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Abstract
Ferrofluids are magnetic fluids that can be manipulated using magnetic field. Ferrofluids have
unique properties that have led to various interesting applications. Although, currently they
are being used in few commercial products in macro-scale domain, there has been limited
success in their applications in micro- devices and microactuators in specific.
Literature review shows various efforts to develop ferrofluid-based microactuators however,
most of them have utilized non-integrated means (e.g. external magnets or solenoids) to
provide the necessary magnetic field for ferrofluid manipulation that inherently limit their
application as a micro-device. Moreover, previous ferrofluid-based microactuators with
integrated solutions (e. g. microfabricated coils) could only provide unidirectional forces
which limited their application range.
In the present thesis, development of integrated ferrofluid-based microactuators is
investigated. A new actuation method that uses planar spiral coils with bias fields is proposed
to enable bidirectional ferrofluid manipulation. To demonstrate the potentials of the proposed
actuation method, two proof-of-concept devices were developed. Active mirror cells with
variable reflectivity were demonstrated as the first device and then a variable planar inductor
with ferrofluid as a moving magnetic core was developed and characterized.
Another interesting application of ferrofluids in passive levitation of permanent magnets is
also investigated for moving magnet based microactuators. Using this levitation mechanism a
structurally simple and reliable microbearing is demonstrated. In order to demonstrate the
effectiveness of such microbearing, a linear micromotor is first characterized and
demonstrated. Also, frictional force and load carrying capacity of such microbearing is
investigated showing very low frictional forces with good load bearing capabilities.
ii

Given the promising results in the developed linear micromotor, a rotary micromotor with
small axial size is developed for minimally invasive endoscopy applications. The
characterization of developed prototype shows its potential to be used for real time medical
imaging.
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Chapter 1: Introduction
Over the past two decades, there has been a growing interest in micro-electro-mechanical
systems (MEMS) which has transformed it from only a research concept into a multibillion
dollar industry [1]. Microactuators are a large category of MEMS alongside microsensors. They
have been successfully applied to a wide range of applications from consumer electronics [2] to
medical devices [3].
In this chapter, various actuation mechanisms in MEMS are first discussed, including their
advantages and disadvantages. Then, given the subject of present dissertation on ferrofluid-based
MEMS, ferrofluid along its applications is briefly reviewed. A more detailed literature review on
the current state of the art in ferrofluid-based microactuators is then presented, pointing out the
areas that are going to be investigated during the present effort. At the end of this chapter, the
research objectives, methodology and overview of this thesis are discussed.

1.1

MEMS Actuators

Various actuation schemes such as electrostatic, magnetic, thermal and piezoelectric actuations
have been utilized in microactuators. Table 1-1 summarizes some of the strengths and
shortcomings of the abovementioned actuation mechanisms.
Electrostatic actuators have been the preferred choice for small displacements in the micrometer
range compared to other actuation mechanisms due to its compatibility with integrated circuit
processes and structural simplicity [4]. However, the need for high voltages in electrostatic
actuation has been the limiting factor for most microactuators based on this mechanism. Thermal
actuators have the advantage of generating large forces while high power consumption and slow
response time are their weak points [5]. The piezoelectric actuators provide large forces and fast
1

response times with low input powers and operating voltages [6]. However, piezoelectric
actuators generally have limited deflection ranges resulting from the small strains in the
piezoelectric films. Magnetic actuators compared to other actuation principles in microscale have
the advantage of producing large forces (hundreds of μN) and large displacements (tens to
hundreds of μm). However, the devices based on magnetic actuation generally suffer from
scaling effects as the available magnetic force is proportional to the volume of the magnetic
material and magnetic actuation is considered advantageous above a certain range (e.g. 1 to 10
μm) [7]. Ferrofluids are attractive alternative magnetic materials, as a large volume of the fluid
can be easily injected into a cavity instead of micromachining solid-state magnetic materials.
Table 1-1: Summary of benefits and drawback for various actuation mechanisms used in
microactuators
Actuation mechanism

Electrostatic

Thermal

Piezoelectric

Magnetic

Benefits

Drawbacks

 Compatibility with IC fabrication  Need for high voltages
processes
(tens to hundreds volts)
 Low power consumption
 Small displacement output
(few micrometers)
 Large forces
 Low voltages

 High power consumption
 Slow response time

 Large forces with fast response
time
 Low power consumption

 Limited displacement
output

 Large forces and displacements  Unfavorable scaling at
with fast response time
smaller dimensions
 Large working distance
 Complicated
fabrication
process

2

1.2

Ferrofluids

Ferrofluids are stable biphasic suspensions of magnetic nanoparticles in a carrier liquid, which
can be either aquatic or organic solvent; a surfactant is coated on the nanoparticles to prevent
agglomeration by overcoming the attractive van der Waals forces between the nanoparticles [8].
Thermal agitation (i.e. Brownian motion) keeps the particles suspended and coatings prevent
them from sticking. The suspended nanoparticles are made of materials such as iron oxide with
diameters on the order of 10-20 nm. The particles are small enough that the ferrofluid maintains
its liquid characteristics under magnetic field influence, and at same time magnetic forces on the
nanoparticles can induce fluid motion. Ferrofluids can be manipulated by applying spatiallyvarying external magnetic fields. Table 1-2 shows the physical and magnetic properties of three
types of commercial ferrofluids with three different carrier fluids.
Table 1-2: The physical and magnetic properties of three types of ferroﬂuids

Properties

EFH-1

EMG-807

A-300

Carrier fluid

Light Hydrocarbon

Water

Alkylnaphthalene

Viscosity (cP)

6

<5

300

Saturation of
magnetization (mT)

44

11

34

Density (g/cm3)

1.21

1.1

1.26

3

Figure 1.1 Ferrofluid

1.3

Ferrofluid Applications in Macro-devices

Ferrofluids have unique properties and their response under magnetic field influence can be
exploited in variety of interesting applications ranging from inertia dampers [9] to medical
applications [10]. In this section two examples of such applications are briefly presented:
I. Ferrofluidic Seal
Ferrofluids are widely used to provide sealing as a rotary feed-through sealing solution in high
vacuum environments [11]. Figure 1.2 schematically shows the ferrofluidic seal typical
configuration. As the result of permanent magnet field, ferrofluid is concentrated between the
shaft and the pole piece in a rotary feed-through. The magnetic fluid maintained in the gap by the
magnetic force, performs like an O-ring, keeping fluid from escaping even in the presence of a
pressure differential. In typical commercial vacuum feed-throughs, a single stage can sustain a
differential pressure of 200 mbar.

4

Figure 1.2: Ferrofluidic seal typical configuration

A direct application of the ferrofluidic seals can be found in the equipment used in the integrated
circuits fabrication process, which requires a contaminant free environment. For example, a
robot arm with a ferrofluid seal can be used for wafer transportation.

II. Ferrofluid as Heat Sink in Speakers
Overheating in a speaker voice coil can lead to speaker failure. The failure is due to the
expansion in the voice coil that scrapes the top plate of the loudspeaker. In ferrofluid-based
speakers, voice coils are immersed in the fluid and the heat is dissipated from the coil much
faster therefore improving the efficiency and speaker lifetime. Figure 1.3 schematically shows a
typical configuration of a speaker based on ferrofluid cooling.
As ferrofluid temperature rises, it becomes less magnetic, therefore the magnet placed near the
voice coil will attract cold ferrofluid more than hot ferrofluid thus heated ferrofluid will move
away from the voice coil, resulting in effective cooling of voice coil region.

5

Figure 1.3: Ferrofluid as a heat sink in a speaker

1.4

Ferrofluid-Enabled Microactuators

The use of ferrofluids for microactuator applications can be group into two main categories. The
first category includes the devices that utilize ferrofluids as the working medium to perform the
intended task in the device such as pumping, mixing, light intensity modulation, etc. One
distinctive advantage of using ferrofluids over other magnetic materials (e.g. permalloy, SmCo
and NdFeB) in such devices is the simplicity of ferrofluid introduction into the device which can
be done by fluid injection into a reservoir without the need for extra microfabrication processes
such as thin film deposition and/or electroplating. In the second category, ferrofluids are used as
a bearing to levitate permanent magnets and reduce the friction between rotor and stator in
moving magnet microactuators. In this section, a brief introduction is given on each category to
provide some background on the ferrofluid actuation methods.
1.4.1

Microactuators With Ferrofluid as the Operating Medium

Ferrofluid-based actuators have been extensively studied [12]–[16]. The efforts have led to
various attempts for micro-electro-mechanical systems (MEMS) and microfluidic applications of
the ferrofluid actuation [13]–[21]. One of the common manipulation methods has been to
physically move permanent magnets over ferrofluid surfaces [12]–[16], [22]. However, this
6

approach requires macro-scale positioning mechanisms to move the magnets, thus the overall
systems become large and complex. External solenoid-type electromagnets were also utilized to
actuate ferrofluid for various applications [23]–[25], [17], [18]; however, these electromagnets
tend to be bulky and large in order to generate the field strength sufficient to implement
controlled actuation of the fluid thus pose inherent issues in the integration and packaging of the
devices. MEMS-based devices that incorporated planar microcoils to generate magnetic fields
for ferrofluid manipulation were developed to address the integration issue [19]–[21]. This
approach is potentially beneficial for the miniaturization of ferrofluid-based actuators as planar
coils can generate high magnetic-field gradients and fluxes [26]. The studies reported in [13] and
[14] showed the manipulation of a ferrofluid droplet inside silicone oil. In this operation, silicone
oil is necessary to suspend the droplet as well as to dissipate heat produced by the planar coils.
Another study reported a light modulator based on ferrofluid actuation with planar microcoils
[21]. In this device, the ferrofluid that is stored in the microchannels created around the coil is
attracted to the center portion of the coil where the peak of the magnetic field strength appears
when a current is passed through the coil. Upon the removal of the current, the fluid returns to
the initial state due to the surface tension force in a passive manner. Despite the fast response,
the optical modulation is limited to part of the device area, creating unresponsive regions in the
device. The operation of the device is also hindered by the thermocapillary force caused by a
surface-tension gradient that moves the fluid from a high-temperature site to a low-temperature
site [27], i.e., from the coil region that produces Joule heat to the surrounding region, effectively
damping the magnetic actuation in the device. This condition limits the level of the driving
current that can be used; increasing the current raises the field strength or magnetic force but also
produces more heat in the coil so that the undesired thermal effect becomes the dominant factor
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in the fluid motion. This represents a fundamental constraint in the approach that uses planar
coils for magnetic actuation of ferrofluid. Another constraint is that the magnetic fluid actuation
is only available in the single direction, from the periphery to the center of the coil, which limits
the application range of the approach.
1.4.2

Microactuators Based on Ferrofluid Bearing

Micromotors are key elements that enable a broad range of microdevice applications, e.g.,
microfluidics [28], microrobotics [29], micro-scale stages [30], and biomedical devices [31]
including intelligent implants. One of the main challenges in realizing practical rotational/linear
micromotors is the friction between the stator and the rotor/slider [32], [33]. For electromagnetic
micromotors, frictions become a critical limiting factor in their miniaturization as
electromagnetic forces depend on their volume whereas friction losses are determined by the
surface area. In addition, large electromagnetic attraction forces between the stator and
rotor/slider can further contribute to friction-related losses [34]. Various antifriction methods
have been proposed in order to address these issues. Fluidic bearings have been incorporated to
support the weight of a rotor while decreasing the friction in both active and passive manners.
Active fluidic bearings [35] that require external pressurizing means inherently pose integration
issues. Passive bearing action is typically achieved by creating specific fluidic or solid layers on
micromotor structures [36]–[39]. Microball bearings are another passive approach that has been
investigated [40]–[42]. However, the integration of these passive bearing structures with
micromotors requires many microfabrication and packaging steps, leading to high complexity
and high costs in their implementations. Although electromagnetic levitation based on the
Lorentz force has also been utilized as another bearing mechanism to address the friction, the
reported techniques not only require multi-layered coil configurations [32] or large device areas
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[43], posing miniaturization and integration issues, but also suffer small load carrying capacities
limited by their levitation forces and power consumptions.
As ferrofluid is applied onto a permanent magnet, due to strong magnetic fields on its poles,
ferrofluid is accumulated on those areas. The accumulated layer of the fluid is subjected to an
external pressure generated by the magnetic field and lifts the magnet up when positioned on its
substrate, enabling fully passive levitation with zero power consumption. The ferrofluid layer
essentially acts as a self-sustained lubricant and bearing that physically follows the magnet as it
moves, realizing smooth motions of the magnet with minimal frictions. Although, the
electromagnetic actuation of ferrofluid-levitated magnets has been demonstrated [44]–[46];
however, these studies only utilized large Helmholtz coils for actuation while presenting little or
no information about the characteristics important for microactuator applications such as friction
forces and load carrying capacities. Given the fact that one of the most challenging factors in
realizing practical micromotors has been the friction, ferrofluid-based microbearing could be a simple
and reliable solution that should be studied.
1.5

