed in this effort is operated through an LC 

resonant circuit that serves as a frequency-sensitive wireless heater activated by an external RF 

magnetic field (Figure 3.1(a)) as demonstrated and characterized in the preceding chapter.  

Here, the heat generated at the frequency sensitive LC resonant heater is used to drive the SMA 

actuator i.e., the actuation is controlled with the frequency, rather than the field intensity.  

 

 

Figure 3.1: (a) Wirelessly controlled SMA micro-gripper and (b) working principle of the 

device. 

 

The SMA gripper with two beams that have an identical rectangle cross section is 

fabricated so that one of the sidewalls of each of the beams is coated with the cold-state reset 

layer.  When the temperature of the device exceeds the austenite-phase temperature of the 

SMA, the gripper is actuated as the material returns to its remembered shape (Figure 3.1(b)).  

The shape of the gripper will be restored to be the cold-state original shape when heat is 
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removed due to the force provided by the reset layer.  The electroplating-based bonding 

method developed in this study (discussed in Section 3.5) is used to achieve not only high-

precision assembly of the micromachined SMA gripper on the wireless heater with high 

mechanical bonding strength but also high thermal conductance between the two components. 

 

3.3 Design and Fabrication 

The grippers developed in this effort have a normally closed design with the gripper-beam 

length of either 4 mm (device-1) or 5 mm (device-2).  The layout of the SMA gripper structure 

is shown in Figure 3.2(a).  The gripper structures are formed using a 300-μm-thick Ti-Ni sheets 

with an austenitic-phase temperature of 65 °C (Alloy M, Memory Metalle GmbH, Germany).  

The outer sidewall of each of the two gripper beams is coated with a compressive SiO2 layer.  

The dimensions of the gripper structures are summarized in Table 3.1.  These configurations 

and dimensions for the two devices were determined using a finite element analysis (FEA) tool 

(COMSOL Multiphysics 3.5a) to ensure that bending of the beams is large enough to close the 

gripper at its cold state.  (For example, the gap spacing of 570 µm between the beams for 

device-1 was determined by the total theoretical displacements of 582 µm obtained in the 

analysis for the device; the analysis utilized the data reported in [170] for temperature-

dependent material properties such as CTE and Young’s modulus for Nitinol.)  The SMA 

components are configured to have a bonding pad with a cavity and perforations as shown in 

Figure 3.2(a).  The LC circuit has a planar spiral coil with an overall size of 55 mm
2
 and the 

line width and spacing indicated in Figure 3.2(b).  The SMA component is bonded on either 

one of the capacitor electrodes of the LC circuit (as in Figure 3.2) or a separate Cu region 

located on the backside of the spiral coil that provides heat to the SMA through the bonded 

region.   
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Figure 3.2: (a) The SMA gripper design and (b) a sample layout of the LC circuit design. 

 
 

 

Table 3.1: The dimensions of the gripper structures. 

Dimensions Device-1 Device-2 

Beam length, l (mm) 4 5 

Beam width, w (µm) 62 70 

Beam height, h (µm) 300 300 

SiO2 thickness, t (µm) 3 4.2 

Gap spacing between beams, g (µm) 570 600 

 

 

Figure 3.3 shows the developed fabrication process for the case that the SMA component is 

bonded on the capacitive electrode of the circuit.  The planar LC circuit is fabricated using 

single-sided Cu-clad PI film with 50-m thickness same as described in Chapter 2.  The 
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photolithography for the circuit fabrication is performed with dry-film photoresists (15-m-

thick MacDermid SF306 and 38-m-thick DuPont PM240).   

 

 

Figure 3.3: Fabrication process flow (cross-sectional view except steps 6 and 7). 

 

  First, one of the capacitor electrodes is formed by wet etching of the Cu-clad layer by 

using patterned SF306 photoresist as a mask (Figure 3.3, step 1).  Next, the PI film is etched 
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using a KOH-based solution to create the via contact hole in the film (Figure 3.3, step 2).  After 

depositing a CuTi-Cu seed layer on the PI side, Cu electroplating in the patterned PM240 

photoresist mold is performed in a sulfuric-acid-based bath at a current density of 32.3 mA/cm
2
 

for 30 minutes to form the coil and the other capacitor electrode with a thickness of 30-35 m 

(Figure 3.3, step 3).   

Figure 3.4(a) shows the fabricated LC circuits.  Both the circuits in the figure were 

measured to have the same inductance of 292 nH and different capacitances of 15.6 pF (left 

circuit) and 9.4 pF (right circuit) due to the different electrode sizes, providing fr of 74.5 MHz 

and 96 MHz, respectively.   

 

Figure 3.4: (a) Samples of the LC resonant circuit fabricated using Cu-clad PI film, and (b) an 

SMA gripper component fabricate with μEDM (prior to separation from the original sheet). 

 

For the SMA gripper fabrication, the gripper component is first shaped to have the single 

beam structure in a piece of the SMA sheet by micro-electro-discharge machining process 

using a commercial system  (μEDM, EM203, SmalTec International, IL, USA) [168, 169] 

μEDM.  The machining was performed at voltage level, capacitance, and tool rotation speed of 
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100 V, 3.3 nF, and 3000 rpm, respectively.  This is followed by the deposition of a SiO2 layer 

that serves as the reset layer using plasma-enhanced chemical vapor deposition (PECVD) at 

350 °C on each side of the SMA piece.  The thickness of SiO2 in each deposition is set to be a 

half of the final thickness of the layer listed in Table 3.1 so that the sidewalls of the beam have 

a SiO2 layer with the target thickness upon the completion of the two-step depositions.  The 

SMA component is then μEDMed to create the bonding pad with the cavity and perforations 

(Figure 3.4(b)).  This μEDM step removes the SiO2 layer from the pad region.  The bonding 

pad of the SMA is fixed onto the capacitive electrode on the Cu-clad side of the circuit coated 

with photoresist (SPR 220-7) that is used as a temporary adhesive (Figure 3.3, step 4).  The 

photoresist is then soft baked for 10 minutes at 90 C, followed by the lithography to remove 

the photoresist in the pad region (Figure 3.3, step 5).   

Cu electroplating is then performed with the condition described above in the pad region to 

grow 120-m-thick bonding structures (Figure 3.3, step 6); Cu grown from the capacitor 

electrode through the pad’s perforations is over-plated and connected to the portion plated on 

the pad, mechanically fixing the pad.  In this step, the SiO2 layer on the SMA beam acts as a 

mask for electroplating so that Cu is only deposited on the cavity of the SMA and on the 

capacitor electrode through the perforations in the cavity.   

Figure 3.5(b) shows the pad of the SMA gripper component bonded on the circuit with this 

electroplating process.  Finally, the single beam of the SMA is split into two beams using 

μEDM (Figure 3.3, step 7) to form the gripper structure with vertical sidewalls (Figure 3.5(a)).  

These split beams consequently have inner sidewalls without SiO2 layers, resulting in bending 

and closing their tips due to the compressive SiO2 layer present on the outer sidewalls of the 

beams.  The final form of the device is shown in Figure 3.5(c).  
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Figure 3.5: Fabrication results for device-1 (4-mm-long gripper): (a) Gripper beams split using 

EDM and a close- up of the inner sidewall of the beam; (b) the SMA pad bonded by 

electroplated Cu; (c) overall shape of a fabricated device. 

 

 

3.4 Experimental Results and Discussion 

The characterization and experimental results for the SMA and fabricated devices are 

presented in this section.  The performance of the devices is evaluated through wireless 

actuation tests as well as the manipulation of CNT samples.  The results of the bonding 

strength characterization are also presented and discussed in this section. 
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3.4.1  SMA Phase Transition Characteristics 

In order to predict behaviors of the fabricated devices, the SMA material used for the 

fabrication was characterized using a differential scanning calorimeter (DSC Q1000, V9.0, 

build 275, Universal 4.1 D, TA Instruments, DE, USA) that measures the phase transformation 

temperatures by detecting changes in heat flow through the material.  The sample was 

encapsulated in the aluminum pan and scanned at 20 °C/min in both heating and cooling 

modes, analyzing the temperatures of austenitic start (As) and finish (Af) as well as martensitic 

start (Ms) and finish (Mf).  A typical measurement result is shown in Figure 3.6.   

 

 

Figure 3.6: Measured heat flow vs. temperature for the SMA material used for the device 

fabrication. 

 

It can be seen in the result that As, Af, Ms, and Mf for the SMA are approximately 40, 65, 55, 

and 35 °C, respectively.  This indicates the transformation temperature hysteresis of 5-10 °C 

for the material. 
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3.4.2 Wireless Actuation Tests 

Wireless tests for the fabricated devices were experimentally performed using the set-up 

illustrated in Figure 3.7.  In this set-up, an amplified RF signal with an output power of up to 1 

W was fed to the external coil (diameter ~6 mm, 497-nH inductance) to generate an RF 

magnetic field that excites the LC circuit of the device.  The thermomechanical behavior of the 

gripper was characterized using a thermocouple that was attached to the devices (on the 

capacitor electrode of the circuit located on the opposite side of the electrode bonded with the 

SMA) as well as a measuring microscope with a resolution of 0.1 m to characterize the 

displacement of the gripper.  It was experimentally verified that the dependence of 

thermocouple reading on the presence of the magnetic field with the power level and 

frequencies used in the tests was minimal or undetectable.   

 

 

Figure 3.7: A set-up for wireless actuation tests and demonstration. 

 

Figure 3.8 shows a typical response of device-2 (5-mm gripper).  The device’s LC circuit’s 

fr  was measured to be 140 MHz (with L = 184 nH and C = 7 pF).  The circuit temperature and 

gripper displacement (tip opening) were simultaneously measured while scanning fm from 120 

MHz to 155 MHz at a constant output power of 0.2 W in this case.  The measurement results 

show a strong temperature peak (of 100 C) when fm was aligned to fr which agrees with the 
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result reported in Chapter 2.  The results also indicate that the gripper was activated and 

deactivated at about 48 °C and 37 °C, respectively, resulting in the active frequency range (to 

which the device responds) of 13 MHz, and that the maximum opening of 600 m was reached 

and started to drop at about 92 °C and 68 °C, respectively.   

 

 

Figure 3.8: Measured circuit temperature and gripper openings vs. fm (inset images show tip 

openings of the gripper at corresponding frequencies). 

 

It can be seen that these four measured temperatures, which in order correspond to As, Mf, 

Af, and Ms, respectively, tended to be higher than the measured phase transition temperatures of 

the material used (refer to Section 3.4.1).  This is most likely because the temperature was 

probed on the circuit at a distance from the SMA; in this case, the actual temperatures of the 

SMA are anticipated to be lower than the measured values in Figure 3.8 due to heat loss 

occurred between the probing location and the SMA.  Comparing the temperature values from 

Figures 3.6 and 3.8, the gradient between the heater circuit and the gripper is suggested to be 

around 27 C (the difference between the measured Af in Figure 3.6 and the corresponding 
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temperature in Figure 3.8 noted above) or less.  Figure 3.9 shows measured circuit temperature 

and opening distance of the gripper tips when temporal excitation of the device was performed 

using an external field with 0.2-W output power at 140 MHz that matched fr of the device. 

   

 

Figure 3.9: Measured circuit temperature and gripper actuation with a temporal application of 

an external RF magnetic field whose frequency was aligned to fr of the circuit.  