Research Objectives

As noted above, various efforts to incorporate ferrofluids in microactuators have been reported
however, due to number of issues, the use of such fluids is still very limited in MEMS which
suggests the need for further investigation of their applications in MEMS and microactuators in
specific. The present research is aimed at investigating ferrofluids’ potentials as enabling
elements in microactuators as well as other microdevices that could benefit from unique
properties of such smart fluids. More specifically, two main objectives have been defined for this
research. The first objective was to identify the performance and limitations of ferrofluids in the
operation of fully integrated ferrofluid-enabled microactuators using microfabricated coils and
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the second goal was to investigate the potential applications of ferrofluids in various
microactuator applications. In terms of having microactuators with integrated designs,
microfabricated coils were chosen as the actuating element however since these coils imposed
adverse thermal effects, research focus was to develop a method to minimize the thermal impact
compared to magnetic effect of the microfabricated coils. In light of the abovementioned
constraints, the objective was to design and fabricate microactuators that could benefit from both
thermal and magnetic forces associated with ferrofluid actuation using planar coils. Another
objective was set to study the use of ferrofluid bearing for micromotor applications. First focus
of this part was to investigate the feasibility of this technology in providing a simple and reliable
microbearing for micromotors and then the goal was to demonstrate an application which can
uniquely benefit from this type of bearing.
1.6

Potential Impact of the Research

Given the ferrofluids’ unique properties, numerous applications in areas such as microfluidics
[13], [14], [16] and optofluidics [15], [21] in MEMS field can exploit these fluids. However, due
to certain constraints, use of ferrofluids in microactuators is still very limited. One of the
practical challenges faced in this field is the lack of miniaturization/integrated solutions for
ferrofluid actuation therefore; most of the microactuators would rely on external macro coils or
motors to operate. Planar microfabricated coils on the other hand can provide embedded
actuation means however, Joule heating is the main restricting factor which also limits the
maximum driving current and magnetic force for this type of coils. Another limitation associated
with planar coils is that they can only provide actuation force in a single direction which also
narrows down the application range of the designed microactuators based on these coils. As will
be discussed in detail in Chapter 2, ferrofluid actuation using micropatterned planar coils assisted
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by bias magnetic fields can greatly expand the range of applications that can utilize ferrofluids as
an operating medium.
Another unexploited ferrofluid application is the use of ferrofluid bearings for moving magnet
microactuators. One of the most challenging factors in realizing this type of microactuators has
been the friction between the rotor/slider and the stator. In this dissertation, a novel approach
based on passive levitation of permanent magnets using ferrofluids is demonstrated to be an
effective bearing for microscale devices. This extremely simple, assembly-free ferrofluid micro
bearing could be applied to a variety of microactuators for various applications in microfluidics
and medical fields to enable high-reliability devices with low costs.
In summary, the results of current dissertation can be utilized to enable the development of
integrated ferrofluid-based microdevices for wide range of applications in various fields.
1.7

Research Methodology

Consequent to the discussion in the previous sections, two types of integrated ferrofluid-enabled
microactuators are investigated in the present thesis. Therefore, the research described in this
dissertation can be divided into two main categories:
a) Development of microactuators which rely on ferrofluids as a working medium to
perform the intended task in the device (Sections A, B and C below).
b) Development of microactuators which utilize ferrofluid-assisted levitation of permanent
magnets as a bearing mechanism (Sections D and E below).
The following approach was carried out to achieve the research objectives in each
abovementioned categories:
A. Magnetic Field Simulation of Integrated Actuation Scheme Based on Planar Coils
Assisted by Bias Fields
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As mentioned above, literature review shows certain limitations in ferrofluid actuation using
planar microfabricated coils such as adverse thermal effects and unidirectional actuation
possibility. In order to circumvent these constraints, a new actuation scheme using planar coils
assisted by bias fields was proposed enabling bidirectional ferrofluid actuation at lower driving
currents. In order to predict the ferrofluid response in the proposed scheme, magnetic field
distribution over the planar coil surface was simulated using finite element method.
B. Experimental Verification of Ferrofluid Response to the Developed Actuation
Scheme
Based on the acquired simulation results, the ferrofluid response to magnetic field generated by
microfabricated planar coil biased by the field from a permanent magnet was experimentally
verified. In this part, ferrofluid surface displacement was characterized to provide information on
the displacement ranges that could be expected in similar device configurations.
C. Design, Fabrication and Characterization of Microdevices Based on FerrofluidEnabled Microactuation
Using the proposed actuation scheme, two proof-of-concept microactuators were developed in
this section.
The first device was mirror cells with variable reflectance capability. Ferrofluid was used to
cover the mirror surface in the off-state of the cell blocking most of the incident light to the
mirror and then as the ferrofluid was removed from mirror surface due to the magnetic force
from the planar coils, cell reflectivity was varied. A device with array of such cells was also
fabricated and characterized for multiple cell actuation responses.
As the second proof-of-concept device, a variable inductor with ferrofluid as a moving magnetic
core was developed and characterized. Ferrofluid in the reservoir created on the inductor was
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displaced using magnetic-field gradients produced by another planar coil (actuation coil) that
was aligned to the inductor. Experimental characterizations were performed to compare the
device performance between the two (repelling and attraction) modes of ferrofluid actuation and
it was found that repelling of ferrofluid from inductor surface which was uniquely enabled in the
proposed actuation scheme, significantly enhanced the tuning range of the inductor compared to
ferrofluid attraction toward inductor center.
D. Development of a Linear Microactuator Based on Ferrofluid Levitation of
Permanent Magnets
As mentioned above, another objective of the present dissertation was to investigate the use of
ferrofluid bearing for micromotor applications. Ferrofluid bearing load carrying capacity was
first estimated using an analytical model and then experimentally verified. Frictional forces of
the bearing were also characterized for two types of ferrofluid with different viscosities. Also,
using an analytical formula together with a finite element analysis, dynamic response of the
levitated magnet to magnetic field generated by planar spiral coils was predicted.

Finally a

linear micromotor prototype was fabricated and characterized showing the effectiveness of such
microbearings.
E. Development of a Rotary Micromotor for Minimally Invasive Endoscopy
Application
Given the promising results of Section D, the use of ferrofluid bearing in rotary micromotors for
minimally invasive endoscopic applications was investigated. Two micromotor prototypes were
fabricated and characterized to evaluate the performance of such devices for medical imaging
applications. Preliminary demonstration was also performed to feasibility and effectiveness of
such micromotors for various medical imaging modalities.
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Also, as another ferrofluid application for MEMS, a new method was proposed based on
ferrofluid sacrificial layer to fabricate suspended membranes in capacitive pressure sensors. To
demonstrate the feasibility of such fabrication method, a pressure sensor was fabricated and
characterized showing promising results for further development of the method for other
applications.
1.8

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 ferrofluid actuation method
based on magnetic field provided by planar coils biased by permanent magnets. At the end of
Chapter 2 (Section 2.4 and 2.5), application of the proposed actuation method is demonstrated in
active mirror cells providing variable optical reflectivity. Chapter 3 focuses on the design,
fabrication and characterization of a variable inductor based on ferrofluid as a moving magnetic
core. This chapter is also based on the integrated actuation method developed in Chapter 1.
Chapter 4 describes the design, development and characterization of a linear micromotor enabled
by ferrofluid-assisted levitation of permanent magnets. Also, the load carrying capacity and
frictional force of ferrofluid microbearings are experimentally evaluated in this chapter. In
Chapter 5, ferrofluid microbearing is utilized for the development of a rotary micromotor with
the target application in minimally invasive endoscopic imaging. 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 ferrofluid application as a liquid sacrificial layer
in the fabrication of capacitive pressure sensors is presented.
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Chapter 2: Ferrofluid Actuation Using Micropatterned Planar Coils Assisted
by Bias Magnetic Fields1
2.1

Introduction

In this chapter, a new method that uses planar spiral coils with bias fields for the ferrofluid
actuation is discussed to circumvent the issues involved in ferrofluid actuation discussed in
Chapter 1. A combinational use of a controlled magnetic field and a bias field is shown to
provide lateral forces that attract or repel the ferrofluid to/from the coil depending on the
direction of the current passed through the coil. The actuation principle is discussed in detail
using finite element analysis (FEA) and experimentally demonstrated afterwards. As a proof-ofconcept of the method, active mirror devices are then developed toward the application to
imaging devices and optical switches. The planar devices lithographically fabricated to have
arrays of mirror-coil cells are used to demonstrate activation/deactivation of individual cells
enabled by the bidirectional radial motion of the ferrofluid layer with ~100 µm thickness. The
static and dynamic behaviors of the ferrofluid in the devices are characterized through an image
processing approach. Multiple mirror cells are selectively and simultaneously operated to show
enhanced ferrofluid control uniquely available with the two modes of the actuation as well as to
demonstrate pattern generation with the arrays.
2.2

Working Principle and Analysis

To study ferrofluid response to magnetic fields, basic concepts in magnetism are first briefly
explained.

1

Part of this chapter appeared in the following publication:
B. Assadsangabi, M.S. Mohamed Ali, and K. Takahata, “Bidirectional Actuation of Ferrofluid Using
Micropatterned Planar Coils Assisted by Bias Magnetic Fields,” Sensors and Actuators A: Physical, vol.
173, no. 1, pp. 219-226, 2012.
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Any material that is magnetized by magnetic field is considered as a magnetic material.
Magnetic materials can be grouped into the following main groups based on their responses to
external magnetic fields: ferromagnetic, ferromagnetic, paramagnetic, diamagnetic and
superparamagnetic. Ferrofluids are superparamagnetic which means that an external magnetic
field is able to magnetize the nanoparticles in the fluid, similar to paramagnetic materials.
However, their magnetic susceptibility (  , a constant that indicates the degree of magnetization
of a material in response to an applied magnetic field) is much larger than paramagnetic
materials which are only slightly magnetized by magnetic field.
Magnetic induction (B), magnetic field intensity (H) and magnetization (M) are related by:
B = μ0 (H + M)

(2.1)

where µ0 is the free space magnetic permeability which shows the degree of magnetization that
free space obtains in response to an applied magnetic field. For superparamagnetic materials M
and H vectors are in the same direction and have the following relationship:
M=χH

(2.2)

The magnetic moment applied on ferrofluid is defined through the following equation:
m= VM

(2.3)

The magnetization M is the magnetic moment m per unit volume (V). Based on this definition,
one can calculate the energy (U) due to magnetic interaction:

U  (m  B)

(2.4)

The magnetic force applied on ferrofluid can be obtained from (4) as:

Fm  (m  B)

(2.5)

By introducing the del (  ) operator:
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and using the following vector identities:

(m  B)  (m  ) B  ( B  )m  m  (  B)  B  (  m)

(2.7)

( B  B)  2B  (  B)  2( B  ) B

(2.8)

Noting that m is a constant vector and (  B)  0 (form Maxwell equations), the magnetic force
Fm, that acts on the ferrofluid can be expressed as [19]:

 B2 

( B  ) B  V
(2.9)
0
 2 0 
Eq. (2.9) indicates that the magnitude of the magnetic force applied to ferrofluid depends directly
Fm 

V

on the magnetic flux density and its gradient, and also that the force is directed towards the
regions with higher magnetic flux densities absolute values. In the proposed actuation method,
the ferrofluid placed on top of a planar coil is controlled by the magnetic field produced by the
coil which is superimposed on the bias field provided by the permanent magnet. In the
investigated arrangement, the gradient is generated by the planar coil.
Another force that displaces ferrofluid is the thermocapillary force (Fth) caused by Joule heating
of the coil as noted in Chapter 1. This force pushes the fluid on a coil towards the outside of the
coil (where temperature is lower) thus dampens the magnetic force. In addition, ferrofluid
experiences the force due to the viscosity of the fluid (Fv) which opposes the fluid motion.
It was experimentally observed that when the driving current was higher than 100 mA, Fth
became the dominant force and the fluid was removed from the center of the coil to its periphery
(this current level is identical to the upper limit of driving current reported in [21]). In order to
magnetically control the ferrofluid motion, the magnitude of Fm should be larger than that of Fth.
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One apparent approach to increase Fm may be to increase the number of turns in the coil so as to
increase B in the center of the coil. For a solenoid-type coil, the magnetic field at the center of
the coil proportionally increases with the number of turns. However, this is not the case for
planar coils, as adding more turns to the periphery of the coil leads to the increase of the distance
between the added turns and the center of the coil, resulting in less contribution of the added
turns to increasing B at the coil’s center. Moreover, adding more turns increases the overall size
of the coil, undesirable in terms of device miniaturization. Another approach may be to decrease
the thermocapillary effect by adding a thermal insulating layer between the coil and ferrofluid;
however, this addition causes an increased distance between them which reduces Fm.
An alternative path to addressing the above constraints is to use a bias field so that the coil’s
current, or resultant Joule heat, necessary to achieve a certain level of B in the system can be
much smaller than the case that the coil is the only source for the field production. For this
biasing, a permanent magnet can be arranged so that the level of B at the location of ferrofluid is
slightly smaller than the threshold level required to actuate the fluid, and that superimposing a
small additional field provided by the coil is sufficient to trigger the actuation of the fluid. This
Table 2-1: Specifications for the finite element model of the planar spiral coil with a bias field.

Parameter

Value

Coil’s wire width / spacing / thickness

100 µm / 150 µm / 20 µm

Number of turns

4

Coil’s inner length / overall size

1.2 mm / 2.9 mm

Applied current

1A

Permanent magnet remanent magnetization

7.5105 A/m

Permanent magnet size

333 mm3

Distance between coil and magnet

8 mm
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approach may also permit the use of the coils with smaller numbers of turns, which will
contribute to downsizing of the device. Another important feature enabled by the biasing is the
ability to implement the bidirectional actuation of ferrofluid, unavailable with the non-biased
case. This effect was investigated through FEA using COMSOL Multiphysics®. Table 2-1
shows the specifications of the model that is comprised of a planar spiral coil and a permanent
magnet placed below the coil in air. The specifications were chosen according to the actual
values used in the active mirror device and the experimental set-up (discussed in section 2.4.2).
A relatively large current (1 A) was used to clearly visualize the effects in the simulation. The
distance between the permanent magnet and the coil was set to make the magnetic flux density
smaller than the critical value in ferrofluid that causes non-uniform patterns on the fluid’s surface
(so-called the normal-field instability) [8]. Figure 2.1(a) shows the simulation results of the
profiles of B over the coil at a 100 µm distance from the coil’s surface when the current is passed
through the coil in opposing directions, defined as forward and reverse for counterclockwise and
clockwise directions, respectively, and when no bias field is present. As can be seen, the two
profiles are symmetric and have opposite polarities. In either case, the positive or negative peak
of the overall profile appears at around the center of the coil. Because of the gradients (the
magnitude of B increases toward the center of the coil), the ferrofluid will be attracted toward the
center region if placed on the coil, regardless of the current direction. The situation will be
different when a bias field is superimposed in the manner described earlier Figure 2.1(b) shows
the simulation results with the permanent magnet positioned below the coil activated by the
current in the two directions. In the forward mode, the peak of the overall B is at the center of the
coil, which is the same as the case without the bias, thus the ferrofluid will be attracted toward
the center. In the reverse mode, however, the overall B has the peaks at the outer edges of the
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coil, whereas the B is in the lowest level at the center region. This profile moves the ferrofluid
from the center to the outer edges of the coil, opposite to the forward-mode case. Therefore, the
bidirectional actuation of ferrofluid can be achieved by switching the direction of the driving

Figure 2.1: Distribution of B at a distance of 100 µm from the substrate of the coil produced with the same
amount of driving current in opposite directions for the forward (upper) and reverse (lower) modes: (a)
without a bias field, the overall peak of B is always at the center of the coil with opposite polarities; (b) with a
bias field, B is always positive and its overall peak is at either the center or the outer edge of the coil,
depending on the direction of current flow; a slight curve present in the bias profile is due to the nonuniformity in the field provided by the permanent magnet modeled. A cross-sectional view of the ferrofluid’s
response in each case is also illustrated.
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current. The thermocapillary force is still present so that it damps the ferrofluid actuation in the
forward mode; however, this effect will be smaller because the current (or heat) can be
substantially reduced due to the assist of the bias field as discussed earlier. Furthermore, in
contrast to the forward-mode case, this thermal force enhances the fluid actuation in the reverse
mode. These mean that the sign of Fth is opposite to that of Fm when operated in the forward
mode but identical to it when operated in the reverse mode. In order to evaluate the effect of Fth
in comparison with Fm, a control experiment was performed using the carrier fluid (hydrocarbonbased oil) of a commercially available ferrofluid (EFH1, Ferrotec Co., NH, USA, with saturation
magnetization of 40 mT and viscosity of 6 cp) without magnetic particles so that the fluid does
not produce Fm but Fth. The result was compared with the response of the original ferrofluid
under the same conditions in the reverse mode. In this experiment, the same volume of each of
the fluids (i.e., the carrier fluid and the original ferrofluid) was injected into a reservoir created
above the coil area, and then a driving current was applied and increased until the coil’s central
area was first exposed. The minimum current to achieve this condition for the carrier fluid was
measured to be 1.3 A, whereas the current for the ferrofluid case was 0.3 A, ~4.3× smaller than
the carrier-fluid case. The response time to reach the above condition was 6 seconds for the
carrier fluid, which was reduced to 1 second with the ferrofluid. These results clearly indicate a
large dominance of Fm over Fth.
In summary, as explained in this section, ferrofluid actuation using planar coils is influenced by
multiple competing forces such as magnetic (Fm), thermocapillary (Fth), viscous (Fv), surface
tension and gravitational forces resulting in a complex system which is not straightforward to
mathematically model. Therefore, in the present thesis, experimental investigation of ferrofluid
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actuation was adopted as the research methodology enabling validation of the proposed actuation
method based on bias fields.
2.3

Ferrofluid Surface Displacement Measurement

In order to measure ferrofluid surface response, experimental setup shown in Figure 2.2 was
used. A laser displacement sensor (LK-G32, Keyence Co., ON, Canada) was placed vertically
above a reservoir filled with EFH1 ferrofluid with the thickness of ~270 µm. Also, a magnet was
placed under the reservoir with 4.5 mm distance to the reservoir bottom surface. This distance
was the minimum distance before the instability happened on ferrofluid surface. A 9-turn spirally
shaped planar coil was glued to the reservoir bottom surface and then activated in both forward
and reverse modes and surface displacement was measured at different applied current. Coil
center point was chosen as the measurement point where the maximum upward displacement
occurs in forward mode case. The measurement point in the reverse mode was not changed to
demonstrate the downward surface movement in this mode.

Figure 2.2: Experimental setup used to measure ferrofluid surface displacement at the coil center point.
Schematic of ferrofluid surface profile in (a) forward mode and (b) reverse mode
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Figure 2.3 shows a typical response of the ferrofluid surface at coil center point when activated
in forward mode. The results in Figure 2.3 is consistent with the predicted response in section 2.2
The displacement profile in Figure 2.3 shows an initial overshoot which is probably due to
inertia as well as the transient overshoot in the applied current from the power supply (the
current overshoot (e.g., ~0.6 A, when the target current was 0.1 A) was observed upon turning on
the current with the particular supply used). The activation in the reverse mode has two regimes
depending on the current level. Figure 2.4 and Figure 2.5 shows the displacement profile for the
low and high current regimes, respectively. In low current regime (Figure 2.4) thermocapillary
effect is still not visible in the response. The maximum current level for this regime is dictated by
various design parameters such as ferrofluid volume and viscosity, cavity dimensions and
actuating coil resistance. The displacement profile in Figure 2.4 confirms that ferrofluid surface
goes down in reverse mode. Also, as in forward mode case, there is an initial overshoot in the
displacement profile however, the overshoot amplitude in reverse mode is much smaller

Figure 2.3: Ferrofluid surface displacement in forward activation mode at coil centre point as a function of
time with 100 mA of applied current
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Figure 2.4: Ferrofluid surface displacement in reverse activation mode at coil central point as a function of
time with 100 mA of applied current

compared to forward mode case which probably is due to the damping force that comes from the
surrounding fluid in the reservoir limiting the outward motion of the fluid in the central portion
of the reservoir. As driving current is increased in the reverse mode, thermocapillary effect
becomes more visible in the ferrofluid response. Figure 2.5 shows the ferrofluid response in the
high current regime (e.g. > ~200 mA in this particular experimental setup). As mentioned in
previous section, in reverse mode, thermocapillary force acts in the same direction as the
magnetic force, however, as seen in Figure 2.5 thermal response time is slower than the magnetic
force which results in a slow outward fluid motion after initial fast downward motion of fluid
surface due to magnetic force.
In summary, these results in this section confirmed the overall predicted ferrofluid response in
section 0. It was observed that in forward mode case (tested up to 1 A of driving current),
magnetic attraction force is a dominant effect compared to thermocapillary repelling force. In the
reverse mode actuation however, it was observed that beyond certain driving current threshold
which is dependent on the device design parameters, both magnetic and thermal forces contribute
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to the ferrofluid removal from the central region of the coil increasing the

total

fluid

displacement at a particular driving current. This mode of

Figure 2.5: Ferrofluid surface displacement in reverse activation mode at coil central point as a function of
time with 400 mA of applied current

operation (i.e. reverse mode) which is uniquely enabled by the proposed actuation scheme could
broaden ferrofluid possible applications. In the following sections and also Chapter 3 two
devices are developed which are enabled by the proposed actuation scheme.
2.4

Application: Active Mirror Arrays

This section describes the operation principle of the active mirror arrays based on the ferrofluid
actuation mechanism discussed in the preceding sections, as well as the design and fabrication of
the proof-of-concept devices. The operations of the devices are experimentally characterized and
demonstrated in various activation conditions.
2.4.1

Device Principle, Design, and Fabrication

The active mirror device is operated by removing or attracting the ferrofluid placed over the
mirror surface, which is created on a planar spiral coil (Figure 2.6). Ferrofluid is nearly opaque
to visible light. Thus, when the coil is inactive (i.e., no current applied to it), most of the incident
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light to the mirror is damped by the ferrofluid layer (Figure 2.6(a)). Upon the activation of the
coil in the reverse mode, the ferrofluid is removed from the mirror surface due to Fm induced by
the field gradient similar to the one shown in Figure 2.1(b) in combination with Fth, leading to
the reflection of the incident light at the location (Figure 2.6(b)). Deactivating the coil allows the
ferrofluid to return to the initial equilibrium state and cover the mirror again. This returning
motion is assisted by the force generated by the bias field that pulls the fluid back to the coil
location. In addition, the forward mode that actively attracts the fluid, due to the magnetic force
induced by the field gradient depicted in Figure 2.1(b), may be used to accelerate the returning
motion. Various planar devices with different coil arrangements were designed to evaluate the
above operation mechanism. Sample device layouts with 3×1 and 3×3 arrays of the mirror-coil
cell are illustrated in Figure 2.7(a) and Figure 2.7(b), respectively. The dimensions of the spiral

Figure 2.6: Schematic representation of the ferrofluid-based active mirror device: (a) inactive state of the
device where most of the incident light is absorbed by the fluid; (b) active state of the device where most of
the incident light is reflected on the mirror surface exposed by the actuation of the ferrofluid.
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Figure 2.7: Sample designs of the active mirror arrays and their fabrication processes: (a) design of 3×1 array
of the planar coil with the aluminum mirror (the dimensions indicated are as follows: W = 100 µm; S = 150
µm; Li = 1.2 mm; Lo = 2.9 mm); (b) design of 3×3 array of the planar coil with the copper-clad mirror; (c)
fabrication process steps for the device in (a); (d) fabrication process steps for the device in (b).

coils used in these devices are the same as those listed in Table 2-1. The devices are fabricated
using single-sided copper-clad polyimide (PI) film with 50-µm thickness (G2300, Sheldahl Co.,
MN, USA) as the substrate through the fabrication process described in [47]. The fabrication
processes for the 3×1 and 3×3 arrays are illustrated in Figure 2.7(c) and Figure 2.7(d),
respectively. In these processes, the coils are formed on the PI side of the film by the
electroplating of copper in order to form thick (~20 µm) wire for the coils and reduce its parasitic
resistance, i.e., the Joule-heating effect. The copper-clad layer with 5-µm thickness is used to
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pattern the interconnect leads and contact pads for the 3×1 device – after this patterning, an
aluminum layer (with a titanium adhesion layer) is deposited and patterned on the copper-clad

Figure 2.8: Fabricated devices with 3×1 and 3×3 arrays of mirror-coil cell.

side of the substrate to define square-shaped mirrors aligned to the coils. For the 3×3 device, the
copper-clad layer is used as the contact pad, but also as the mirrors, by patterning the layer as
shown in Figure 2.7(b) and Figure 2.7(d) instead of using the aluminum mirrors. Fabricated
sample devices are shown in Figure 2.8.
2.4.2