 

As can be seen, the time for the gripper to achieve the maximum opening of 600 µm (at 94 

°C) from its fully closed state (at 40 °C) after the field was turned on was approximately 9 

seconds, whereas the time that the gripper returned to the fully closed state after the field was 

turned off was approximately 5 second.  This suggests that the gripper may be operate for the 

full-range actuation at a frequency of ~0.07 Hz for this device.  The time response of the 

actuation depends on the RF output power used for the device excitation as well as the device 

design/size including the SMA material (i.e. its austenitic-phase temperature) used. 

The RF control of the gripper devices was demonstrated using samples of CNT forests.  

For this test, a gripper device with the same fr of 140 MHz was attached to a micro positioner 
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(Manipulator 750, Signatone Co., CA, USA) that was used to manually position the gripper 

device relative to a CNT forest sample.  Figure 3.10(a) shows that the gripper approaches the 

forest sample while keeping the device temperature to be ~60 C with fm of 135 MHz.  In 

Figure 3.10(b), the device temperature is increased to ~70 C by tuning fm closer to fr of the 

device, and the gripper continues to approach the sample.  In Figure 3.10(c), the gripper makes 

contact with the CNT forest, and the tips are closed to grab a part of the forest by shifting fm to 

150 MHz, bringing the device temperature down to 27 C.  From Figure 3.10(d) to Figure 

3.10(e), the gripper is moved apart from the forest sample while gripping the part of the forest 

and continues to be pulled until the gripped part is separated from the sample.  Figure 3.10(f) 

shows that the gripper holds the separated forest part that is manipulated through the above 

frequency-controlled gripping process.  

 

 

Figure 3.10: Manipulation of CNT forest: (a) Approaching the forest; (b) tips opened by 

tuning fm closer to the device’s fr of 140 MHz; (c) making contact with the forest, and the tips 

closed by shifting fm to 150 MHz; (d) gripped part of the forest pulled; (e) the forest part 

continues to be pulled; (f) gripper holds the separated forest part. 
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3.5 SMA Integration and Characterization  

It is important to understand the bonding strength available with the developed 

electroplating method in light of its application to MEMS and other micro mechanical devices.  

The adhesion strength of electroplated Cu films was characterized with peeling tests [171, 172].  

The present study focuses on the shear strength of electroplated Cu microstructures formed by 

the developed method that was used to bond SMA components to Cu-clad PI substrate in this 

effort.   

 

3.5.1 Characterization of Bonding Strength 

The strength was experimentally characterized using a force gauge (UWE HS-30K, 

Intelligent Weighing Technology Inc., CA, USA) attached to a vertical positioning stage 

(Figure 3.10(a)).  The layout of the samples used for this test is shown in Figure 3.10(b); each 

SMA component machined from a 300-m sheet had two 440-µm-diameter perforations with 

100-µm spacing in the 280-µm-deep 12-mm
2
 cavity.  Each SMA component was bonded to a 

Cu-clad PI substrate through the two perforations where Cu is electroplated for a thickness of 

120 m using the process described in Section 3.3.  The sample placement is illustrated in 

Figure 3.11(a); a portion of the PI substrate was clamped down to the base of the stage and 

bent by 90 so that the SMA was directed upward and fixed to the force gauge.  For each 

sample, shear forces applied to the sample were measured with the gauge while displacing the 

gauge along the upper direction using a micrometer until the bonding failed.  
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Figure 3.11: Measurement of shear bonding strenth: (a) Cross-sectional view of the 

measurement set-up; (b) layout of SMA samples used for the measurement. 

 

In order to evaluate the effect of the SiO2 insulation layer coated on SMA in the bonding 

process, samples with the SiO2 layers (type-A) and without the layers (type-B) were prepared 

for the measurement.  The type-A samples had the same configuration as the SMA gripper 

components used for the device fabrication, i.e., all the surfaces were first coated with SiO2 

then the cavity was machined to form the bonding pad (thus no SiO2 on the bonding-pad 

surfaces) in each sample.  The results from two samples identically fabricated for each type are 

plotted as a function of the displacement in Figure 3.12.  As can be seen in the graph, the type-

A samples with the SiO2 layer provided much higher shear strengths than those with the type-B 

samples.  The type-A samples were broken at 10.6-12.2 N, which correspond to shear strengths 

of 34.8-40.1 MPa calculated using the total area of the two perforations (0.304 mm
2
).  The 

type-B samples were observed to exhibit shear strengths of only 19.3-21.3 MPa.   
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Figure 3.12: Measured shear forces vs. displacement for type-A (with SiO2 layer) and type-B 

(without the layer) samples, showing the shear strengths calculated using the bonding surface 

area of 0.304 mm
2
. 

 

3.5.2 Effect of the Silicon Dioxide Layer in Bonding 

It was discovered that this large difference in the bonding strength between the two types 

was attributed to the forms of Cu structures resulted from electroplating in the SMA 

perforations.  Figures 13(a) and 13(b) show the broken interface structures of electroplated Cu 

seen on the backside of the SMA perforation and on the top surface of the Cu-clad PI substrate, 

respectively.  It can be seen in Figure 3.13(a) that the Cu structure formed on the perforation 

has a bowl-like shape with the top opening narrowed by the grown Cu structure, whereas 

Figure 3.13(b) indicates a cone-shaped bump formed on the Cu-clad surface.   
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Figure 3.13: SEM images of the broken interface in a type-B sample: (a) The backside of the 

SMA showing the bowl-like electroplated Cu structure grown from the edges of the perforation 

narrowing the opening; (b) the electroplated Cu bump structure formed on the Cu-clad layer 

underneath the bowl-like structure in (a).  

 

With this observation, as well as the fact that the SMA of type-B samples is electrically 

short circuited to the substrate because there is no SiO2 layer present on the SMA, it is evident 

that Cu quickly grows on the SMA, which tends to close the top opening of the perforation, 

preventing further plating on the Cu-clad surface as illustrated in Figure 3.14(b).   

In contrast, the SMA of type-A samples is initially isolated from the substrate due to the 

presence of the SiO2 layer, prohibiting the Cu growth on top of the SMA and around the 

perforations.  As the Cu structures in the perforations grow, they short circuit the SMA to the 

substrate and then Cu starts to grow on the SMA as well.  With further plating, the Cu layer 

grown on the SMA is combined with the over-plated structures grown through the perforations, 

forming a solid, continuous bonding structure as shown in Figure 3.14(a).   
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Figure 3.14: Cross-sectional diagram of Cu structures in (a) the type-A sample (with SiO2 

layer) and (b) the type-B sample (without the layer) formed by the electroplating bonding 

process. 

 

The broken interfaces of the type-A samples indicate that the mechanical failure occurred 

at the interface between the Cu-clad layer and the PI substrate, not at the bonding interface 

(Figure 3.15).  This means that the actual bonding strength is greater than the values (34.8-40.1 

MPa) obtained in this test and that the bonding method provides adhesion strengths that are 

considerably greater than those available with the polymer-adhesive techniques mentioned 

earlier, which are reported to be approximately in the range of 8-30 MPa.  

 

 
Figure 3.15: Optical images of the broken interface in a type-A sample: (a) SiO2 surface on the 

SMA showing that the portion of Cu-clad layer bonded to the SMA through the Cu structure 

electroplated in the perforation came off (together with some parts of PI) with the SMA when 

bonding failed; (b) the Cu-clad layer where the failure occurred showing the PI surface 

exposed. 
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3.6 Conclusion 

A fully passive, bulk-micromachined SMA gripper that is controlled using external RF 

magnetic fields has been developed.  A normally closed SMA gripper with 4- or 5-mm length 

was coupled with a planar resonant LC circuit with a 55-mm
2
 spiral coil that functions as a 

frequency-selectable wireless heater.  The heater was activated only when the fm was tuned to fr 

of the LC circuit.  An electroplating-based planar bonding technique was developed to achieve 

mechanical and thermal coupling of the SMA gripper components with the wireless heater 

circuits.  The bonding strength tests revealed that the technique provided the strength of at least 

40 MPa, which is greater than those provided with most polymer bonding methods.  The 

operations of the fabricated grippers were successfully implemented through the RF frequency-

tuning principle.  The devices exhibited the tip opening of 600 m when fm was at the heater’s 

fr or nearby within a range of 6 MHz with a constant RF output power of 0.2 W.  Frequency-

controlled wireless gripping and manipulation of carbon nanotube forests were demonstrated.  

The frequency selectivity of the device provides an opportunity to implement simultaneous 

control of multiple SMA actuators that are bonded to the wireless heaters with different fr; this 

aspect is investigated and reported in the next chapter.  The developed bonding technique 

based on photo-defined electroplating may be leveraged for the microfabrication of arrayed 

SMA actuators by scaling up the technique. 
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Chapter 4 

Selective Wireless Control of Shape-Memory 

Alloy Actuators using Frequency Modulation 

and its Microfluidic Application 

 

4.1 Introduction  

In Chapter 3, a wireless control of a single SMA actuator using RF magnetic field was 

demonstrated.  This chapter
2
 discusses the wireless microfluidic control enabled by the 

selective operation of multiple bulk-micromachined SMA actuators using external RF 

magnetic fields.  Fully passive, integrated SMA microactuators that can be selectively 

controlled through field-frequency modulation is reported to show the feasibility of RF 

wireless actuation method to control multiple SMA actuators.  The actuators’ temporal and 

thermal responses are experimentally characterized.  For the application of microfluidic 

devices including in-vivo drug-delivery applications, a prototype wireless 

microsyringe/injector device with ejection-amount controllability enabled by multiple-

actuator control has been developed.  Wireless control of liquid’s pH level using a fabricated 

device is performed as an experimental demonstration of the developed RF actuation 

technique. 
                                                           
2
 A version of this chapter has been published in a peer-reviewed journal (Reused with permission from “M.S. 

Mohamed Ali, K. Takahata, ‘Wireless Microfluidic Control with Integrated Shape-Memory-Alloy Actuators 

Operated by Field Frequency Modulation’ Journal of Micromechanics and Microengineering, vol. 21, 2011, 

075005 (10pp), 2011”, Copyright 2011, IOP) [173].  
 

Parts of this chapter were also presented in a proceeding (Reused with permission from M.S. Mohamed Ali, K. 

Takahata, Selective RF Wireless Control of Integrated Bulk-Micromachined Shape-Memory-Alloy Actuators 

and Its Microfluidic Application, Proceeding IEEE MEMS, Mexico, Jan 23-27, 2011, pp. 1269-1272”, Copyright 

2011, IEEE) [174]. 
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4.2  Device Principle and Design 

As discussed in Chapters 2 and 3, the LC circuit effectively produces heat when exposed 

to an AC magnetic field with fm that matches fr of the circuit [166, 167].  If multiple heaters 

are designed to have different fr, one or more heaters, or SMA actuators coupled with them, 

can be selectively and simultaneously activated by modulating fm to the corresponding fr 

values in a time-sharing manner (Figure 4.1(a)).   

When the temperature of the actuator exceeds the austenite-phase temperature of the SMA, 

the SMA is actuated as the material returns to its remembered shape (Figure 4.1(b)).  The 

frequency-modulation pattern and excitation interval time are adjusted so that the achieved 

temperatures of the excited SMA structures exceed the threshold temperature using a fixed 

output field power high enough to reach the temperature.  The shape of the actuator is 

restored to its original cold-state shape when heat is removed due to the force provided by the 

reset layer deposited on the SMA.   