Experimental Results and Discussion

The fabricated devices were characterized using the experimental setup shown in Figure 2.9. A
commercial ferrofluid (EFH1) noted earlier was used for all the experiments. The ferrofluid was
added onto the mirror surface that served as the bottom of a reservoir as shown in Fig. 5, while
the thickness of the fluid layer was adjusted to be approximately 100 µm. Permanent NdFeB
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magnets (K&J Magnetics, Inc., PA, USA) were placed underneath the mirror-coil cells at a
distance that did not cause normal-field instability in the fluid (which was 8 mm for the
particular magnets used). In each experiment, the temporal response of the ferrofluid and the
reflection properties of the cell array were recorded with a video camera at a frame rate of
100 fps for quantitative analysis of the results. The recorded movies were converted to individual

Figure 2.9: Experimental setup used for device characterization.

frames to evaluate the above characteristics. The image processing toolbox of MATLAB® was
used to extract brightness profiles on the array from the converted frames.
2.4.2.1

Temporal Response

Figure 2.10(a) shows a series of the frames captured while activating one of the coils in the 3×1
array in the reverse mode with a current of 400 mA, displaying the progress in deformation of
the ferrofluid layer on the cell region. (Note that the aluminum reflective layer deposited on this
and other devices resulted to be thin enough to make the copper-clad patterns underneath the
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layer visible – this issue can be easily solved by simply increasing the thickness of the aluminum
layer.) The deformation (thickness reduction) of the fluid layer can be seen at ~10 ms after the

Figure 2.10: Measured temporal response of the ferrofluid with the single coil-mirror cell: (a) captured
frames at different times (white spots indicated with arrows are due to light reflection on the deformed fluid
surface); (b) measured brightness (average of three separate measurements) in the center region of the cell
(normalized to the maximum value) vs. activation time.

activation. This fast thinning of the ferrofluid layer was followed by a relatively slow process of
ferrofluid removal as was observed in Figure 2.5. The complete removal was measured to take
approximately 1 s for this device. After 1 s, the fluid layer was stabilized and stationary until the
current was turned off. This process can also be seen in Figure 2.10(b), which plots the
brightness levels extracted from the individual frames. In addition, it was observed that a small
amount of ferrofluid remained on the center of the coil (on the rectangle copper pattern in Figure
2.10(a)) when the fluid was repelled. Similar results can also be seen in Figure 2.11(a), Figure
30

2.12(a), Figure 2.12(b), and Figure 2.13(a). This phenomenon may be associated with the small
peak of B that appears in the center of the coil, as seen in the reverse-mode case in Figure 2.1(b).
The local peak of B on the center of the coil could hold some portion of the fluid on that location.
However, this effect may be eliminated or minimized by optimizing the coil’s design. The
relatively long response time may be related to the boundary effect caused by the viscous shear
force (Fv) that opposes the motion of the actuated ferrofluid, in addition to the large cell area and
thickness of the ferrofluid layer used in the devices. Thus improvement in the temporal response
may be approached through these aspects, i.e., decrease of the coil size and the initial fluid
thickness, modification of surface properties of the mirror layer, and use of ferrofluids with
lower viscosities [16], [21]. Surface modification by coating hydrophobic film (e.g., parylene)
may also be incorporated to prevent any residual layer of the ferrofluid from remaining on the
mirror surfaces when activated.
2.4.2.2

Dependence of Exposed Cell Area on Driving Current

The use of the reverse mode was observed to enable the control of the exposed mirror area on an
activated cell by varying the driving current. Figure 2.11(a) shows the responses of a cell
activated with three different amounts of current. It can be verified that the exposed area of the
cell increased as the level of the current rose. This effect can be clearly seen in Figure 2.11(b)
that shows the brightness profiles across the cell at the three current conditions (each plot is the
average of three brightness profiles along the lines A-A’ that were processed through a low-pass
filter to remove the noise; this processing was also applied to the brightness data in Figure
2.12(c) and Figure 2.13(b) involved in the subsequent experiments). The result indicates
consistent extensions of the reflective region towards the boundary of the cell with the current
increase. It is understandable
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Figure 2.11: Removal of the ferrofluid on the single cell with varying driving current: (a) captured frames at
three different levels of the current; (b) averaged and normalized plots of three low-pass-filtered brightness
profiles measured along the three lines (A-A’) at the three current levels. that the observed effect was
associated with Fm that increased with the current (along with Fth), resulting in increased fluid volumes
removed from the cell’s surface.

2.4.2.3

Operation of Multiple Cells

The ferrofluid actuation was further characterized using the cell arrays. It was verified that the
enhanced fluid actuation on a cell could be achieved by the activation of the adjacent cells along
with the selective use of the forward/reverse operation mode.
This was demonstrated using the 3×1 device with two operation conditions. In one condition, the
middle cell in the array was activated in the reverse mode while the two side cells were
deactivated (Fig. Figure 2.12(a)). In the other condition, the two side cells were activated in the
forward mode while the middle cell remained in the reverse mode (Figure 2.12(b)). The identical
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Figure 2.12: Enhanced ferrofluid actuation using adjacent cells: (a) ferrofluid condition when only the middle
cell is activated in the reverse mode; (b) the condition when the two side cells are additionally activated in the
forward mode; (c) averaged and normalized plots of three low-pass-filtered brightness profiles measure along
the three lines (A-A’) on the middle cell shown in (a) and (b) under the two conditions; (d) effect of the level of
forward-mode driving current to the side cells on the exposed area of the middle cell in the reverse mode.

current level (400 mA) was used for all the activations. Comparing the two images in Figure
2.12(a) and Figure 2.12(b), it can be seen that more fluid was removed from the middle cell in
the latter case so that the exposed area on the cell was increased.
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This effect is also represented in Figure 2.12(c), the brightness profiles on the middle cell
measured in the two conditions. This enhanced actuation resulted because each of the two side
cells attracted the fluid when operated in the forward mode – this attraction force was combined
with the force provided by the middle cell in the reverse mode that pushed the fluid to the side
cells, effectively increasing the displacement of the fluid compared to the single-cell (middlecell) activation case. The above effect may be exploited to increase the active area on a cell at a
given individual driving current, or lower the current applied to a cell to achieve a certain active
area on it, so as to achieve higher performance and/or efficient operation of the devices. Figure
2.12(d) shows the measurement results from further analysis in the effect of driving current to
the two side cells in the forward mode on the exposed area of the middle cell in the reverse
mode. It is evident from these results that, as expected, the exposed area consistently increased
with the number of activated side cells, as well as with the driving current.
Figure 2.13(a) and Figure 2.13(b) show the fluid removal from all the three cells in the 3×1
device using the reverse mode for them, as well as the brightness profile over the device in that
condition, presenting simultaneous exposures of the three mirrors in the array. The impact of the
reverse-mode operation of the side cells with different conditions on the exposed area of the
middle cell was characterized (Figure 2.13(c)). In contrast to Figure 2.12(d), the exposed area of
the middle cell exhibited shrinkage as the number of activated side cells and the driving current
to the side cells were increased. This result is consistent with the predictable phenomenon that
the ferrofluid repelled in a side cell pushes back the ferrofluid repelled in the middle cell,
reducing the exposed area on the middle cell, and that this effect is enhanced by activating more
side cells and by increasing the current to the side cells. This cross-talk effect will need to be
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Figure 2.13: Simultaneous activation of multiple cells in the arrayed devices: (a) ferrofluid actuated on all the
cells in the reverse mode in the 3×1 device; (b) averaged and normalized plots of three low-pass-filtered
brightness profiles measured along the three lines (A-A’) shown in (a); (c) effect of the level of reverse-mode
driving current to the side cells on the exposed area of the middle cell in the reverse mode; (d) demonstration
of letter (“T”) formation using the 3×3 device.

considered as part of device design optimization. The experiment was extended to the operation
of the 3×3 device. Displaying various patterns through the selective activation of the nine cells
was successfully performed; Figure 2.13(d) shows an example that displayed a letter created by
activating the corresponding cells in the reverse mode (the other cells were deactivated in this
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test). These results demonstrate the feasibility of the developed technique for a variety of optical
applications such as flat panel displays and optical switch/modulator arrays.
2.5

Conclusions

A new approach for ferrofluid actuation using planar coils with permanent magnets has been
studied to achieve improved controllability in the fluid actuation. The use of bias fields in
combination with the variable fields provided by the coils made it available to switch the polarity
of the gradient of the field strength on each of the coils by selecting the orientation of the current
passed through the coil. This field-gradient control enabled the bidirectional radial actuation of
the ferrofluid. The actuation principle was experimentally verified using the arrayed active
mirror devices designed and fabricated in this study. The dynamic characterization of the mirrorcoil cell showed a fast initial response of the ferrofluid followed by gradual saturation after about
one second. The activated area of each cell was shown to be controllable by adjusting the level of
the driving current. Enhanced fluid actuation on an arbitrary cell could be implemented by the
activation of the adjacent cells with selective use of the forward/reverse model. Multiple-cell
control and pattern generation were successfully demonstrated. Future work encompasses the
optimization and further miniaturization of the devices including the integration of permanent
magnets with them towards the application to optical MEMS and imaging devices.
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Chapter 3: Planar Variable Inductor Controlled by Ferrofluid Actuation2
3.1

Introduction

Integrated variable inductors have a broad range of applications, not only in RF circuits [48]–
[52] but also in magnetic sensors [53], [54] and micromagnetic power devices such as dc/dc
converters [55]. Different approaches including the use of actuators based on micro-electromechanical systems (MEMS) have been investigated in order to create discrete and continuous
variable inductors. Discrete-value variable inductors have been developed using micro relays
[49], [51] as well as integrated MOSFET switches [52] with limited tuning ability and
applications. Various schemes for continuous variable inductors also have been developed. One
common mechanism reported relies on displacing magnetic cores inside microsolenoids [55],
[56] or metal pieces over planar coils [50], [57] to vary inductance without having particular
actuation mechanisms. More integrated approaches have been reported to use displacements of
planar coils or wires through electrostatic actuation [58], [59]; however, they are limited in
dynamic ranges and/or need for high voltages (e.g. 150 V) for the actuation. Although
electrothermal actuators have also been utilized to enable the actuation of inductive structures
and vary their inductances [60], [61] they generally require larger power for operation. An
interesting microfluidic approach that uses conductive liquid was recently reported to construct a
variable inductor [62]; in spite of its wide tuning range, the device does not have an integrated
pumping mechanism to actuate the liquid, posing implementation issues.

2

Part of this chapter appeared in the following publications:
1. B. Assadsangabi, M.S. Mohamed Ali, and K. Takahata, “Planar Variable Inductor Controlled by Ferrofluid
Actuation,” IEEE Transactions on Magnetics, 49 (4), pp. 1402-1406, 2013.
2. B. Assadsangabi, M.S. Mohamed Ali, K. Takahata, “Ferrofluid-Based Variable Inductor,” 25th IEEE Int'l
Conf. Micro Electro Mechanical Systems (MEMS 2012), Paris, France, January 2012, pp. 1121-1124.
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In this chapter, a new type of planar variable inductor based on the magnetic actuation of
ferrofluid, is presented as a potential solution to the complexity and integration issues associated
with the previous devices outlined above.
In the developed device, ferrofluid is used as a movable magnetic core that modifies
permeability distribution on a planar spiral-coil inductor. Figure 3.1 schematically shows the
device configuration. Ferrofluid in the reservoir created on the inductor is displaced using
magnetic-field gradients produced by another planar coil (actuation coil) that is aligned to the
inductor. A bias magnetic field is used to uniquely enable repelling of the fluid from the
inductor, instead of attracting to it, which is found to significantly enhance the tuning range of
the inductor. In this chapter, first design and fabrication of the variable inductor is presented
followed by the characterization results of the fabricated prototype.

Figure 3.1: Configuration of the ferrofluid-based variable-inductor device.
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3.2

Device Design and Fabrication

The variable inductor investigated in this study is operated by controlling the ferrofluid
displacement over the planar inductor surface using the bidirectional actuation mechanism
discussed in Chapter 2, which in turn controls the spatial distribution of the permeability on the
inductor and thus modifies the inductance. Both actuation modes cause certain levels of
modification in the ferrofluid profile and the inductance. Since the magnitude and gradient of B,
or Fm acting on the ferrofluid, directly depends on the amount of the driving current supplied to
the actuation coil, this principle can be used to achieve continuous variation of inductance of the
planar inductor.
To characterize and demonstrate the ferrofluid-based variable inductor, a proof-of-concept
device was developed. Figure 3.2 shows the device design and the dimensions of the coils. The

Figure 3.2: Top view of the device design showing the variable inductor (circular spiral) and the actuation
coil (square spiral). PDMS reservoir is not shown.
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variable inductor and the actuation coil were chosen to have circular and square patterns with the
same number (i.e. 9) of turns. The variable inductor is located above the actuation coil to make a
direct contact with ferrofluid that is stored in the PDMS reservoir fabricated on top of the
inductor. The device is fabricated using single-sided copper-clad polyimide (PI) film with 50-µm
thickness (G2300, Sheldahl Co., MN, USA) as the substrate (Figure 3.3). In this process, the Cuclad layer with 5-µm thickness is used to pattern one of the contact pads and its lead. The spiral
coils used as the variable inductor and the actuation coil are separately formed by Cu
electroplating

in

the

molds

photo-patterned

in

a

dry-film

photoresist

(PM240, DuPont, NC, USA ) laminated on the PI side of the film (Figure 3.3 (steps 1-3)). A
liquid PI (HD-4010, HD Microsystems, DE, USA) is spin coated on the actuation coil, which is
then aligned and bonded to the backside of the variable inductor by curing the PI. A 130-μmthick mold to form the walls of PDMS reservoir is created on the substrate by patterning three
layers of spin-coated photoresist (SPR 220-7, Rohm and Hass Co., PA, USA). After forming the
walls and dissolving its mold, the reservoir formation is completed by bonding a separately
prepared PDMS cap layer to the molded walls using a O2 -plasma bonding technique [63]. Prior
to the bonding, the cap layer is mechanically punched to create two holes for ferrofluid injection
into the reservoir. It was observed that the oil-based ferrofluid (EFH1, Ferrotec Co., NH, USA)
used in this study caused swelling of PDMS. To prevent this swelling, a polyvinyl-alcohol
protective layer is formed on the inner surfaces of the PDMS reservoir by injecting a 4 wt%
aqueous solution of PVA into the reservoir and then dried out to form a thin layer of PVA on all
the inner surfaces of the reservoir. Finally, a ferrofluid is injected into the reservoir to complete
the fabrication. Figure 3.4 shows a sample device fabricated through the developed process
(prior to ferrofluid injection).
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Figure 3.3: Fabrication process.

Figure 3.4: A sample of the fabricated device (prior to ferrofluid injection).

3.3

Experimental Results and Discussions

The static and dynamic behaviors of the fabricated devices were characterized using an
experimental set-up, in which the actuation coil was connected to a power supply to provide a
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current to it, and the variable inductor was coupled with a spectrum-impedance analyzer (Agilent
4395A) for its electrical measurements. A permanent NdFeB magnet (K&J Magnetics Inc., PA,
USA) was placed underneath the device to provide a constant biasing field. The distance
between the magnet and the coil was set to be ~8 mm, which was the shortest distance to prevent
non-uniform patterns on the fluid’s surface (so-called the normal-field instability [8]) for the
particular magnet used. The B level of the provided bias field at the location of the device was
measured to be approximately 10 mT.
The device response was first characterized without the ferrofluid by varying the driving current,
due to any potential influence from the actuator coil to the variable inductor, and observed no

Figure 3.5: Inductance changes measured at 10 MHz and 100 MHz for the operations in the forward and
reverse modes.

noticeable change in the inductance. Following this verification, the response of the ferrofluidloaded device to the driving current was compared in the two (forward and reverse) operation
modes. Figure 3.5 shows the average values (each from two measurements) of inductance
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changes measured at 10 MHz and 100 MHz for both modes. As can be seen in the graph, the
inductance increases with the current in the forward mode whereas it decreases in the reverse
mode. The former case can be explained by the fact that the ferrofluid, a magnetic medium, is
accumulated in the central area of the coil, which increases the local inductance in the area but
decreases that in the other (periphery) region as the amount of the ferrofluid in the region
decreases because of the accumulation in the center part; however, since the outer turns of a
planar coil make less contribution to the formation of a magnetic field than its inner turns [64],
the impact of the inductance reduction in the periphery on the overall inductance of the device is
smaller than that of the inductance rise in the central area, collectively resulting in an increase of
the total inductance. The reduction of the overall inductance in the reverse mode can be
explained similarly, in a manner opposite to the above case.
A notable characteristic indicated in Figure 3.5 is that the reverse mode exhibits a significantly
larger response than the forward mode; at 100 MHz, for example, the inductance sensitivity to
the driving current in the reverse mode is ~135 ppm/mA, approximately 6.1× greater than the
sensitivity in the forward mode. This result is evidently associated with the phenomenon
observed in reverse mode, where the repelling effect caused the exposure of the inner turns of the
inductor to air, a medium with a much lower permeability than the ferrofluid (by a factor of
~2.6), strongly reducing the inductance in the exposed region. This region extended as the
driving current increased – Figure 3.6 displays this observation, showing gradual extension of
the exposed region with the current (up to 1.2 A) until reaching the entire area of the inductor.
This result suggests that the reverse mode allows one to control the ferrofluid position over the
variable inductor, or the number of the coil turns covered by the ferrofluid, by adjusting the
driving current. In the forward mode, in contrast, the exposure of the coil surface (on its
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periphery) was not observed with any current level tested. Due to the large difference in
permeability between the ferrofluid and air, it can be expected that the inductive change led by
the variation in the exposed area seen in the reverse mode is larger than the change only led by
the variation in thickness of the ferrofluid while it still covers the entire area of the inductor, the
case in the forward mode, which may be the main mechanism of the difference in the inductance
change between the forward and reverse modes. One possible reason that no exposure occurs in
the forward mode may be related to effect of surface tension involved in the reservoir walls

Figure 3.6: Optical images of the variable inductor operated in the reverse mode at different driving currents
showing varying displacements of the ferrofluid and exposed areas of the inductor.

(located outside of the coils), which can act against the fluid motion in the forward mode,
leading to less fluid displacement compared with the reverse-mode case in which the surface
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tension can assist the fluid motion as discussed in section 2.3 in chapter 2. Another potential
reason is that the surface area that attracts the fluid is smaller in the forward mode (the central
region of the coil) than in the reverse mode (the periphery region), thus the reduction in the fluid
thickness may be smaller in the forward mode.
The dynamic responses of the device were also characterized and compared between the forward
and reverse modes, which are shown in Figure 3.7(a) and Figure 3.7(b), respectively. In each
mode, the driving current was increased stepwise every 5 seconds while measuring the transient
time to change the inductance level. As can be seen from the comparison, the forward-mode
operation responds much faster than the reverse-mode case however, this feature is available at a
cost of smaller tuning range of the inductance. This outcome is consistent with the result in
section 2.2 of chapter 2 where it was shown that reverse mode operation includes a fast response
due to magnetic force as well as a slower one as a result of thermocapillary effect on the
fluid. Therefore, the accumulative effect in this mode is achieved in a longer time compared to
forward mode case where magnetic attraction force is the dominant effect (as mentioned in
section 2.2) and responsible for the inductance change. Focusing onto the advantage in the tuning
range, we further characterized the device operated in the reverse mode for its frequency
dependence using the spectrum-impedance analyzer. The measurement results displayed in
Figure 3.8(a) clearly show, as predicted, consistent decreases of inductance with the driving
current. Figure 3.8(b) shows measured Q factors, indicating the maximum value of the maximum
value of 23 at ~60 MHz upon the complete removal of the ferrofluid from the inductor (at 1.2 A).
The tuning range and the self-resonant frequency of the inductor were measured to be 16% (at 60
MHz with the maximum Q factor) and ~350 MHz, respectively.
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Figure 3.7 Measured temporal response of inductance (at 10 MHz) of the device operated in (a) forward and
(b) reverse mode at different driving currents.
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Figure 3.8: Measured frequency dependence of (a) inductance and (b) Q factor of the device operated in the
reverse mode at different driving currents.

The Q factor was measured to increase with the current, (i.e., displacement of the ferrofluid) as
shown in Figure 3.8(b). If we assume a typical inductor model represented by a series
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combination of the inductance (L) and its parasitic resistance in parallel with the parasitic
capacitance (Cp), the Q factor of the inductor is proportional to the square root of L/Cp. As the
fluid is removed from the inductor surface, L decreases; however, Cp also decreases as the
dielectric constant of ferrofluid is much larger than that of air [65]. These may suggest that the
decrease of Cp is more dominant than that of L in the observed increasing trend of Q factor.

Figure 3.9: Wirelessly measured resonances of the L-C tank formed using the fabricated variable inductor,
showing (a) the frequency modulation with the driving current in the reverse mode, and (b) the resonant
frequency vs. the driving current.
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As another experiment toward the application for tunable filters, the device was coupled with a
discrete capacitor (9.8 pF) to form an inductor-capacitor (L-C) tank, in which the resonant
frequency of the tank was defined by the level of the variable inductance, i.e., ferrofluid
displacement. The resonance of the tank was wirelessly sensed using an external coil that was
inductively coupled with the variable inductor. The measurement result shown in Figure 3.9(a)
demonstrates the modulation of the resonant frequency with the input current to the actuation
coil. Figure 3.9(b) re-plots the measured frequency shifts as a function of the current, suggesting
a frequency response to the input current of 6.5 MHz/A and a corresponding sensitivity of 76
ppm/mA.
3.4

Conclusion

A micropatterned planar variable inductor that is operated with controlled actuation of ferrofluid
has been studied. The ferrofluid actuation was enabled by the magnetic field provided by another
planar coil in combination with a bias field, which allowed repelling motions of the fluid from
the inductor in the reverse-mode operation. This mode of operation was found to offer
substantially larger inductance variations compared with the forward-mode case. The continuous
modulation of the inductance with its tuning range of 16% was demonstrated with the fabricated
device operated in the reverse mode. Frequency tuning was also demonstrated using an L-C
resonant tank constructed using the developed variable inductor. For the operation in the reverse
mode, a combinational use of the forward-mode operation, to actively pull the fluid back to the
central area of the inductor, may be effective to enable faster modulation. In addition to potential
applications in electrical/electronic circuits, the simple and integrated operation concept of the
device may provide a path to improve various ferrofluid-based sensors [53], [54] in their
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performance and sizes. Future work will encompass further miniaturization and performance
improvement including operation frequency and power consumption.
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Chapter 4: Electromagnetic Microactuator Realized by Ferrofluid-Assisted
Levitation Mechanism3
4.1

Introduction

It was mentioned in Chapter 1 that as ferrofluid is applied onto a permanent magnet, it
accumulates on the poles areas and as a result of generated magnetic pressure in the fluid,
magnet is lifted above the substrate The ferrofluid layer essentially acts as a self-sustained
lubricant and bearing that physically follows the magnet as it moves, realizing smooth motions
of the magnet with minimal frictions.. Therefore, one promising ferrofluid application is for
microbearing purpose in the moving magnet based microactuators, however, literature review
shows no integrated microactuator that has exploited this capability in its operation.
There are studies that exploit the ferrofluid levitation of permanent magnets [46], [66], however,
these efforts use magnetic means external to the device packaging to move the magnet. That is,
another permanent magnet, or electromagnet, is externally moved to drag the magnet supported
on the ferrofluid with it. Moreover, there is little information on the characteristics of ferrofluid
based microbearing such friction force and load carrying capacity.
In this chapter, an integrated electromagnetic linear micromotor is designed, fabricated, and
characterized. The device incorporates microfabricated planar spiral coils that provide necessary
electromagnetic forces to actuate the magnet slider levitated by ferrofluid along the coil array
(Figure 4.1).
3

Part of this chapter appeared in the following publications:
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The operation principle, design and simulation using finite-element analysis (FEA), fabrication
process, and characterization and testing results of the developed device are discussed in the
following sections.

Figure 4.1: Schematic diagram of the electromagnetic linear micromotor based on the ferrofluid bearing.

4.2

Working Principle and Analysis

When ferrofluid is applied onto a permanent magnet, it accumulates around the poles and
develops a static pressure inside the fluid as noted earlier. The pressure generated in the
ferrofluid, pm, can be expressed as [67]:
H

pm  0  M f dH

(4.1)

0

where μ0 is the magnetic permeability of free space, H is the magnetic field intensity provided by
the magnet, and Mf is the magnetization of the ferrofluid caused by the field. Under the
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assumption that the accumulated ferrofluid is saturated (i.e., Mf = MfS where MfS is the saturation
level of a selected ferrofluid, a likely condition for the proposed configuration with typical
permanent magnets), the expression is simplified to:
p m   0 M fs H

(4.2)

An accurate calculation of pm requires the information on the distribution of H on the magnet and
can be complicated even for simple geometries [68]. For an approximate analysis on the level of
pm generated in the ferrofluid, the following example is considered. Using a ferrofluid with a
saturation magnetization (μ0MfS) of 44 mT and a permanent magnet that generates a maximum
magnetic flux density (μ0H) of 500 mT (these are the actual values involved in the materials to
be used in the experiments discussed later), pm is estimated to be 17.5 KPa
For a 1.6mm cubic magnet with a weight of 40 mg (also to be used in the experiments),
assuming that pm is uniformly distributed over the magnet surface, this pressure translates to a
levitation force of 44.8 mN that is applied to the magnet. Since H (and thus pm) within the
ferrofluid decreases with the distance from the magnet surface, the above force level is a
somewhat overestimated value but in a range similar to the actual levitation forces measured as
will be shown later in Section 4.4.1. This level of force is orders of magnitude larger than the
gravitational force (0.4 mN) acting on the magnet. Therefore, the levitation force can support not
only the magnet itself but also an additional load exerted on the magnet. This levitation
mechanism is applied to the electromagnetic linear micromotor (Figure 4.1) proposed in the
preceding section.
Figure 4.2 schematically shows the magnet motion that is caused by the magnetic field produced
by a single planar coil. The magnet is attracted towards the coil center when a current applied to
the coil results in the opposing polarity to the magnet polarity that faces the coil (Figure 4.2(a)).
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In contrast, the magnet is repelled from the coil when the current direction is reversed (Figure


4.2(b)). The force density generated on the magnet, F , can be described as [28]:

 
dF  ( M  B)

(4.3)



where M is the remnant magnetization vector of the magnet and B is the magnetic flux density.