 

 

Figure 4.1: Working principle: In this example, Actuators-2 and -3 are selectively activated 

by modulating fm to fr of the two wireless heaters (fr2 and fr3) coupled with the actuators. 
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As a proof of concept, a microsyringe device was designed and developed (Figures 4.1(a) 

and 4.2(a)).  In this device, a flexible reservoir filled with a selected liquid/gel is squeezed by 

three cantilever-type SMA actuators with identical dimensions (5 mm length and 4.1 mm 

width) arranged in an array to eject the fluid.  The ejection amount is controlled by the 

number of actuators activated.  Each SMA cantilever is micromachined to have a bonding 

cavity with perforations (Figure 4.2(a)), which are used to permanently bond the SMA 

cantilever onto the copper pads located on the backside of the coils using the electroplating 

bonding technique developed for the SMA structure assembly as reported in Chapter 3.  The 

excited coil provides heat to the SMA for its actuation through the electroplated bonding 

region.  The excited coil provides heat to the SMA for its actuation through the electroplated 

bonding region.  A reservoir with a thickness of 130 m is created on the backside of the coil 

as well, so that an array of the SMA actuators is arranged above the reservoir when the array 

is bonded to the circuits.  The SMA structures are bulk micromachined in 300-μm-thick Ni-Ti 

sheets with an austenitic-phase temperature of 65 °C.  The bottom side of the SMA is coated 

with a compressive reset layer at a temperature greater than 65 °C so that the layer is 

deposited on the flat cantilever at a trained state.  After the deposition, at room temperature, 

the SMA cantilever will bend due to the compressive stress applied by the reset layer, and it 

returns to the trained flat shape when heated to a temperature greater than 65 °C.  The 

dimensions of the actuator and the thickness of the reset layer are determined by analyzing the 

actuator’s displacements using COMSOL Multiphysics
TM

 3.5a (Figure 4.2(b)).   

The finite element analysis is to ensure that the cold-state bent SMA cantilever will have a 

space large enough to accommodate the reservoir underneath when bonded to the substrate.  

The wireless heater component is essentially an array of three LC tanks with the planar spiral 

coils that have an identical overall size of 3.84.4 mm
2
 (theoretical inductance ~95 nH).  The 
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fr values of the circuits are differentiated with an approximate separation of 30 MHz by 

varying the size of the capacitors of the tanks.  This relatively large frequency separation was 

selected to minimize the cross talk between the tanks.  Theoretical values of the capacitance 

and fr of the three tanks are indicated in Figure 4.2(a).   

 

 

Figure 4.2: (a) The microsyringe/injector design; (b) A COMSOL model of the SMA 

actuator showing an approximate displacement of 300 m at the free end due to the force 

provided by a 3.5-m-thick SiO2 layer on the backside of the SMA, indicating the space 

created underneath the actuator large enough to accommodate the 130-m-thick parylene 

reservoir.  
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4.3 Device Fabrication 

Figure 4.3 shows the fabrication process developed for the device.  The planar LC circuit 

is fabricated using single-sided Cu-clad PI film with 50-m thickness; details of this process 

(Figure 4.3(a), steps 1-3) were reported in Chapter 3.  After electroplating Cu for the coil 

formation, the Cu seed layer is etched away, leaving the titanium layer that will be used to 

provide the electrical connection for the later electroplating bonding of SMA using the 

process discussed in the preceding chapter.  (The Cu layer needs to be etched before the SMA 

bonding as the Cu etchant, ferric chloride solution, attacks the SMA.)  A 130-µm-thick 

sacrificial mold for the reservoir formation is created on the backside of the substrate with 

three layers of spin-coated photoresist (SPR 220-7) (Figure 3(a) step 4).  The photoresist mold 

is then hard baked for 2 hours at 120 °C.  Figure 4.4(a) shows the patterned photoresist mold 

with the Cu-clad capacitor electrodes and bonding pads formed on the PI substrate.  The 

reservoir walls are formed by depositing 10-µm-thick Parylene-C (Specialty Coating Systems, 

IN, USA).  To improve the parylene adhesion, the surfaces of the PI substrate is roughened 

using O2 plasma at 100 W for 3 minutes prior to the parylene deposition.  (The adhesion 

promoter H2O: IPA: A-174(γ-methacryloxypropyl trimethoxy silane) commonly used for 

parylene attacks the sacrificial photoresist.)  The parylene layer on the electroplating bonding 

pads for the SMA assembly is dry etched using a photoresist mask (Figure 4.3(a), step 4).   

For the fabrication of the SMA-actuator array (Figure 4.3(b)), a 300-m-thick plate of the 

SMA noted in the previous section is first etched in hydrofluoric-nitric acid (HNA) solution 

(5wt% Hydroflouric acid and 30wt% Nitric acid mixed in DI water) [33] for 15 minutes to 

form a 15-µm-high boss structure (to be located at the tips of the cantilever actuators – Figure 

4.2(a)) using a laminated dry-film photoresist mask (Figure 4.3(b), step 1).  This boss is 
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necessary to compensate the thickness of the bonding pad on the substrate so that the SMA 

cantilevers achieve complete squeezing of the reservoir when actuated.   

 

 

Figure 4.3: Cross sectional view of the fabrication process for (a) wireless resonant circuit 

(steps 1-3), reservoir formation (step 4), and SMA actuator assembly (steps 5-6), and (b) the 

SMA actuator component. 
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Next, the SMA plate is etched from the other side in HNA to thin the structure down to 

~100 µm while protecting the opposite side of the SMA (Figure 4.3(b), step 2).  The SMA 

plate is then patterned using μEDM to shape the cantilever structures as well as the cavity and 

the perforations noted earlier (Figure 4.3(b), step 3) using the same machining parameters 

described in Chapter 3.  A sample of the patterned SMA plate is shown in Figure 4.4(b); the 

actuator array is still tethered to the frame structure at this stage, for not only easier handling, 

but also high-precision assembly and bonding of each of the actuators to the heater circuit.  A 

3.5-µm-thick SiO2 film, the compressive reset layer, is deposited on the bottom surfaces of 

the SMA using PECVD at an approximate temperature of 390 C (Figure 4.3(b), step 4).   

The cavity regions of the SMA actuators fabricated above are fixed onto the bonding pads 

on the circuits coated with the SPR-220 photoresist that serves as a temporary adhesive for 

the SMA attachment (Figure 4.3(a), step 5).  The photoresist is then soft baked for 10 minutes 

at 90 C, followed by spin coating of another layer of the photoresist on top of the SMA and 

its soft baking.  After the photoresist on the cavity regions is removed with a lithography step 

(Figure 4.3(a), step 5), Cu is electroplated in the regions to grow 120-m-thick bonding 

structures through the perforations, fixing the actuator array onto the substrate (Figure 4.3 (a), 

step 6).   

All the photoresist layers including the sacrificial mold inside the parylene reservoir are 

then dissolved using acetone in an ultrasonic bath.  Lastly, the titanium seed layer is etched to 

complete the heater circuit fabrication, and the frame of the SMA actuators is removed by 

locally etching the tethers using µEDM (Figure 4.4(c)).  Heaters-1, -2, and -3 of the fabricated 

device were typically measured to have a common inductance of 89 nH while having different 

capacitances of 3.3, 4.2, and 5.4 pF and fr of 231, 264, and 295 MHz, respectively, all of 

which match well with the theoretical values (Figure 4.2(a)).   
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Figure 4.4: Fabrication results: (a) Sacrificial photoresist mold patterned for the reservoir, 

and Cu bonding pads for the SMA actuator assembly; (b) SMA component fabricated by wet 

etching and EDM; (c) fabricated device with close-up of the parylene reservoir. 

 

4.4  Experimental Results and Discussion 

Characterization results for the fabricated actuators including the multiple wireless-heater 

operation using frequency-modulated RF magnetic fields as well as thermal behaviors of the 

actuators are discussed in this section.  The stepwise pH-level modification through the 

wireless control of the fabricated microsyringe device is experimentally demonstrated. 
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4.4.1  Selectable Activation of Wireless Heater Array 

The wireless activation of the LC resonant heaters fabricated in an array was first 

evaluated using the set-up shown in Figure 4.5 (without the beaker and the pH meter used for 

the experiment discussed in Section 4.4.3).  An RF signal generator (HP 8657A) was 

interfaced with a Labview
TM

 program to control the frequency modulation, and the amplified 

RF signals were fed to an external coil to generate RF magnetic fields.   

 

 

Figure 4.5: Experimental setup for wireless testing of the fabricated devices. 

 

An array of four heater circuits (Figure 4.6(a)) was used for this test.  These circuits have 

spiral coils with identical dimensions (3.87 mm
2
), and the size of the capacitors were varied 

to differentiate their resonant frequencies with an approximate separation of 30 MHz as noted 

earlier.  The fr of the heaters (fr1-4) were wirelessly measured using the external coil connected 

to a spectrum analyzer (Agilent 4396B) by detecting the dips in the S11 parameter whose 

frequencies correspond to fr of the heaters (Figure 4.6(b)).   

The size of the external coil (23-mm diameter, ~900 nH) was adjusted to cover the entire 

array of the heaters.  The measurement shows that fr1, fr2, fr3, and fr4, are 136, 163, 188, and 

211 MHz, respectively.  In this test, the selective wireless activation of the heaters was 
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implemented by modulating fm to fr2 and fr4, i.e., activating only Heaters-2 and -4 at a 1-W RF 

output power.  For the fm modulation, fm was switched alternately between fr2 and fr4 with a 

time period of 15 ms for each frequency.   

 

 
Figure 4.6: (a) Array of four wireless heaters; (b) Measured fr of the four heaters. 

 

The heat distribution across the circuit array was measured using an infrared (IR) camera 

(Jenoptik VarioCam HiRes 1.2M, Jena, Germany) as illustrated in Figure 4.5.  Figure 4.7(a) 

shows an IR image of the array captured at the 8th second after the heaters were activated.  

The temperature distribution along the line (A-A’) indicated in Figure 4.7(a) is shown in 

Figure 4.7(b).  The distribution along the same line before the activation is also plotted in 

Figure 4.7(b) for comparison.  It can be seen that the temperatures of the coil regions in 

Heaters-2 and -4 were increased significantly, with a maximum temperature of ~75 °C on 

their coils, whereas the temperatures of the other heaters (Heaters-1 and -3) remain low.  The 

average temperatures over the coil regions in Heaters-1, -2, -3, and -4 were measured to be 

34.2, 66.3, 46.7, and 66.6 °C, respectively.  This measurement clearly indicates that only the 

regions of the activated heaters reached the temperatures greater than the threshold 

temperature of the SMA (65 C) thus the SMA coupled with them can be actuated, while the 

temperatures in the regions of the inactive heaters were low enough to keep the corresponding 
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SMA inactive.  This result verifies the effectiveness of the fm modulation principle for the 

selective activation of the heater-SMA component.  This result also shows that planar coils 

with unique fr act as frequency sensitive heaters and can be controlled by choosing 

appropriate fm as reported in Chapter 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: (a) IR image showing selective wireless activation of Heaters-2 and -4; the image 

was captures at the 8th second after the activation. (b) Temperature distribution accross the 

array of the four heaters along the line A-A’ indicated in Figure 4.7(a). 
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4.4.2  Heat Distribution in the SMA Cantilever Actuator 

The SMA cantilever structure is actuated by applying heat to one end of the structure.  

This leads to a thermal gradient across the structure due to heat loss, as well as a time delay in 

the heat transfer to the other end of the structure.  These spatial and temporal characteristics in 

the heat transfer within the SMA structures are the important factors that affect their actuation 

behaviors.  To characterize them, the temperature distribution and its change with time in an 

activated SMA cantilever were measured using the IR camera.  The cantilever actuator 

bonded to Heater-2 in the device shown in Figure 4.4(c) was activated by tuning fm to the fr2 

value (264 MHz).  The RF power used for this test was 0.15 W (approximately the minimum 

level required for the full-range actuation of the cantilever).  Figure 4.8 shows an IR image of 

the cantilever at the 13th second after activation, the time when the temperature at the free 

end of the cantilever reached the SMA’s threshold temperature of 65 °C and the actuator was 

fully activated.   

 

 

Figure 4.8: IR image of the SMA cantilever actuator with the wireless heater captured at the 

13th second after the heater activation. 
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The temperatures indicated by the inset numbers 1, 2, 3 and 4 in Figure 4.8 correspond to 

those at the SMA bonding cavity covered by electroplated Cu, the fixed end of the cantilever, 

a middle location (2.5 mm away from the point 2) of the cantilever, and the free end (5 mm 

away from the point 2) of the cantilever, respectively.  Transient temperatures measured at 

these four points for the time period of 13 seconds are plotted in Figure 4.9(a).  The same 

measurement was repeated by doubling the RF power (to be 0.3 W, Figure 4.9(b)).  The 

results in the average rate of temperature increase, full-actuation time, and temperature 

gradient between points 1 and 4 at the time of the full actuation for the two RF power levels 

are summarized in Table 4.1. 

The temperature gradient across the SMA cantilever beam was continuously higher with 

higher power; this is clearly seen in Figure 4.9(c) that plots the temporal changes of the 

temperature gradient between points 1 and 4 shown in Figures 4.9(a) and 4.9(b).  The 

temperature gradient at the full-actuation time with 0.3 W was measured to be twice the 

gradient for the case with 0.15 W (Table 4.1).  This result indicates that, although increasing 

the RF output power improves the temporal response of the actuator, it leads to a higher 

temperature at the fixed end of the cantilever in order to achieve full actuation.  Low 

operational temperatures are required in many cases, especially those in biomedical areas.  To 

minimize heat produced and its dissipation to the external environment, the RF power level 

should be optimized in conjunction with the selection of SMA materials that have lower 

threshold temperatures as well as with proper device packaging. 

 

Table 4.1: Measured actuator response at 0.15 and 0.3 W power levels. 

RF Power 
Average rate of temperature 

increase (°C/s) 

Time for full 

actuation (s) 

Temperature gradient 

between points 1 and 4 (°C) 

0.15 W 4.1 13 16 

0.3 W 8.6 8 32 
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Figure 4.9: Measured temporal changes in the temperature of the SMA cantilever actuator at 

the four points (Figure 4.8) when the heater is wirelessly resonated with RF output power of 

(a) 0.15 W and (b) 0.3 W. (c) Temporal changes in temperature gradients between the 

bonding cavity (point 1) and the free end of the cantilever (point 4) for the 0.3-W and 0.15-W 

cases obtained from the results in Figures 4.9(a) and 4.9(b). 
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4.4.3 Wireless Test for the Microsyringe Device 

Preliminary wireless tests for the fabricated microsyringe devices were experimentally 

performed using the set-up illustrated in Figure 4.5.  The external coil was placed at a distance 

of ~8 mm from the device in this experiment.  The wireless activation of individual actuators 

through fm tuning was first tested – Figures 4.10(a) and 4.10(b) show side views of Actuator-3 

(Figure 4.2(a)) in the inactive state without an external field and in the fully active state 

established with an field at fm = fr3, respectively, showing that the activated SMA actuator 

squeezes the parylene reservoir underneath in Figure 4.10(b).  The maximum force at the free 

end of the actuator was measured to be ~840 mN using a digital force gauge (DS2-1, Imada 

Inc., IL, USA) with a 1-mN resolution.  Device tests were further conducted to demonstrate 

the wireless control of the pH level of liquid.  This was implemented by ejecting controlled 

amounts of a pH buffer from the device’s reservoir to deionized (DI) water using the three 

actuators.   

 

 

Figure 4.10: Side views of the SMA cantilever actuator in (a) the inactive state and (b) the 

active state showing the SMA squeezing the reservoir. 

 

A device that was measured to have fr1, fr2, fr3 of 231, 264, and 295 MHz, respectively, 

was used for this experiment.  The reservoir was fully filled with ~5 µl of pH-2 buffer 

solution (SB96-500, Fisher Scientific, ON, Canada) through the inlet port using a syringe 
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needle, and then the port was sealed with silicone adhesive.  The device was placed in a 

beaker with 10 ml of DI water so that the outlet port of the reservoir was immersed in the 

water, and its pH value during the test was measured using a pH meter as shown in Figure 4.5.   

The stepwise ejections of the buffer solution from the reservoir were implemented through 

the following three steps with a 1-minute interval (each step took ~1 minute): 1) only Actutor-

3 was activated by tuning fm to the fr3 value, squeezing a 1/3 area of the reservoir; 2) 

Actuators-3 and -2 were simultaneously activated by modulating fm to the fr3 and fr2 values 

alternately for an equal time period of 15 ms, squeezing another 1/3 area of the reservoir; 3) 

Actuators-3, -2, and -1 were all activated by modulating fm to the three fr values in the same 

manner, squeezing the last 1/3 area of the reservoir.  In Step-1, an RF output power of 0.25 W 

was sufficient for full squeezing with Actuator 3.  When two or more actuators are involved, 

as in Steps-2 and -3, the duty cycle of actuator excitation drops from 100% to 50% or less, 

causing heat loss during each “off” time in the cycle.  The actuator temperature decreases 

more as the number of actuators increases, i.e., the off time in each actuator becomes longer.  

In order to compensate for this condition, the RF power in Steps-2 and -3 was adjusted to 

higher levels (1.2 and 3.2 W, respectively) to ensure full squeezing.  Comparing between the 

power levels in Step-1 and Step-2, it can be seen that a substantially larger power (4.8) was 

needed in Step-2 due to the presence the off time in that case.  The required power in Step-3 

was 2.67 larger than that in Step-2, although the off time in Step-3 was only twice the off 

time in Step-2.  This difference may be related to various potential causes, including non-

uniform power transfer to the heaters/actuators due to their different locations with respect to 

the external coil, as well as a slight delay in frequency settling observed when the RF signal 

generator used switches the frequency (affecting the duty cycle).   
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An extended study will follow for further investigation of these aspects in power 

requirement related to actuator multiplicity.  The measured pH value and the amount of 

released solution calculated from the measured pH after each of the three actuation steps are 

shown in Figure 4.11.  The pH measurement indicates a consistent reduction from the initial 

pH value of 6.90 to the final value of 5.43 due to the release of the acidic buffer solution.  

 

 

Figure 4.11: pH changes and released amounts of pH buffer (measured and calculated) vs. 

actuators activated. 

 

A theoretical volume of the released solution (calculated with the reservoir and actuator 

sizes, i.e., release volume of 4.130.13 mm
3
 per step) and a pH value calculated from the 

theoretical released volume after each step are also plotted in Figure 4.11.  The dissolution of 

atmospheric CO2 in DI water is known to affect its pH value [175]  it was verified that this 

effect was negligible for the time period involved in the experiment.  As can be seen, both 

measured pH values and the released amounts calculated using the pH values show good 
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agreement with the corresponding theoretical values defined above.  Small deviations seen in 

Steps-2 and -3 may be related to the incompleteness in the reservoir squeezing, which can be 

caused by various non-ideal factors such as variations in the height of the bonded actuators 

and slight bending of the PI substrate. 

 

4.5  Conclusion 

The fully passive, selectable wireless actuation of multiple bulk-micromachined SMA 

actuators using frequency-modulated RF magnetic fields has been demonstrated.  The SMA 

actuators were coupled with planar wireless resonant heaters that have unique resonant 

frequencies, and thus they could be activated selectively using the external field whose 

frequency was modulated to the heaters’ resonant frequencies.  The electroplating-based 

planar bonding technique developed in this research was used to integrate an array of the 

SMA actuators with the planar heaters, achieving mechanical and thermal coupling between 

the actuators and the heater circuits.  A microsyringe device was designed and fabricated as a 

proof-of-concept demonstration of the wireless multiple-actuator control toward a variety of 

microfluidic and biomedical applications.  The thermal behavior and its temporal response of 

the SMA actuators were experimentally characterized at different RF-power levels.  The 

wireless operation of the fabricated devices was successfully implemented to show controlled 

releases of liquid from the device’s reservoir through selective activations of three SMA 

actuators integrated in the device.  Stepwise ejections of acidic solution from the reservoir 

were wirelessly performed to demonstrate sequential pH modification, showing results that 

matched well with theoretical values.  Future work will involve the optimization of the device 

design and fabrication as well as further integration and miniaturization of the actuator 

module.   
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Chapter 5
 

Radio-Controlled Out-of-Plane Microactuators 

using Shape-Memory Alloy Spiral-Coil Inductor 

 

5.1 Introduction 

Passive wireless control of SMA wireless actuators using RF magnetic field were reported 

Chapter 3 and Chapter 4 [166, 167, 173, 174].  In these cases, the receiver coils, which act as 

a frequency sensitive wireless heater, and the bulk-micromachined SMA component, are 

formed as two separate parts.  Then, one end of the SMA part is coupled with the coil through 

the developed electroplated bonding method.  The heat will be generated at the coil when it is 

exposed to the RF magnetic field that matches with the coil’s fr and then transferred to the 

SMA part through the bonded structure for the actuation.  This causes a high thermal gradient 

between the heater and the SMA part.  In addition, the response of the actuator is rather slow 

due to the time delay for the heat to be transferred to the SMA.  The low thermal conductivity 

of the Nitinol type SMA that used for fabricating the actuator further deteriorates the 

actuator’s temporal response during the heating process.  

This chapter
3
 reports an innovative method to fabricate an out-of-plane actuator using 

bulk-micromachined SMA coils, and the passive wireless actuation of the microcoils using 

RF magnetic field.  The out-of-plane coil is formed using a planar fabrication method with a 

patterned stressed film.  The SMA coil acts as both the resonant circuit, which receives power

                                                            
3 A version of this chapter is submitted to Journal of Microelectromechanical System as “M.S. Mohamed Ali, B. 

Bycraft, A. Bsoul and K. Takahata, ‘Radio-Controlled Out-of-Plane Microactuators using Shape-Memory Alloy 

Spiral-Coil Inductor’”.  
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wirelessly, and the actuator.  This approach reduces the fabrication complexity and the overall 

size of the actuator.  Another important feature is that the SMA is used as the substrate/base 

material, eliminating the need for the special processes needed to integrate bulk SMA.  The 

direct wireless heating of the SMA coil improves temporal response and reduces the 

temperature gradient of the actuator which broadens its potential applications.  Based on the 

changes in the inductance value which modifies fr of the actuator during actuation, a wireless 

displacement monitoring method is presented by tracking the changes in fr that corresponds to 

a specific degree of displacement.  The temporal and thermal responses, as well as the force 

generated by the actuators are experimentally characterized and reported. 

 

5.2  Working Principle of the Device 

The formation of an out-of-plane SMA actuator is achieved by creating selected patterns 

of a reset layer directly on a planar spiral-coil structure of SMA.  This configuration, with 

proper patterns, leads to locally controlled bimorph deformations in the coil, resulting in a 

vertical displacement of the planar coil.  This technique was also applied to the development 

of out-of-plane spiral-coil copper inductor, which is discusses in Appendix A [176].  As the 

SMA coil is used as an inductor to form an LC tank circuit with a fixed capacitor, an AC 

electromotive force is generated in the circuit when it is exposed to a RF magnetic field.  