Assuming that the magnet has a constant magnetization along the direction normal to the coils



(z), i.e., M  M 0 z where M 0 is the inherent magnetization of the magnet, integrating Eq. (4.3)

over the magnet volume, V, provides the x component of the force acting on the magnet as:

Fx    0 M
V

H z
dV
x

(4.4)

where Hz is the normal component of magnetic field intensity. Eq. (4.4) suggests that the
magnitude of the force is dependent on the field gradient determined by the actuation coil as well
as on the magnetization and volume of the magnet. The direction of the force is dictated by the

Figure 4.2: Ferrofluid-levitated magnet in (a) attracting and (b) repelling modes
of actuation over a planar coil controlled by switching the direction of the coil current.
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polarity of the field gradient, which can be switched simply by changing the direction of the
current that the coil is energized with.
To assess the magnet’s response to the magnetic field generated by a planar coil, threedimensional FEA was performed using COMSOL Multiphysics V 4.3. Table 4-1: Specifications
for the finite element model of the planar spiral coil shows the specifications of the coil used in
the model. (These specifications represent the design of the actual device as discussed later.) A
relatively large current (1 A) was used to clearly visualize relevant effects in the simulation.
Table 4-1: Specifications for the finite element model of the planar spiral coil

Parameter

Value

Coil’s wire width / spacing / thickness

100 µm / 150 µm / 20 µm

Number of turns

4

Overall size

2.4 mm

Applied current

1A

Figure 4.3 shows the z component of the magnetic field intensities at three different elevations,
200 µm, 400 µm and 800 µm from the surface of the spiral coil in which the current flows in the
counter-clockwise direction (as viewed from the top of the coil). It can be seen that the magnetic
field has the main peak that appears at the central area of the coil as well as minor peaks with the
opposite polarity near the periphery of the coil. The polarities of these peaks are reversed when
the current direction is made clockwise. As the coil center exhibits the largest peak of the field
intensity, this location serves as the main equilibrium position that attracts or repels the magnet
depending on the polarity of the magnet and the direction of the current (e.g., for the setting
shown in Figure 4.2(a), attraction is achieved with a counter-clockwise current). The coil
55

periphery can also serve as another equilibrium location for the magnet due to the minor peaks of
the field. When the magnet is repelled from the center of the coil (using a clockwise current), it
can either be trapped at the coil periphery due to the opposite polarity of the minor peak at that
location or pass through the periphery and escape from the coil, depending on the elevation level
of the levitated magnet and also on the level of the coil current (e.g., no periphery trapping due to
small/no field peak at higher elevation levels and/or due to a fast repulsive motion from the coil
center when the current is large).

Figure 4.3: Normal component of the magnetic field generated by the planar coil at different elevations from
the coil along the A-A’ line indicated in the inset showing the coil pattern.
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4.3

Design and Fabrication

To demonstrate and characterize the linear actuator discussed above, a proof-of-concept device
shown in Figure 4.4 was fabricated. In the device, an array of micropatterned spiral coils with a
linear guide serves as the rail track for the ferrofluid-levitated magnet slider to be actuated along
the array. The planar coils have an identical spiral pattern with an overall size of 2.4 mm
(detailed dimensions are indicated in Figure 4.4). These coils also have separate contact pads so
that each of the coils can be individually powered. A commercially available oil-based ferrofluid
(EFH1, Ferrotec Co., NH, USA; relative magnetic permeability of ~2.6; this choice of ferrofluid
is discussed in 4.4.1) is applied onto a NdFeB permanent magnet with a 1.6 mm or 3 mm cubic
shape (K&J Magnetics Inc., PA, USA; surface field ~500 mT) until the magnet is levitated above
the substrate.

Figure 4.4: Top view of the device design, showing the levitated magnet (PM) located on an array of the
planar coils with its linear guide.

The rail-track component was fabricated using single-sided Cu-clad polyimide (PI) film with a
thickness of 50 μm (G2300, Sheldahl Co., MN, USA) as the substrate through the process shown
in Figure 4.5. The Cu-clad layer with a thickness of 5 μm on the film was used to pattern the
contact pads (Figure 4.5(a)). The spiral coils were formed by Cu electroplating for a thickness of
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~20 μm in the molds of a photo-patterned dry-film photoresist (PM240, DuPont, NC, USA)
laminated on the PI side of the film (Figure 4.5(b) and Figure 4.5(c)). The linear-guide part was
fabricated by water-jet cutting of a PMMA sheet, which was then aligned and bonded to the

Figure 4.5: Fabrication process for the electromagnetic rail track.

Figure 4.6: (a) Fabricated sample device and (b) NdFeB magnet without ferrofluid (upper) and with the fluid
(bottom) showing a levitation gap of ~500 m
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substrate. The bonding step was performed using a UV-curable epoxy (U305, Cyberbond, IL,
USA) spin coated on the substrate prior to bonding, by exposing the coated epoxy to UV light
through a photomask (Figure 4.5(d) and (e)). The uncured portions of the epoxy were removed
using isopropanol alcohol, followed by rinsing with deionized water. Figure 4.6(a) and Figure
4.6(b) show a sample device fabricated through the process described above and close-up images
of the 1.6 mm magnet levitated with ferrofluid in the linear guide, respectively. The levitation
height was observed to be ~500 m for the 1.6mm magnet (Figure 4.6). The amount of the
ferrofluid required to reach this state was approximately 1 L.

4.4
4.4.1

Experimental Results and Discussion
Frictional and Levitation Force of Ferrofluid Bearing

The friction force involved in ferrofluid bearing is an important parameter that impacts on the
actuation performance. To quantify this parameter, the 1.6 mm magnet levitated by ferrofluid on
the coil substrate was placed on a tilting stage, and the minimum angle that caused the magnet to
start moving down was recorded. This evaluation was performed for two types of commercially
available ferrofluids, A-300 (Sigma Hi Chemicals Inc., Kanagawa, Japan) and EFH1. Table 4-2
summarizes key properties of these ferrofluids and the results from the tilt test. The results
suggest that EFH1 with a lower viscosity level exhibited a smaller threshold angle, i.e., a smaller
friction effect compared with A-300. The friction force, Ffriction, is estimated to be ~14 μN for
EFH1 based on the recorded threshold angle. As also shown in Table II, EFH1 has a higher
saturation magnetization (μ0MfS) and, thus, is expected to provide a higher level of pm or the
levitation force than A-300 as suggested by Eq. (4.2). Based on these conditions, EFH1 was used
for further experimental analysis.
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The lifting force provided by the ferrofluid bearing was first characterized to evaluate the load
carrying capacity of the magnet slider. For this measurement, the EFH1 ferrofluid was applied
onto the 1.6 mm magnet until the magnet was levitated with an approximate distance of 450 μm
from the substrate surface. The repulsive force exerted by the ferrofluid bearing was recorded

Table 4-2: Material properties and tilt test results for two type of ferrofluids

Ferrofluid
(Carrier liquid)
A-300
(Alkylnaphthalene)

Saturation
magnetization
34 mT

Viscosity
300 cp @20 oC

Measured
tilting angle
7o

EFH1
(Light hydrocarbon)

44 mT

6 cp @27 oC

2o

Figure 4.7: Levitation force generated with the ferrofluid bearing measured as a function of vertical
displacement
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using a digital force gauge (DS2-1, Imada Inc., IL, USA) by displacing the magnet using the
probe of the gauge as shown in Figure 4.7 (the average of three separate measurements is
plotted). As can be seen in the result also shown in Figure 4.7, the force increased with the
magnet displacement, reaching, e.g., 28 mN when the levitated distance was decreased to ~50
µm. This suggests that the slider could support an additional load of 2.86 g on top of the magnet
while maintaining a 50 µm bearing gap. The increase of the force could be related to the
following condition: As the magnet is pushed against the substrate, the magnetic field lines near
the pole (facing the substrate) are squeezed into a thinner layer of ferrofluid, effectively
increasing the magnetic flux density and thus the internal pressure of the ferrofluid (as suggested
in Eq. (4.1)). It should be noted that the amount of ferrofluid applied on the magnet determines
the levitation height of the magnet that also affects the maximum allowable load that does not
cause the slider to touch down the substrate.
4.4.2

Actuation Force

To quantify the actuation force that the fabricated device provides, tilting tests similar to the test

Figure 4.8: Actuation force vs. driving current with an inset showing the measurement method.
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described in the previous subsection were performed, where the 1.6 mm magnet levitated on the
coil was placed on a tilting stage, and the minimum angle that led to the magnet’s motion was
recorded at different driving currents. Figure 4.8 shows the average of two measurement results.
At the boundary point, forces are balanced in the system so that Fx + Ffriction = mgsinθ, where m
is the mass of the magnet, g is the gravitational acceleration, and θ is the tilting angle. The level
of Ffriction is estimated to be ~14 μN as described in the previous subsection. The values of θ
measured with varying driving currents and Fx calculated from the measured θ and Ffriction
(assuming that it is dominated by the substrate-ferrofluid interaction and nearly constant) are
plotted in (Figure 4.8). As shown, the current of 380 mA led to θ of 74º or Fx of 370 µN, and the
relationship between the force and the current was approximately linear with a coefficient of
0.95 µN/mA. When the current was raised to 400 mA, the magnet was stationary even when the
stage was tilted to vertical (θ = 90º); this suggests that Fx is at least 386 µN at the current level.

4.4.3

Actuation on a Single Coil

The dynamic behaviors of levitated magnet sliders were characterized using the experimental
set-up shown in Figure 4.9. As illustrated, a function generator was used to command a bipolar
power supply, generating current signals that were fed to the coil to drive the slider. The motion
of the slider was tracked using a laser displacement sensor (LK-G32, Keyence Co., ON, Canada)
with 10nm resolution.
As the first step, the 3.0 mm magnet slider was driven with a square-shaped current signal
generated so that the coil was turned on in the attraction mode for 3 seconds and then in the
repelling mode for the next 3 seconds by switching the direction of the current. This cycle was
repeated to actuate the magnet slider. The current level was kept constant at 200 mA for each
62

Figure 4.9: Experimental set-up used to characterize dynamic responses of the sliders.

direction. Figure 4.10(a) shows a typical response of the slider recorded. As can be seen, the
slider was actuated corresponding to the square-wave input signal with rapid displacements
between the center and periphery of the coil. The maximum acceleration of the actuation
observed in this test was calculated to be ~1 m/s2. In the attraction mode, the slider moved to the
coil center while showing an overshooting motion, and in the repelling mode, the magnet was
moved to the coil periphery and trapped at that location, again with a similar overshooting
motion as indicated in Figure 4.10(a). These bistable states at the coil center and periphery match
well with the simulation results as discussed in Section II. Measurement results with sinusoidal
input signals at frequencies of 1 Hz and 5 Hz are shown in Figure 4.10(b) and (c), respectively.
In these signal patterns, the positive swing caused the attraction of the magnet whereas the
negative swing led to the repulsion of it. The current amplitude was 100 mA for both
frequencies. For 1 Hz (Figure 4.10(b)), the overshooting effect appeared as the slider reached the
equilibrium positions at the coil center and periphery similar to the square-wave case discussed
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above. In contrast, the result with 5 Hz (Figure 4.10(c)) did not exhibit this effect; this is because
as the frequency increased, the magnet started to be pulled back before it reached the coil center
or periphery, i.e., the actual travel distance became smaller (and reduced to ~0.85 mm in the
particular case shown in Figure 4.10(c) than the distance between the two stable positions,
resulting in a smooth actuation with no overshooting motion. Figure 4.10(d) displays a fast

Figure 4.10: Temporal response of the levitated 3.0 mm magnet slider to (a) 200 mA square-wave current, (b)
100 mA sine-wave current at 1 Hz, and (c) 100 mA sine wave current at 5 Hz (the zero-displacement location
in (b) and (c) corresponds to the halfway point between the coil center and periphery); (d) fast Fourier
transformation of the slider response at the current frequency of 5 Hz.
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Fourier transform of the slider response with the 5 Hz input frequency, indicating the main
actuation frequency at the original 5 Hz along with super-harmonics (at 10 Hz and 15 Hz) in the
response. The dependence of the displacement amplitude on the input frequency (up to 20 Hz)
was further evaluated with two different current amplitudes, 100 mA and 200 mA. The results
measured with the two sliders, the 1.6 mm and 3 mm magnets, are plotted in Figure 4.11(a) and
(b), respectively. In these tests, the same coil was used to acquire two sets of data for each of the

Figure 4.11: Frequency responses of oscillated actuations at different driving currents for (a) the 3 mm
magnet and (b) the 1.6 mm magnet, showing corresponding resonant frequencies.
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magnets. (Note that the variations in the data points were substantially smaller compared with
the markers used in these plots; this is also the case for the results to be shown in Fig. 12). Both
cases in Figure 4.11(a) and (b) indicate distinct resonances of the sliders at around 2-4 Hz for the
tested current levels, with slightly higher frequencies for the smaller slider.
These resonant behaviors can be explained as follows: During the actuation, the magnet is
attracted to either of the bistable locations (coil center and periphery) depending on the direction
of the current. When the magnet reaches one of these locations, the magnet exhibits an
overshooting motion (as seen in Figure 4.10(a) and (b)) while passing the location due to its
inertia. For a given current amplitude, the overshoot distance is maximized under a certain rate
of temporal change in the input signal (with a sinusoidal wave) that the decelerating magnetic
force acting on the magnet moving away from the location becomes the lowest level, leading to
the largest overshoot, at which the actuation enters the resonant condition. The results also show
the response dependence on the current levels, in terms of both vibration amplitude and
frequency. The vibration amplitudes were observed to increase with the current for frequencies
up to ~8 Hz (where the amplitudes diminished to minimal levels for both currents); this outcome
can be explained by the probable condition that a larger actuation force induced by the larger
current pushed the slider to travel more within a given cycle time. The results in Figure 4.11
also indicate small shifts in the resonant frequencies to higher levels when a larger current (200
mA) was used. It is evident that as the current level rises, the magnet is displaced with a larger
actuation force, i.e., a larger acceleration level. The observed shifts suggest that although the
actuation amplitude at resonance increases with the current as described above, the magnet
completes its travel cycle in a shorter time due to the effect of enhanced acceleration, which
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appears to serve as the dominant factor in the cycle time in the particular set-up used, leading to
the frequency shift observed.
The vibration amplitude was evaluated as a function of the driving current in detail using
sinusoidal signals at a fixed frequency of 0.5 Hz (Figure 4.12). The results indicate that the
current level that the travel distance reached the distance between the center and edge of the coil
(1.2 mm) was ~80 mA for the 3 mm magnet and ~160 mA for the 1.6mm magnet. The currents
larger than these levels were required for the repelling mode to push the magnet out of the coil
across the periphery of the coil while overcoming a small attraction force exerted to the magnet
at the periphery (as discussed with Figure 4.3 in Section 4.2). It is also worth noting that for the
currents greater than 300 mA, the magnet could not be attracted back to the center of the coil
once it escaped the coil area. This can be due to large repelling forces caused by the large driving
currents which pushed the magnet too far from the coil so that it received an insufficient

Figure 4.12: Oscillation amplitude vs. driving current at 0.5 Hz frequency for the 3 mm and 1.6 mm magnets.
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attractive force from the coil when the current direction was reversed. The small repelling force
exerted at the periphery of the coil in the attraction mode may have played an additional role to
prevent the magnet from returning back to the coil area.
4.4.4

Continuous Actuation on the Coil Array

The linear actuation of the levitated slider along the coil array shown in Figure 4.6(a) was tested
through sequential activations of the coils using the logic depicted in Figure 4.13(a). In each step,
two coils were activated. The coil on which the slider was located was activated to repel the

Figure 4.13: Continuous actuation of the slider on its rail track; (a) logic used for the actuation; (b) measured
average velocities of the 1.6 mm magnet slider with varying switching times; variations in the velocity levels
(observed through three sets of measurements) are smaller than the marker used.
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slider while the adjacent coil was activated to attract it (Step 1 in Figure 4.13(a)), sending the
slider from the former coil to the latter. Then the same activation pattern was applied to the next
two coils to move the slider further (Step 2 in Figure 4.13(a)).
It was observed that there was an optimal range of the switching time between Step 1 and Step 2
to make smooth motions along the array. If the switching was too slow, the slider made stepwise
motions with a low overall speed. In contrast, too fast switching attracted the slider back to the
first coil before it reached the second coil, resulting in no continuous motion. The average
velocity of the 1.6 mm slider was characterized with varying switching times (Figure 4.13(b)).
For this test, the driving current was fixed to be 300 mA, well larger than the level (160 mA)
necessary to send the slider to the next coil as discussed in Subsection C. The stepwise motion
became obvious when the switching time was set to be ~200 ms or more, limiting the overall
speed as indicated in Figure 4.13(b). The slider exhibited smoother and faster motions as the
switching time was shortened – the maximum velocity of 19 mm/s was obtained with a
switching time of 134ms, which was the threshold for inducing continuous actuation of the
above slider.
4.4.5

Position Control Between Two Coils

There is a possibility that the position of a magnet slider between two coils is precisely
controlled by varying the power distribution to the two coils, enabling stepping motions of the
slider. This feasibility was investigated through the following experiment. Initially, the slider, the
3mm magnet, was attracted to and located on one (first) coil by feeding a current of 300 mA to it
while an adjacent (second) coil was deactivated. Part of the current to the first coil was then
transferred to the second coil stepwise (with a 10% increment) to attract the magnet from the first
coil. In this set-up, as the magnet was slightly larger than the coil (with the size of 2.4 mm), the
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edge portion of the magnet overhung the periphery of the second coil when it was at the initial
state on the first coil. The slider was displaced between the two coils for two consecutive cycles.
Figure 4.14 shows the measured displacements and the standard deviation measured in the slider
position for the entire travel distance (from the center of the first coil to that of the second coil).
The result clearly displays that the stepping actuation can be implemented by controlling power
distribution between two adjacent coils. This figure also indicates the region that exhibits large
displacements with current transfer (at around 20-40%), beyond which the actuation shows a
relatively low and constant displacement rate. (The average speeds of traveling observed in these
two main regions were 4.3 mm/s and 1.4 mm/s, respectively.) The main cause of the rapid
displacement is presumably due to the rise of the magnetic field on the second coil with

Figure 4.14: Measured step-mode displacements of the magnet slider actuated between two adjacent coils by
varying current distribution to the coils.
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increased current transfer to it, in combination with a large gradient of the field near the
periphery of the coil (refer to Figure 4.3) that strongly pulled the magnet into the second coil (as
suggested in Eq. (4.4)).
When the current transfer exceeded ~40%, the magnet started entering the central area of the
second coil where the field gradient was relatively small, lowering the displacement rate. This
region, with a low and constant displacement rate, may be more suitable for implementing finer
stepping motions for the particular set-up used. For example, Figure 4.14 suggests that, if the
slider is operated in the current-transfer region between 40% and 100%, stepping of 7-8 µm may
be achieved with a current-transfer increment of 1%. More uniform displacements over the entire
travel distance could be approached by controlling the current transfer in a non-linear manner,
possibly using a proper feedback scheme instead of the open loop method used in the current test,
and/or using different coil arrangements (e.g., partly overlapping the coils by fabricating them in
different layers) that lower the field gradients along the travel distance toward eliminating the
rapid displacement region.

4.5

Conclusion

The ferrofluid-based levitation of permanent magnets and its microactuator application have
been studied. A layer of ferrofluid served as the self-sustained bearing that lifted the magnet and
physically followed the magnet as it moved, realizing low-friction motions of the magnet. The
magnetic pressure generated within the ferrofluid layer established on a 1.6 mm cubic magnet
was large enough to not only levitate the magnet itself but also support an additional load of up
to 28 mN. The frictional force for the magnet was experimentally estimated to be ~14 µN. The
linear actuation of the ferrofluid-levitated magnet slider was performed using an array of
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microfabricated planar coils as the rail track that generated magnetic field gradients to displace
the sliders. The force provided by the actuator was measured to be 386 µN or greater with 400
mA driving current. The bidirectional motions of the sliders over a planar coil were characterized
under different driving conditions. Both continuous and stepping actuations were successfully
demonstrated. The continuous linear actuation with the maximum velocity of 19 mm/s was
achieved with optimized switching control of the coil array. This extremely simple, assemblyfree ferrofluid micro bearing could be applied to a variety of micromotor applications to enable
high-reliability devices with low costs. Future work will encompass further investigation and
optimization of device design and ferrofluid bearing toward the improvement of actuation
performance including the precision slider control for step-mode displacements.
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Chapter 5: Ferrofluid-assisted Micro Rotary Motor for Minimally invasive
endoscopy Applications4
5.1

Introduction

Micro-scale rotary motors have a vast range of potential applications in broad areas. One
promising area is medical applications [69]–[71]. Microendoscopic catheters for minimally
invasive medical imaging are an excellent application example. Advanced catheter devices that
use rotary motors coupled with prism-shaped mirrors to perform full 360º circumferential scan
for endoscopy have been widely investigated [72]–[75]. Piezoelectric rotary micromotors were
developed for this type of application [76]. The use of magnetic actuation, however, has been a
dominant approach in this area [72]–[74] for various reasons, including higher speeds, smaller
sizes, and wider commercial availability compared with the piezoelectric type. One of the critical
needs in the design of imaging endoscopes is the flexibility of the catheter. The magnetic
micromotors used in these catheters, have large axial lengths (>1 cm [73]–[75]) in most cases,
due to the need for a long cylindrical magnet, with a gear box to increase the output torque and
compensate for large frictions between rotor and stator. The large axial size of the motors, rigid
parts embedded in the catheters, significantly limit the flexibility and thus maneuverability of the
catheters inside the body. Moreover, manufacturing of this type of micromotors requires highprecision assembly/packaging processes such as coil winding, which increase the overall
production costs.

4

Part of this chapter appeared in the following publications:
1. B. Assadsangabi, M. H. Tee, S. Wu , and K. Takahata, “Ferrofluid-assited micro rotary motor for
minimally invasive endoscopy applications”, 27th IEEE Int'l Conf. Micro Electro Mechanical Systems
(MEMS 2014), San Francisco, Jan. 26-30, 2014, pp. 200-203.
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One fundamental challenge in the realization of practical micromotors is the development of a
reliable rotor bearing. At present, most of commercially available miniaturized motors utilize
microballs (e.g., Maxon Motor, Switzerland) or sintered metals (e.g., Faulhaber, Germany) as the
bearing components. The fabrication and packaging necessary to integrate microball bearings
with the other motor components including guiding structures further raises the complexity and
cost of motor manufacturing. Moreover, the size of microballs (the smallest being a few
hundreds of microns reported in, e.g., [77]) limits the miniaturization of the bearing and motors.
Sintered-metal bearings are structurally simple and lower cost; however, this type of bearings is
not well suited for low-speed actuations (e.g., 240 rpm [73]) used for endoscopy imaging as the
friction force increases at lower speeds. The wear of the bearing materials is another critical
concern in these types of bearings. Hydrodynamic lubrication is also not practical for low speeds
that make it difficult to maintain thin lubrication film [36].

Figure 5.1: Conceptual diagram of the developed micro rotary motor and its application to microendoscopic
catheters.
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As shown in previous chapter, the levitation of permanent magnets can be achieved by the
combinational use of ferrofluid that provides a reliable, low-friction bearing function highly
suitable for micromotor applications. In this chapter, a rotary micromotor enabled with ferrofluid
bearing is designed and fabricated.
Due to the extremely simple and self-sustained bearing mechanism as will be described,
drastically shorter axial length of micromotors, suitable for medical catheter applications, can be
realized. In order to demonstrate the feasibility of the ferrofluid-enabled rotary micromotor for
endoscopic imaging applications (Figure 5.1), a proof-of-concept device has been developed and
characterized. In the sequel, first the design and operation of the micromotor are discussed
followed by a brief description of the motor fabrication process and subsequently the
characterization results of the fabricated device is presented together with a preliminary test of
endoscopic optical imaging application through rotating mirror performed in a test tube.
5.2

Micromotor Design and Operation

The developed micro rotary motor electromagnetically drives a permanent magnet as its rotor
that is levitated by a ferrofluid layer inside a cylindrical hollow tube, or a catheter for the target
application. When ferrofluid is applied onto the magnet, the fluid accumulates on the poles of the
magnet due to the highest magnetic field gradient provided at those locations. As the ferrofluid
layer is established on the magnet surfaces, the magnet is lifted up above the substrate surface
due a magnetic pressure generated in the fluid. Therefore, the ferrofluid layer not only acts as a
lubricant for the rotor to reduce the friction when rotated but also physically supports the rotor to
be levitated from surrounding inner surfaces of the tube without external pressurizing means.
Moreover, the ferrofluid layer is attracted to and self-sustained on the magnet and follows the
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magnet as it rotates, eliminating the need for any precision alignment or special assembly to
maintain the bearing layer in the motor construction.
The stator of the developed motor is composed of two meander-type coils, each of which is
printed on a different side of the flexible polymer substrate, which is wrapped and bonded
around the catheter tube to establish the stator circuit on its outer surfaces (as presented in Figure
5.1). Although, in this particular design, meander-type coils are chosen for the actuating circuit
due to its simplicity, other geometries such as spirally shaped coils can also be utilized for the
actuating circuit which can enhance the output torque of the motor. Figure 5.2 illustrates the
design of the stator circuitry and its connection with the controller. The coils’ patterns are
designed to create four magnetic poles with 90º-phase difference around the tube.