When fm matches fr of the LC tank an AC current flows through the SMA coil and itself 

produces Joule heat.  The SMA coil returns to its flat remembered shape when the coil’s 

temperature reaches the austenitic phase temperature of the SMA (Figure 5.1(a)).   

In this approach, the LC resonant tank is used as a heat source that can be activated by fm 

tuning to enable wireless control of thermal actuators (SMA in this case); details of the 

working principle of this type of wireless resonant heater is described in Chapter 2.  In the 
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present device, the SMA is designed to serve as the actuator as well as the heat source, thus 

RF power transfer to the actuation is expected to be much more effective than the cases in 

Chapter 3 and Chapter 4 that use separate heat sources. 

 

  
Figure 5.1: (a) Conceptual diagram and working principle of the 3D SMA spiral-coil 

actuator; (b) bimorph actuation of a single segment of the coil; and (c) additive height gain 

from two consecutive segments of the coil. 

 

In order to form an out-of-plane displacement, the spiral coil is designed to have patterned 

reset layer on each coil segment (Figure 5.1(a) and (c)).  At the cold state, the difference of 

the CTE between the reset layer (2-µm·m
−1

·°C
−1

 for SiO2 used in this study) and the SMA (6 

to 11-µm·m
−1

·°C
−1 

depending on the temperature) that forms the coil causes a compressive 

stress in the reset layer defined on the coil, causing a height change in each of the segments of 

the SMA coil due to bending in the bimorph regions (Figure 5.1(b)).  The vertical 
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displacement is also defined by the length of the reset-layer patterns since the displacement 

forms the arc whose radius of curvature, r, illustrated in Figure 5.1(b), can be expressed as: 

  

 

 
 

                             

       
           

                      
            

   
                   

 

where E is the Young’s modulus of the materials, w is the width of the beam, t is the thickness 

of the layer, α is CTE, ∆T is the temperature difference between initial flat condition and 

deformed state, and subscript 1 and 2 represents the SMA and the reset layer, respectively.  

The bent bi-layer section creates an angle between the displaced beam (end of the reset layer) 

and the fixed end represented by  = l1/r, where l1 is the length of the reset layer.  The vertical 

displacements at the end of the reset layer, d1, and at the free end of the beam, h1, are then 

expressed as r(1 – cos) and d1 + l2sin, respectively, where l2 is the length of the SMA beam 

portion without the reset layer. 

Figure 5.1(c) displays two consecutive segments with different lengths as part of the SMA 

coil, showing the total vertical displacement, ht, representing the sum of the individual 

displacements for the two segment, h1 + h2.  In order to achieve a uniform rise of the coil, the 

length of the reset layer was varied to provide different levels of bending in each segment of 

the coil as shown in Figure 5.2(a).  These lengths of the reset layer of SiO2 were determined 

through FEA performed using COMSOL Multiphysics 3.5a.  The FEA result shown in Figure 

5.2(c) indicates that 3.5-µm-thick SiO2 layer with the layout shown in Figure 5.2(a) deposited 

at 420 °C on a 35-µm thick SMA coil provides a total out-of-plane displacement of 492 µm at 

the cold state.  Raising SMA’s temperature to austenite phase, by resonating the coil using an 

RF excitation as noted earlier, triggers the actuation of the 3D coil, which returns to the 
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memorized planar geometry and remains flat as long as the temperature is kept in austenite 

region.  The removal of the resonance (by either shifting fm off from fr or turning off the field) 

cools the device down to the martensite phase, and the flat SMA coil restores the original 3D 

shape because of the force provided by the SiO2 reset layer.   

 

  

Figure 5.2: (a) Design of the SMA actuator showing the backside; (b) design of the SMA 

actuator showing the front side; (c) a FEA result showing an out-of-plane displacement of 492 

μm at room temperature, obtained with a model that defines a 3.5-µm-thick SiO2 layer 

deposited at 420 °C and patterned. 
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As shown in Figure 5.2(a), the outer region of the SMA coil is used as the substrate to 

form a built-in fixed capacitor on the backside, in which the SMA substrate itself serves as 

one of the parallel-plate electrodes, i.e., electrical coupling between the outer end of the SMA 

coil and the capacitor is directly made through the substrate.  The other capacitive electrode is 

created by depositing a Cu layer on an intermediate dielectric layer both of which are 

patterned on the SMA substrate to complete the capacitor element.  The other electrical 

connection between the inner end of the coil and the capacitor is made by the Cu lead that is 

patterned together with the Cu electrode.  This Cu lead is corrugated as shown in Figure 

5.2(a) to minimize the stress applied to the lead during the out-of-plane actuation of the 

device.  Figure 5.2(b) illustrates the top view of the device, where the SMA’s outer substrate 

region is covered with a SiO2 layer to compensate the stress induced by the dielectric layer of 

the capacitor on the opposite side of the region. 

 

5.3 Device Fabrication 

The fabrication process of the 3D SMA coil actuator is illustrated in Figure 5.3.  A 200-

µm thick SMA plate is first etched down to a thickness of 35 µm using HNA solution as 

described earlier in Chapter 4.  The SMA plate is then patterned using μEDM to form the coil 

with the dimensions shown in Figure 5.2(a) (Figure 5.3(a)).  The machining was performed at 

voltage level, capacitance, and tool rotation speed of 80 V, 3.3 nF, and 3000 rpm, respectively.  

The EDMed SMA piece is shown in Figure 5.4(a).  The SMA sample is cleaned/degreased, 

and then 3.5-µm-thick SiO2 is deposited on both sides of the SMA using PECVD at 420 °C 

(Figure 5.3(b)). 
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Figure 5.3: Fabrication process; (a) coil formation in SMA sheet using EDM; (b) SiO2 layer 

deposition on both sides; (c) bottom SiO2 layer patterning; (d) top SiO2 layer patterning; (e) 

SU-8 coating and patterning; (f) sacrificial photoresist patterning; (g) Ta/Cu seed layer 

deposition; (h) photoresist mold patterning; and (i) Cu electroplating and seed layer and 

photoresist removal. 

 

For ease of handling and processing, the SMA sample is attached to a piece of a Si wafer 

using a polymer adhesive (Cristalbond 509, Electron Microscopy Science, PA, USA) at 

100 °C.  This fixation is conducted so that the backside of the SMA (Figure 5.2(a)) faces 

upward.  Subsequently, a photoresist layer (SPR 220-7, Rohm and Hass Co., PA, USA) is 

spin coated on the sample and patterned for the SiO2 reset layer formation.  The sample is 
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then hard baked at 70 °C for 2 hours; this is necessary to minimize the diffusion of the SiO2 

etchant (buffered HF) into the photoresist during the etching process (Figure 5.3(c)).  The 

SMA sample is then is removed from the Si piece using acetone.  At this stage, the coil is bent 

and vertically displaced as shown in Figure 5.4(b).  

 

 

Figure 5.4: (a) EDMed SMA spiral coil and (b) SMA coil after backside SiO2 reset layer 

have been patterned (before top side SiO2 layer patterned).  

 

The coil is then re-fixed on the piece so that the front side of the sample faces up.  During 

the polymer bonding process which requires baking at 100 °C, the coil returns to austenite flat 

condition and sticks to the Si substrate.  Next, another photoresist layer is spin coated on the 

sample, patterned and hard baked to form the stress compensation layer on the SMA base by 

wet etching of the SiO2 layer (Figure 5.3(d)).  The sample is then removed from the Si piece, 

which leads to a vertical displacement (measured to be 470 m) in the SMA coil (Figures 

5.5(a) and (b)).  Next, the 3D SMA is deposited with a 400-nm-thick SiO2 layer using 

PECVD on both sides of the sample for insulation purposes.   



Chapter 5: Radio-Controlled Out-of-plane Microactuators using SMA Spiral-coil Inductor 

99 

This SiO2 layer also will serve as the dielectric layer of the fixed capacitor.  The SiO2 

layer on the backside of the center of the coil is then removed using μEDM (this step is 

necessary to achieve the electrical connection to the corrugated lead to be formed later).  The 

SMA piece is again fixed onto a Si piece using the adhesive so that the backside faces up 

(SMA returns to flat condition during baking process as mentioned earlier).   

A SU-8 layer (2007, MicroChem, MA, USA) is spin coated on the sample and patterned 

to cover the outer substrate/base of the SMA, which is effective to fill any potential pinhole 

present in PECVD SiO2 layer and avoid a short circuit between the capacitor electrodes.  To 

ensure a good adhesion of SU-8 onto the SiO2 surfaces, an adhesion promoter (AP 3000, 

Advance Electronic Material, CA, USA) is coated prior to the SU-8 coating (Figure 5.3(e)).  

Then, a thick sacrificial layer of SPR 220-7 is coated (to create a gap between the coil and the 

corrugated lead) and patterned to expose the SU-8 layer (for capacitor plate formation) and 

the center of the SMA coil.   

After hard baking the sample at 70 °C for 8 hours, a Ta/Cu seed layer is sputtered on the 

sample (Figure 5.3(g)).  Prior to this Ta/Cu deposition, an O2 plasma treatment is performed 

to enhance the adhesion on the SU-8 surfaces.  Next, a thin layer of the photoresist is 

patterned (Figure 5.3(h)) to be used as the mold for Cu electroplating of the capacitor 

electrode and the corrugated lead for a thickness of ~7 µm.  Lastly, the layers of the 

photoresist and the Cu/Cr seed are all removed to complete the device fabrication (Figure 

5.3(i)).  Figures 5.5(c) and 5(d) show the device before and after being released from the Si 

base, respectively.  The out-of-plane displacement of this particular device was measured to 

be 466 µm.  The small decrease in the displacement from 470 m noted above could be 

related to the force from the thin Cu corrugated connection to the capacitor plate.  
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Figure 5.5: Fabrication results; (a) SEM image of the 3D SMA coil and a close-up view of 

the center of the coil; (b) SEM image of the SiO2 reset layer patterned on the backside of the 

coil with a close-up view; (c) optical image of the backside of the device in its planar state 

prior to releasing from the base; (d) optical image of the front side of the released SMA 

actuator showing its 3D shape.  
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5.4 Experimental Results and Discussion 

Characterization results for the fabricated SMA actuator are presented in this section.  The 

performance of the device in terms of the thermal and temporal responses and their 

dependences on fm are experimentally evaluated through wireless actuation tests.  In addition, 

the forces generated by the actuators and the wireless displacement monitoring are also 

assessed and discussed.   

 

5.4.1 Characteristics of SMA Spiral-Coil Inductor 

The frequency characteristics of the SMA inductor were first evaluated using a spectrum-

impedance analyzer to which the inductor was connected through a wire interface.  The 

inductance and the Q-factor of the SMA coil were measured in both the planar state (Figure 

5.4(a)) and the 3D state (with an out-of-plane displacement of 470 µm, Figure 5.5(a)) (Figure 

5.6).   

 

Figure 5.6: Inductance and Q-factor of the fabricated SMA spiral coil measured for its planar 

and 3D states as a function of frequency. 
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The inductances at a low frequency (10 MHz) for the planar and 3D SMA coils were 

measured to be ~48 nH and ~45 nH, respectively.  This suggests an approximately 6.3 % 

reduction in the inductance induced by the out-of-plane displacement in the coil.  This 

reduction is caused by the increase in the distance between turns which reduces the mutual 

inductance of the coil.  The self resonances of the inductor in both the planar and 3D states 

were observed at ~1.5 GHz.  The Q-factor was measured to be ~11 (peaked at ~0.8 GHz) with 

no significant difference between the planar and 3D states.   

 

5.4.2 Wireless Tests of the SMA Actuator 

A. Measurement set-up 

Wireless measurements and operations of the fabricated devices were performed using the 

experimental set-up illustrated in Figure 5.7.  In this set-up, an amplified RF signal with an 

output power of up to 0.7 W was fed to an external excitation coil (diameter ∼6 mm, 497-nH, 

positioned ~1 mm below the actuator) to generate RF magnetic fields that were used for the 

wireless control of the actuator.  As shown in Figure 5.7, Thermal responses of the actuator 

were characterized using IR camera, and the out-of-plane displacement of the actuator was 

measured at the center of the SMA coil using a CCD laser displacement sensor (LK-G32, 

Keyence, ON, Canada) whose laser spot size was 30 m.  The resonance of the SMA actuator 

was wirelessly observed using another external coil (7-mm diameter, ∼380 nH, positioned ~2 

mm above the actuator) connected to the Agilent network analyzer by detecting the dip in the 

S11 parameter whose frequency corresponds to fr of the actuator (this external coil for 

resonance detection is not shown in Figure 5.7).   
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Figure 5.7: Experimental set-up used for wireless actuation tests. 

 

B. Frequency response: Temperature and displacement 

The device at its cold (3D) state was measured to have a typical fr of 238 MHz using the 

set-up described above.  This measured fr matches well with a theoretical value calculated 

using measured inductance and capacitor of the device (45 nH and 10 pF, respectively, 

providing fr = 237 MHz).  With this cold-state fr value, the wireless actuation tests were 

performed by scanning fm from 150 MHz to 320 MHz at a constant output power of 0.7 W 

while measuring the temperature and out-of-plane displacement of the device simultaneously.  

Figure 5.8 shows a typical measured response.  The results indicate a temperature peak of 

71 °C when fM = ~230 MHz, which matches fR of the device at its flat condition (that has 48 

nH and 10 pF). The results also indicate that the actuator was activated and deactivated at 

about 51 °C (in heating, fM = 210 MHz) and 39 °C (in cooling, fM = 270 MHz), respectively. 

The full displacement to the flat condition was reached when fM = 226 MHz (at 70 °C), and 

the actuator started to make a returning displacement when fM was increased beyond 244 

MHz (at 59 °C); this suggests a full-actuation frequency range (the difference between these 

two fM values) of 18 MHz. These measured threshold temperatures are slightly higher than the 
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actual austenite finish temperature (corresponding to the point of the full actuation measured 

at 70 °C) and the martensite start temperature (corresponding to the point of initiating the 

returning displacement measured at 59 °C) that were measured to be 65 °C and 55 °C, 

respectively, for the SMA material used. The small discrepancy in these temperature values is 

presumably related to the location on the actuator that these temperatures were captured, 

which was one of the inner turns of the coil near its center.  It was found that temperatures on 

the inner turns, including the location of the measurement point, were higher than those on the 

outer turns (this tendency can be seen in the IR images to be shown in Figure 5.12 later) – this 

condition likely led to the above discrepancy although the average actuator temperature is 

expected to be closer to the rated threshold temperatures.  

 

 
Figure 5.8: Measured actuator’s temperature and displacement vs. fm. 

 

It was observed from the wireless resonance measurement that fr shifted to ~231 MHz at 

the fully actuated flat state (from ~238 MHz at the cold state), resulting in fr of ~7 MHz 
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(Figure 5.9) (this result agrees with the result reported in Figure 5.8 where the maximum 

temperature measured when fm was tuned to ~230 MHz which matches with fr of the device at 

austenite phase).  The fr is led by a change in the inductance of the SMA coil, from 45 nH to 

48 nH, upon the full displacement as discussed in Section 5.4.1.  Another fact observed in 

Figure 5.9 is that the bandwidth of the actuator’s resonance widened (from 45 MHz to 53 

MHz at half of the S11 dips), i.e., the Q-factor dropped as the coil actuated to the flat state.  

Although the actuation causes a 6.7% increase in the coil inductance (which increases the Q-

factor and narrows the resonant width) with the actuation, the observed result is likely 

dominated by the change in the SMA resistivity.  When the coil is actuated from its cold 3D 

state to the excited flat state, the resistivity () of the SMA used in this study increases 7.9%, 

from 76 µΩcm (at the martensite phase) to 82 µΩcm (at the austenite phase), respectively, 

thus the parasitic resistance of the coil, Rp, increases as well.  Since the Q-factor of an LC 

tank depends more on Rp (or ) than L as it is proportional to L
1/2

/Rp, the above changes in L 

and  suggest a decrease in the Q-factor of the coil when actuated to the flat shape. 

 

 

Figure 5.9: Measured fr of the SMA LC tank at the planar and 3D states. 
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C: Frequency response: Force  

There are two types of the force generated by the actuator when it is operated. One of 

them involves the force produced when the actuator is excited and displaced from its 3D state 

to flat state. This force is generated by the SMA itself, through its phase transformation from 

the martensite to the austenite phase. The other force is involved in the returning deformation 

from flat to 3D; this restoring force is induced only by the reset compressive layer of SiO2 

(i.e., the SMA does not contribute to this returning motion). The force measurements were 

performed in both paths to evaluate these two forces. As illustrated in Figure 5.10, for the 

measurement of the SMA force, a force gauge was located underneath the actuator that 

pushed the gauge’s probe downward when activated, and for the restoring force measurement, 

the gauge was located on top of the actuator that pushed the probe upward when deactivated. 

In both cases, the probe was pointed to the center of the coil.  

 

 

Figure 5.10: Measured force generated by each of the SMA and SiO2 layers vs. fm (inset 

images show the set-ups used for both measurements).  
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The SMA force measurement was performed while scanning fM from 150 MHz to 320 

MHz, and the restoring force was measured with fM scanned from 230 MHz (at the full 

actuation/flat state) to 320 MHz. As shown in Figure 5.10, the maximum SMA force of 30 

mN was recorded when fM was within the range between 230 MHz and 238 MHz. This range 

is located approximately in the middle of the frequency range for the full actuation shown in 

Figure 5.8. The force rapidly decreased and diminished as fM was raised beyond 238 MHz. 

For the restoring force, the maximum value of 9 mN was recorded when fM reached 265 MHz. 

This experiment verifies that, as expected, the SMA provides a larger force than the SiO2 

reset layer, and that the former force is more than 3 greater than the latter one.  

 

D. Temporal response  

Figure 5.11 shows measured variations in the temperature and displacement of the 

actuator when repeated excitations were performed using an external RF field with 1-W 

output power at fm = fr (231 MHz).  As can be seen, the time for the actuator to achieve the 

full displacement of 466 µm from the 3D state (at ~40 °C) to the flat state (at ~73 °C) was ~3 

s, whereas the time to return to the original 3D state after turning off the field was ~4 s.  

These suggest that this actuator may be operated for the full-range actuation in a 7-s cycle 

(0.14 Hz) with the setup used in this experiment.  The time response of the actuator also 

depends on the RF output power as well as on the device design/size, including the property 

of the SMA material (i.e. the hysteresis between the martensite-phase and austenite-phase 

temperatures).  However, it is evident from comparison with the case that used separate 

heaters as reported in Chapters 3 and 4 that the developed device provides 2-3 faster 

responses than the previous results while requiring lower temperatures for full actuations.  

This large improvement is mainly attributed to the actuator’s design, in which the actuator 
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itself generates heat (as the wireless resonant heater) and thus causes less thermal energy loss, 

leading to faster responses.  In addition, the lower thermal capacity of the SMA compared to 

PI which was used to fabricate the heater for the devices in previous chapters improves the 

response of the actuator during cooling cycle.  

 

 

Figure 5.11: Measured actuator’s temperature and displacement caused by repeated 

excitations of the actuator implemented using an RF field at fm = fr. 

 

The IR images of the SMA actuator captured during a heating and cooling cycle are 

shown in Figure 5.12.  It can be seen that when the SMA coil was excited, the inner turns of 

the coil tend to have higher temperature compared to the outer turns, resulting in a 

temperature gradient with higher temperatures in the inner turns as discussed in Section 5.4.2 

B.  This might be caused by the denser magnetic flux towards the center of the coil that led to 

maximum heating in this area [177].   
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Figure 5.12: IR images of the actuator; (a-c) during heating cycle when an RF field with fm = 

231 MHz and 1-W power is applied; (d-f) during cooling cycle after the full actuation.  

 

5.4.3 Wireless Displacement Monitoring 

A wireless resonant sensing mechanism using LC circuits has been utilized in many 

applications [178-185].  Various physical parameters such as temperature, pressure, pH and 

force have been wirelessly measured.  LC circuits are arranged so that an environmental 

parameter causes a change in its inductance or capacitance that contributes to a shift in its fr.  

In this section, we demonstrate a wireless displacement tracking method for an out-of-plane 

spiral coil SMA that forms an LC circuit.   

The change in fr of the actuator was monitored using the setup illustrated in Figure 5.7 

with an additional monitoring coil placed 2 mm above the actuator.  A monitoring coil (7 mm 

in diameter, ∼380 nH) was connected to an Agilent network analyzer that was interfaced with 

a computer through a Labview software program.  fr was sampled at a 20 Hz frequency (every 

50 ms) with a frequency tracking resolution of 50 kHz.  The sampling frequency and 

resolution are related to the computational limitation and the response time of the analyzer.  
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The actuator was excited by the excitation coil placed beneath the actuator as implemented 

before, while the displacement was measured by a laser displacement sensor.  Figure 5.13 

plots the relationship between fr and the out-of-plane displacement when the actuator was 

excited using 1 W of power at fm = 231 MHz.   

 

 

Figure 5.13: Measured fr vs. out-of-plane displacement when fm=231 MHz. 

 

 

Similar to the fr measurement reported in Section 5.4.2 B (Figure 5.9), the result plotted in 

Figure 5.13 shows that the actuator has fr of ~237.5 MHz in the 3D state and reduces to 

~230.5 MHz when it was actuated to a flat condition.  The fr shows higher changes at larger 

displacements towards flat condition.  This might be related to the influence of the outer turns 

of the coil to the change in the inductance value, where at a larger displacement, the outer turn 

of the coil which has a large influence on inductance value was displaced.  On average, the 

sensitivity of fr is calculated at ~14 kHz/µm.  The displacement and fr tracking were repeated 
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at the same power but at different fm and plotted in Figure 5.14 to show the ability to control 

the out-of-plane displacement at the desired level while wirelessly monitoring the fr. 

 

 

Figure 5.14: Wireless resonant tracking when fm= 180 MHz, 200 MHz and 225MHz. 

 

During the first 2 seconds of the measurement results plotted in Figure 5.14, the fm is set at 

180 MHz.  In this period, not much change was observed in fr as there has not been any 

displacement in the actuator.  When the fm was changed from 180 MHz to 220 MHz at the 2
nd

 

second, the actuator is displaced from ~466 µm to ~280 µm.  Due to this displacement, fr 

shifts from 237 MHz to ~235 MHz.  The calculated sensitivity is given at 10.8 kHz/µm.  The 

actuator settles at ~280 µm after 2 s, and the fm is tuned to 220 MHz.  Until the 7
th

 second, 

there is no significant change in fr recorded.  The fm is then further tuned to 225 MHz at the 7
th

 

second.  At this stage, the actuator is displaced in less than 2 seconds to ~110 µm and a shift 

in fr to ~232 MHz was observed.  This shift corresponds to a sensitivity of 17.6 kHz/µm.  The 

trend of the change in fr and displacement basically reveal a similar response as in Figure 5.13.  
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As described earlier, the higher change in fr is contributed to the displacement of the outer 

turn of the coil and the delay to achieve more uniform heating throughout the coil. 

This measurement proves that wireless displacement monitoring of the fabricated device 

is possible.  In addition, the displacement of the actuator can also be precisely controlled by 

applying a specific fm.  However, in order to attain more accurate displacement tracking, the 

quality factor of the actuator must be improved.  It can be observed that fr reading plotted in 

Figure 5.14 reveals some fluctuation when the actuator is in the steady state, particularly 

when the actuator is approaching the austenite phase of the SMA.   

 

5.4.4  Coil Optimization 

One of the important factors in wireless RF resonant sensing is to achieve a high Q-factor.  

In this chapter, SMA which has a high resistivity is used to form the coil inductor.  Although 

the actuator demonstrated better temporal response compared to the result reported in Chapter 

3 and Chapter 4, high power is used to excite the actuator.  This is mainly due to the low Q-

factor of the SMA coil.  Since the low Q-factor is due to the low conductivity of the SMA, 

this issue may be resolved by coating the SMA coil with a highly conductive material such as 

Cu.   

In this section, the effect of Cu-layer coating is investigated to evaluate the impact on the 

Q-factor of the coil.  For this analysis, a 35-µm-thick SMA coil is prepared with the same 

dimensions as those described in Section 5.2 but without the SiO2 stress layer on the SMA 

(Figure 5.4(a)).  The measurement is performed using an Agilent impedance analyzer.  Silver 

paste is employed to create a connection with the centre of the coil.  After the electrical 

characterization of the original SMA coil, the coil is coated with a of Ta/Cu seed layer 

through sputter deposition.  Then, a 5-µm-thick Cu was electroplated onto the coil.  Figure 
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5.15 shows the SMA coil with its Cu layer prepared for characterization.  Figures 5.16(a) and 

(b) show the resistance, inductance and Q-factor measurement results of the SMA coil before 

and after employment of the Cu-layer coating. 

 

 

Figure 5.15: A SMA coil coated with Cu. 

 

A significant improvement in the resistance of the SMA coil was observed after coating 

Cu layer (Figure 5.16(a)).  Without the Cu layer, the SMA coil has a resistance of 5.5 Ω; this 

is reduced to 2.7 Ω after the Cu coating.  This reduction corresponds to a ~50 % improvement 

in the coil’s conductivity.  In terms of the coil’s inductance, no noteworthy change is 

observed (Figure 5.16(b)).  The Q-factor of the coil reveals a significant increase when the 

Cu-layer is deposited, with an increase of 85 % from the original value of 10.5 to 19 recorded.   

This result proves that with a good conductive material coating, the quality factor of the 

SMA coil can be improved.  In this experiment, a Cu-layer thickness of 5 µm is selected in 

consideration of skin effect, which is estimated to be 4.3 µm when the coil is operated at 231 

MHz.  Further increased of the Cu thickness may not contribute to a significant increase in the 

Q-factor due to the skin effect and also may cause deleterious impact on the displacement as 

the coating can stiffen the SMA beams.   
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Figure 5.16: Electrical characterization of an SMA coil before and after Cu-layer coating; (a) 

resistivity measurement; and (b) L and Q-factor measurements. 

 

5.5 Conclusion 

A novel SMA actuator that is directly powered and controlled with RF fields has been 

designed, fabricated, and demonstrated.  The SMA was bulk micromachined to form a planar 
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spiral-coil inductor that constituted an LC resonant circuit, which was used as a radio-

controlled built-in heat source to produce vertical displacements in the SMA coil.  The 

fabricated SMA LC tank was observed to provide an inductance of 48 nH and a Q-factor of 

11 with a self resonance at 1.5 GHz.  The self-assembly of SMA 3D spiral coils was achieved 

using patterned bimorph structures with the SiO2 reset layer locally defined on the planar 

SMA coils, yielding an out-of-plane displacement of 466 µm in the fabricated SMA coils.  

The actuation of the devices was implemented through direct heating of the SMA coil through 

the wireless excitation of the SMA LC tank using external RF fields by tuning fm to fr of the 

tank.  The actuation of the SMA, which had an austenitic phase temperature of 65 °C, was 

successfully controlled only within 5 °C above the threshold temperature based on the RF 

excitation technique.  The ranges of the RF output power and operation frequency used were 

0.7-1 W and 230-240 MHz, respectively.  The fabricated devices were characterized to 

produce vertical actuation forces of up to 30 mN in their 3D-to-planar actuation path.  The 

observation for dynamic behaviors of the SMA actuator revealed a markedly improved 

temporal response compared to the previously developed SMA actuators that were coupled 

with separate wireless heat sources, suggesting the effectiveness in the use of the built-in 

wireless heat source adopted in the present device.  In addition, the shift in fr that the actuator 

exhibited during the actuation was shown to represent actual displacements of the actuator by 

monitoring the frequency wirelessly, potentially enabling high-precision radio control of the 

actuation through real-time tracking of the resonant frequency.  The improvement in the Q-

factor of the SMA actuator demonstrated by coating a Cu layer may further improve the 

performance of the actuator.  
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Chapter 6
 

Conclusion 

 

In this dissertation, we have reported a wireless control method for the bulk-

micromachined SMA actuator.  A complete form of the research which includes the 

modeling, simulation, fabrication and experimental verification of the wireless SMA actuator 

is reported.  A summary of the contributions from the research conducted and the future 

direction of this research is presented in this chapter. 

 

6.1 Contributions 

The research contributions are presented in the following chapter sequence: 

 

I. Chapter 2  

In this chapter, the LC resonant circuits which were used as frequency sensitive wireless 

heaters were characterized in detail.  The scaling effect on the wireless power transfer 

efficiency and other key parameters as functions of the inductor’s number of turns and line 

widths were evaluated.  Each coil that used in the experiment was well analyzed in terms of 

its resistivity, inductance, capacitance, resonant frequency and Q factor.  The coupling 

coefficients between the transmitter and the receiver coils (wireless heater) were also 

examined.  The effect of the increase in the separation distance between the coils was also 

experimentally verified.  In addition, the measurement results were compared with the 

theoretical model.  A simplified model to estimate the steady state temperature at the coil was 
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developed based on the model reported in [111] and the results were compared with the actual 

measurements.  

II. Chapter 3 

The feasibility of the wireless actuation of the bulk-micromachined SMA actuator that is 

controlled using the novel RF magnetic field control method has been verified, and its 

application as a micro gripper has also been demonstrated in this chapter.  The developed 

method has advantages in terms of the device’s longevity, size and applicability in the 

application where the space and access are limited, as compared with any other reported 

wireless SMA actuation technique including the laser and electron beam method [34, 35].  A 

new integration technique using the photo-defined electroplating bonding method was 

developed to bond the bulk-micromachined SMA to the planar LC circuit.  The bonding 

strength between the SMA and LC circuit was experimentally studied and revealed that the 

reported technique has a higher bonding strength than most of the polymer based bonding.  

This batch compatible integration scheme could also enable the use of any bulk 

micromachined material into the MEMS fabrication.  The SMA based wireless gripper that 

was fabricated through the electroplating bonding method was demonstrated to manipulate 

the vertically aligned CNT forest using the developed RF control method.   

 

III. Chapter 4 

In this chapter, we have reported a wireless control method for the selective and 

simultaneous control of multiple SMA actuators using the frequency modulation technique.  

The wireless control of the multiple actuators method developed in this work is a key to 

achieving novel functionalities while enhancing the devices’ performance.  For implantable 

drug-delivery devices, for example, this ability may be utilized to enable the controlled and 
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selective delivery of different types of drugs at specific mixtures.  We have demonstrated the 

viability of the frequency modulation technique to control multiple SMA actuators that were 

integrated to the LC resonance circuits.  This was demonstrated in a microfluidic device 

designed as a microinjector, which integrated three actuators with the LC heaters, 

demonstrating controlled release of liquid for pH level adjustment by selective control of the 

three actuators.  The thermal response of the fabricated device was also characterized using 

different power levels.   

 

IV. Chapter 5 

 

An out-of-plane SMA actuator in the form of a spiral coil has been designed, fabricated 

and reported in this chapter.  We have demonstrated that an out-of-plane displacement in a 

planar spiral coil can be achieved using a localized stress layer.  The developed technique 

using a simple lithography and bimorph process could also be used to build various 3-D 

structures by using patterned stress layers which previously required complex processes and 

tools.  The vertically displaced SMA spiral coil with a planar parallel plate capacitor that was 

fabricated on the SMA formed an LC resonant circuit.  The displacement of the SMA spiral-

coil actuator in its out-of-plane direction was wirelessly controlled using external RF 

magnetic fields.  We also reported a wireless position monitoring method by tracking the 

change in the resonant frequency of the out-of-plane spiral LC circuit.  By controlling the 

external field frequency, precise displacement control and monitoring were demonstrated 

where discrete frequencies correspond to a specific degree of displacement.  The force 

induced by the SMA and the stress layer were also measured and reported. 
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V. Appendix 

The out-of-plane spiral coil formation technique that used a localized stress layer, reported 

in Chapter 5, was applied to study a novel microfabrication/assembly method for an out-of-

plane copper planar inductor that was permanently displaced to achieve controlled height and 

final inductance.  The permanent out-of-plane displacement was achieved by controlling the 

plastic deformation on the copper coil using specific annealing temperature.  This method 

allows the inductance of the planar coils to be determined by adjusting the annealing 

temperature without the need for changing the base dimensions of the coil.   

 

Based on the specific contributions as described by chapter, the contribution of this 

research can be summarized as a development of the fully passive wireless SMA actuator.  To 

the best of our knowledge, this research was the first to report the wireless actuation of 

thermal actuators using an RF magnetic field without the use of batteries and/or active 

circuitries.  Although there was a report on the passive SMA actuation using the RF magnetic 

field [110, 111], it needed to use rectification and conditioning circuits.  In our case, the 

electromotive force induced at the coil is effectively converted to Joule heat to drive the SMA 

and this eliminates the need for additional conditioning circuits.  This eventually reduces the 

size of the devices which is an important parameter in designing implantable devices.  In 

terms of the fabrication method, in this research, the devices were fabricated by combining 

non-traditional micromachining methods such as µEDM with standard MEMS fabrication 

methods such as lithography, E-beam deposition, sputter disposition, RIE, PECVD, and 

electro-chemical deposition.  We also integrated bulk materials such as the SMA sheet, and 

non-traditional materials such as parylene into the standard MEMS fabrication process.  The 

developed fabrication processes to realize the devices prove that unique and high performance 



Chapter 6: Conclusion 
 

120 

MEMS devices can be built by combining non-traditional micro-machining process and 

materials with standard MEMS fabrication approach.  The techniques and results 

demonstrated in this research suggest many opportunities of the developed wireless SMA 

actuators especially in biomedical areas.   

 

6.2 Future Work 

With suitable optimization and packaging, the developed wireless actuators may be used 

for a variety of applications in biomedical areas, e.g., wireless control of micropumps and 

valves in implantable microfluidic devices.  In this work, the wireless actuation was focused 

onto the actuation of SMA actuators.  However, the developed wireless actuation principle 

can be extended to the control of other thermal actuators such as bimorphs and 

thermoresponsive hydrogels [154, 186].  Future work will involve the optimization of the 

device design and fabrication as well as further integration and miniaturization of the actuator 

module.  
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Appendix A 

Out-of-Plane Spiral-Coil Inductor Self-

Assembled By Locally Controlled Bimorph 

Actuation 

 

In this section4, a fabrication method of 3- dimensional (3D) microcoil is presented based 

on the localized bimorph actuation method that reported in Chapter 5. The design, fabrication 

and the results are reported.  

 

Introduction 

The fabrication of 3D microcoil inductors has attracted considerable interest in recent 

years for a variety of applications including radio communication [1], magnetic field sensor 

[2], and magnetic resonant imaging [3]. Although 2D planar coils are still being widely 

applied in these areas due to the simple methods needed to fabricate them, the resulting 

devices often suffer from inhomogeneous magnetic fields and small Q-factors which limit the 

performance of the systems in which they are used [4]. Furthermore, planar coils have a fixed 

inductance value which is dependent on how the coils are designed in these two dimensions. 

Any desired change in inductance requires a new coil with new dimensions. In integrated 

circuits (ICs) and Microsystems, stringent size and dimension constraints make this situation 

unfavourable. 3D spiral coils offer a potential solution to this problem. They can be selected

                                                                 
4
 A version of this chapter has been published in a peer-reviewed journal (Reused with permission from “M.S. 

Mohamed Ali, B. Bycraft, C. Schlosser, B. Assadsangabi, and K. Takahata, ‘Out-of-plane spiral-coil inductor 

self-assembled by locally controlled bimorph actuation,’ Micro Nano Letter vol. 6, pp. 1016-1018, 2011”, 

Copyright 2011, IET) [178].  
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 for a system which requires different levels of inductance without varying the base dimension 

of the device.  Fabrication methods for 3D inductors have been extensively investigated 

through the use of MEMS technologies. They include folding/deforming planar structures [5, 

6], LIGA [7], electrodeposition overflow [8], multilayer stacking [9], wire bonding [4], 

bimorph [10], and direct writing approaches [11-13]. Some of them were utilized to fabricate 

variable micro inductors [9, 10]. However, most of these techniques require special apparatus 

and complex set-ups, manual steps, and/or many photolithographic steps that are time 

consuming and expensive. Microfabrication of 3D coil inductors has continued to be a 

challenging task.  

In this section, we report a method to manufacture out-of-plane, 3D spiral-coil inductors 

with controlled heights and inductances in a self-assembling manner based on local thermal 

actuation of patterned bimorph microstructures. The fabrication approach provides more 

freedom in defining the inductance of the coils, without affecting the on-chip space occupied 

by them, for various applications including those noted earlier. The fabrication is based on 

standard IC/MEMS processes, enabling wafer-level production and circuit integration of the 

inductors at low costs.  

 

Principle and Design 

In the developed method, 3D inductors are created by permanently displacing planar 

spiral-coil structures using locally defined bimorph actuation (Figure A1(a)). The planar coils 

are deformed out-of-plane, producing a change in their total inductance by varying their 

mutual inductance, which is dependent on the distance between the turns of the coil. The 

deformation is achieved as a result of the difference between the CTE of Cu and Cr (16.5 and 
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4.9 µm·m
−1

·°C
−1

, respectively) that form the bimorph. This difference causes bending in the 

regions where the Cr is patterned on each segment of the spiral coil (Figure A1(b)) when the 

structure is annealed.  

 

 

Figure A1: Formation of 3D spiral-coil inductor; (a) Overall structure and displacement; 

(b) Bimorph actuation of single segment; (c) Additive height gain from consecutive segments 

of the microcoil. 

 

The bent bi-layer section creates an angle between the beam and the base which results in 

a vertical displacement at the free end of the beam that is proportional to this angle and the 

beam length. The length of the Cr pattern determines the above angle by forming an arc with 

the radius r (Figure A1(b)), which can be expressed as;  
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where E is the Young’s modulus of the material, w is the width, t is the thickness, α is CTE, T 
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is the temperature, and the subscripts 1 and 2 denote Cu and Cr respectively. Figure A1(c) 

displays two consecutive segments, wherein the height gained from the whole section is the 

sum of both individual segments’ displacements (ht = h1 + h2). The length of the Cr pattern is 

increased as the length of the segment decreases to ensure that the coil’s turns are uniformly 

raised upwards when annealed. The Cr layer is positioned over the Cu coil in specific areas to 

create the desired displacement (Figure A2(a)). The lengths of the Cr patterns were 

determined with FEA tool COMSOL Multiphysics 3.5 while evaluating the resultant overall 

displacements (Figure A2(b)).  

 

 

Figure A2: Device layout and actuation behavior; (a) Design of the 3D bimorph coil; (b) 

FEA result showing a ~520-μm out-of-plane displacement at 600 °C provided by Cr stress 

layer patterned on Cu coil; (c) Stress-strain relationship of the coil material at different TH 

values. 
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The Cr layer is deposited at room temperature, and the coil remains flat in ambient 

conditions after the deposition. When the coil undergoes annealing, the Cu-Cr bimorph 

sections bend the coil wires up. The final coil shape is determined by selecting annealing 

temperature, Ta, to control the amount of plastic deformation in the coil. This process is 

depicted in Figure A2(c), where T1 is the temperature at the proportionality limit, and T2 is the 

temperature needed to reach the yield strength of the material. When TH < T2, the coil 

structure remains in the elastic region and will return to its initial position when the device is 

brought back to room temperature. T3 and T4 are two examples of temperatures that lead to 

plastic deformations in the coil structures as the corresponding stresses exceed the yield 

strength of the material. If these temperatures are defined as TH, permanent displacements of 

D3 and D4 will occur, providing two different final 3D shapes in the coil. 

 

Fabrication 

Figure A3 illustrates the fabrication process for the 3D spiral-coil inductor (except the 

final annealing step). The process begins with the deposition of a 500-nm-thick SiO2 

sacrificial layer on a Si wafer via plasma enhanced chemical vapor deposition. A 15-nm-thick 

Cr adhesive layer and a 100-nm-thick Cu seed layer are then evaporated on the Si substrate.  

Next, the Cu coil layer with thickness of 25 µm is formed using electroplating on the seed 

layer. This study utilized µEDM to pattern planar spiral coils in the electroplated layer (Figure 

A4(a)) – this planar coil formation can also be implemented by Cu electroplating in a 

photoresist mold that is patterned to have the coil layout [14]. The sacrificial SiO2 and 

adhesive Cr layers are then wet etched in HF and HCl solutions, respectively, suspending the 

coil while keeping the base/frame attached to the Si substrate. Next, a 500-nm-thick Cr layer 

is evaporated on the Cu layer (the coil remains flat at this stage) and then patterned using 
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photolithography and wet etching (Figure A4(b)). After Cr patterning, the coil is annealed in a 

furnace for 15 minutes at a pressure of 400 mTorr in nitrogen to transform the coil from 

planar to 3D. The level of TH determines the final height, i.e., the inductance of the coil. Wire 

bonding is used to establish an electrical connection to the center of the coil. Figure A4(c) 

shows a fabricated sample device.  

 

 

 

Figure A3: Fabrication process; (a) SiO2 deposition; (b) Cr/Cu seed layer deposition; (c) 

Electroplating of thick Cu layer; (d) Coil formation; (e) Sacrificial etching of SiO2 and Cr 

layers (cross sectional view); (f) Cr deposition and patterning. 
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Figure A4: Fabricated sample device; (a) Cu coil formed by EDM; (b) Cr stress layer 

patterned on the Cu coil prior to annealing process; (c) SEM image of the Cu-Cr bimetallic 

coil showing its 3D shape resulted by annealing at 800 °C with a close-up image. 

 

Experimental Results 

To evaluate the effect of the annealing on the out-of-plane deformation, the fabricated 

planar coils were processed at different TH values. When TH  180 °C, they were observed to 

deform during the annealing process; however no noticeable deformation in the final structure 

after cooling was observed, indicating that the deformation was within the elastic region as 

noted earlier. By contrast, when TH = 200 °C and greater, the coils were plastically deformed 

and extended vertically to form 3D coil structures (Figure A5(a)). Figure A5(b) shows the 
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displacements of the coils measured from the base of the coils to their center using a 

measuring microscope (Nikon MM400), clearly indicating that the plastic deformation of the 

coils increased with TH as the thermal stresses increased. It can be seen from Figures A5(b) 

and A2(b) for the case of TH = 600 °C that there is a good agreement between the measured 

displacement (480 m) and the simulation result (523 m). Figures A5(b) also plots the 

change in the inductance of the coils as a function of TH recorded using an LCR meter (HP 

4257A) at 10 MHz; a change in inductance of up to 12.2% over the base inductance of 42.8 

nH was observed for the temperature range (200-800 C) used in this test.  

 

 

Figure A5: Thermal dependence of 3D coil formation; (a) Fabricated coils processed at four 

different TH levels showing varying heights; (b) Measured out-of-plane displacement and 

inductance of the coils as a function of TH. 

 

The frequency characteristics of the fabricated coils were evaluated using a spectrum-

impedance analyzer (Agilent 4396B). The measured inductance and Q-factor of the coils 

completed with four different TH values as a function of frequency are plotted along with the 

non-annealed (planar coil) case in Figures A6(a) and A6(b), respectively. The self resonance 
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of the coils was observed at ~1.2 GHz. Figure A6(b) indicates that the peak of the Q-factor of 

the planar coil was at ~0.6 GHz and exhibited a shift to ~0.7 GHz with TH = 800 °C. The Q-

factor was measured to increase from 14 to 17 as the coil deformed from planar to 3D (Figure 

A6(b)). The increase in the Q-factor may be associated with the reduction of eddy currents 

and parasitic capacitance [15] led by the resultant out-of-plane geometry of the coils. 

 

 

Figure A6: Measured frequency dependence; (a) Inductance and (b) Q-factor. 

 

Conclusion 

A novel method to microfabricate 3D inductive coils based on local thermal stressing has 

been developed and demonstrated with the proof-of-concept devices. The fabrication 

approach is compatible with typical IC/MEMS manufacturing processes while using TH levels 

allowable in the particular processes, and is easily scalable to a wafer-level production. The 

length of the Cr pattern can be varied to achieve batch formation of the 3D coils with different 

inductances on a wafer using a single annealing step for their potential monolithic integration 

with IC/MEMS at low cost. Further miniaturization and optimization of the device will 

follow. 
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Appendix B 

Parameters used for Tf Calculation in Chapter 2 

 

Table B1: Numerical values used for steady state temperature, Tss calculation of coils with 

different n. 

n Lc (m) Tss (°C) 

5 5.06×10
-5

 50.1 

7 5.03×10
-5

 66.6 

9 5.02×10
-5

 71.2 

11 5.01×10
-5

 79.5 

13 5.01×10
-5

 62.4 

 

 

Table B2: Numerical values used for steady state temperature, Tss calculation of coils with 

different lw. 

Lw (µm) Lc (m) Tss (°C) 

50 4.01×10
-5

 52.2 

75 4.65×10
-5

 61.5 

100 5.18×10
-5

 69.3 

125 6.67×10
-5

 76.1 

150 7.32×10
-5

 84.6 

175 8.28×10
-5

 95.8 
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