Figure 5.2: Design of the planar stator component, showing two driving coils patterned on opposing sides of
the flexible substrate, and their connections with the current controller
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For continuous rotation of the magnet, the coils are activated sequentially so that the magnet
rotates 90º at each step. In each step, only one of the coils is activated and as the magnet rotates
to a new position, the coil on the other side of the substrate is activated with a proper current
direction so that the magnet rotates another 90º in the same direction. Figure 5.3 schematically
demonstrates the rotation of the levitated magnet and the corresponding actuating current
direction for each coil for a counter clockwise revolution. As suggested in Eq. (5.1) shown below
the magnetic torque direction can be controlled by changing the B direction which can be easily
done by changing the current direction at each step.
Although the proposed rotary motor may not need to provide high levels of torque for the
targeted application due to low friction provided by ferrofluid bearing, in general, it is a major
interest for a variety of applications. A simplified expression on the magnetic torque (Tm) acting
on the magnet is given:

Tm  M  B

(5.1)

where M is the magnet remnant magnetization and B is the external magnetic flux density
generated by the stator coils. Eq. (5.1) assumes that the magnet is a thin a bar and the magnetic
field is uniform across the magnet, therefore the expression does not take into account the
distribution and variation effects in the field as well as the magnet size. Eq. (5.1) signifies that
the magnet is rotated in direction so that its magnetization is aligned with the external magnetic
field.
Also, Eq. (5.1) shows that magnetic torque can be increased by increasing either M or B. To
increase M, a permanent magnet material with higher remnant magnetization should be selected;
however, to increase B in a motor with fixed stator design, driving current should be increased
which is constrained by the allowable operation temperature of the motor.
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Figure 5.3: Activation logic used to produce a 360º rotation.

5.3

Fabrication Process

The activation coils of the micromotor were fabricated using double-sided Cu-clad polyimide
(PI) film (Pyrlux AP8525R, DuPont NC, USA) as the substrate. The Cu-clad layers and PI film
are 18 µm and 50 µm thick, respectively. The meander shaped coils were fabricated by photopatterning of dry-film photoresist (PM240, DuPont, NC, USA) laminated on the both sides of PI
film. The activation coils are then bonded using epoxy around the tube made of glass with 2 mm
or 0.7 mm inner diameters and 1 mm or 0.65 mm wall thicknesses selected for this proof-ofconcept effort. For the rotor part, 1.6 mm and 500 µm magnet sizes were chosen. The 1.6 mm
NdFeB permanent magnet (K&J Magnetics Inc., PA, USA) is coupled with a 0.8-mm-diameter
steel shaft, and a 1-mm prism mirror is bonded at the free end of the shaft. The 500 µm magnet
on the other hand, is micromachined from a bulk 500 µm NdFeB permanent magnet plate using
Micro-Electro-Discharge Machining (µEDM) [78]. In order to attach a 300 µm nickel shaft to
the magnet, first a 90 µm through-hole is µEDMed in the magnet and was oriented perpendicular
to the magnetization axis of the magnet and then the diameter of the shaft end was reduced to
about 90 µm so that the shaft could be inserted into the through hole. Finally, a 500-µm prism
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Figure 5.4: Optical images of (a) µEDMed magnet and nickel shaft tip , (b) the rotor assemblies with the
magnet, prism mirror, and coupling shaft, (c) the ferrofluid-levitated magnet rotor in the stator tube and (d)
side view of the completed proof-of-concept devices.

mirror is glued to the free end of the shaft (Figure 5.4(a)). Figure 5.4(b) shows rotor assemblies
for both motor sizes.
A commercially available oil-based ferrofluid (EFH1, Ferrotec Co., NH, USA) is applied onto
the magnet to form a layer of the fluid between the magnet and the inner wall of the tube (Figure
5.4(c)). The tube is then capped by a 3D-printed plastic component with a hole that the rotor
shaft passes through. Figure 5.4(d) shows the optical image of the fabricated samples for both
abovementioned sizes.
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5.4
5.4.1

Experimental Results and Discussion
Rotational Speed Characterization

The operation of the fabricated device was verified and characterized in air as well as under
water using the set-up shown in Figure 5.5. In order to demonstrate the rotation of the mirrorassembled motor and quantify its revolution speeds, a laser beam was directed to the rotating
mirror from the axial direction, and the motion of the reflected beam was video recorded as well
as captured by a photodiode connected to an oscilloscope that displayed photo-induced voltages

Figure 5.5: Experimental set-up used for (a) characterization of the fabricated rotary motor device and (b)
preliminary test of endoscopic optical imaging through rotating mirror performed in a test tube with a color
band. The image shown after the camera is an optical image of the actual mirror under rotation.

due to the incident beam (Figure 5.5(a)). The illustration in Figure 5 also includes the set-up used
for optical imaging of the inner wall of a test tube (Figure 5.5(b)), which will be discussed later.
The fabricated device was observed to provide stable rotation at different speeds using the
control logic (Figure 5.3) by varying the switching time of the driving currents. This operation
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Figure 5.6: Angular scanning of laser beam (directed onto the inner wall of a plastic ring) by the rotating
mirror showing the beam spot captured at each 90º step of one full rotation.

led to circumferential scanning of the reflected laser beam. Figure 5.6 shows the images of the
reflected beam extracted from a video that recorded the rotation of the beam by 90º at each
actuation step.
The rotation speed was characterized while shortening the switching time from the initial value
of 500 ms. Also, it was observed that as the rotational speed increased, higher driving current
was required to maintain stable rotation. The probable reason of the need for raising the current
is that the torque, which is raised with the current, must be increased in order for the rotating
rotor to catch up the speed of current switching. Therefore, minimum current that could maintain
the stable rotation of the shaft was recorded as the speed was increased. Figure 5.7 shows the
results of the speed characterization as the function of driving current for both rotor sizes (i.e. 1.6
mm and 500 µm). The test was repeated three times and the average current value with its
standard deviation at each data point is plotted in Figure 5.7. It can be seen in Figure 5.7 that
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maximum recorded speed for the smaller rotor is lower (i.e. 1500 rpm) than the device with
larger rotor magnet (i.e. 1875 rpm) at the same driving current level. The reason for reduction in
the maximum achievable speed for the miniaturized device could be due to the reduced magnetic
torque on the smaller rotor magnet which is dependent on the magnet volume and although
frictional force has also been reduced in the smaller motor, frictional effects depend on contact
area and therefore have smaller impact while downsizing compared to magnetic forces.

Figure 5.7: Rotation speed vs. driving current. Inset graph shows photodiode readings for the case of 8-ms
switching time corresponding to the max speed recorded for the 1.6 mm rotor.

The maximum level of revolution speed obtained for both devices is well enough for endoscopic
imaging applications (e.g., 240 rpm [73]) and in the case of the device with 1.6 mm rotor, there
is the potential capability for real-time imaging (e.g., 30 revolutions per second [79]).
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The operation of the device with 1.6 mm rotor was also verified by submerging it under water.
The reason for this test is that for endoscopic applications based on ultrasound imaging the
catheter is filled with water to create a matching medium to decrease wave propagation losses.
In this test, it was made sure that water infiltrated into the glass tube containing the rotating
magnet and is in contact with the magnet. Figure 5.8 illustrates the photodiode readings for the
maximum recorded speed of the device in this test showing 2500 rpm at 2 A of actuating current
.It can be seen that the maximum speed (at 2 A) in this configuration is higher than the case of
operation in air. Although, the exact reason behind this increase is not clear, one possible
explanation might be that the device is operating in a lower temperature compared to operation

Figure 5.8: Photodiode readings for 6 ms switching time corresponding to the maximum recorded speed in
water for the device with 1.6 mm rotor magnet

in air due to cooling effect in water. Lower device temperature means that the reduction in
remnant magnetization of the rotor magnet due to temperature rise is smaller in this
configuration which would result in a higher driving torque at the given applied current (e.g. 2 A
for maximum speed). In order to validate this hypothesis further reinvestigation is required.
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Another preliminary test was performed using an experimental model of body conduit/vessel to
emulate the conditions involved in the endoscopic application. In this test, as illustrated in Figure
5.5(b), the device was placed inside the sample tube whose inner surface was circumferentially
sectioned with four different colors (black, red, yellow, and green). The mirror was rotated with
1-s switching time while recording the optical image seen on the rotating mirror from the axial
direction of the device/tube through a microscope. As shown in Figure 5.9(a), optical images of
all the color sections were successfully acquired via the rotating mirror , which were then

Figure 5.9: Endoscopic imaging test: (a) Rotating mirror at each 90º step detecting four different colors
defined on the inner wall of the test tube; (b) detection of the green color component from the optical signals
collected through the rotating mirror.

analyzed using the MATLAB® image processing toolbox to quantify a selected color component
(in 8 bits) of the acquired optical signals as a function of time (Figure 5.9(b)). This
demonstration verifies the feasibility of circumferential imaging through the fabricated
micromotor device, an essential ability required for the targeted endoscopic application.
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5.4.2

Stator Thermal Characterization

The temperature rise in the stator coils due to Joule heating is an important effect that should be
characterized. This characterization becomes even more important in the target application of the
proposed micromotor for endoscopic imaging since it determines necessary packaging of the
device to prevent any thermal damage to tissue if device operation produces considerable heat.
Two sets of tests were performed for each rotor sizes operating in air and results are
demonstrated in Figure 5.10 and Figure 5.11. In each test, the device was activated using the
same logic and driving current as used in speed characterization test shown in Figure 5.7 and the
test was done with and without the rotor in the glass tube. The reason for the test with and
without the rotor was to investigate the effect of ferrofluid bearing frictional losses on the
temperature rise of the devices. An infrared (IR) camera (VarioCam HiRes 1.2M, Jenoptik AG)
was used to measure the stator surface temperature. Temperature measurements were taken
every five minutes to ensure that the temperature has become steady.
This process was then repeated for another level of current after letting the coil to cool down to
room temperature (i.e. 27.2ºC). The temperature measurement point was chosen as close as
possible to the copper wire (shown in the inset of Figure 5.11) where the temperature was
maximum compared to other locations on the stator. It should be clarified that due to emissivity
difference between copper and polyimide substrate, copper wire temperature looks cooler than
polyimide in the infrared picture, which is not the actual case. In these tests, polyimide
emissivity was assumed to be one. As seen in both Figure 5.10 and 11, both cases show similar
levels of heating. It also shows that the temperature is slightly lower in the case where the rotor
is present in the device compared with the configuration without the rotor. This could be due to
the presence of rotor, shaft and the mirror, into which some of the heat is transferred results
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Figure 5.10: Stator temperature at different driving current for the device with 1.6 mm rotor. At each driving
current, stator temperature is given for two cases (i.e. with and without rotor present in the device)

Figure 5.11: Stator temperature at different driving current for the device with 500 µm rotor. At each driving
current, stator temperature is given for two cases (i.e. with and without rotor present in the device). Inset
image shows the temperature distribution over the stator surface and measurement point taken by the
infrared camera.

86

in lower overall temperature of the stator. Also, it can be confirmed that the frictional losses
contribution from the ferrofluid bearing is small and can be ignored in these tests.
5.4.3

Discussion

As the result of the thermal characterization, it can be seen that the maximum stator temperature
is quite high and therefore in order to use the motor in the endoscopic applications the current
has to be limited to about 1 A which in turn limit the maximum rotational speed. However,
according to Figure 5.7, the motor still can be used for endoscopic application with lower speed
requirements. Moreover, further design optimizations could be considered to lower the stator
temperature. One such design improvement would be to use copper clad substrates with thicker
copper layers (e.g. Pyrlux AP 9222R, DuPont NC, USA, 70 µm thick copper) which would
reduce the stator resistance greatly and also, a heat insulating packaging for the motor can also
improve the amount of thermal impact of the device on the tissue.
Reducing the thickness of the stator glass tube will increase the effective magnetic flux density
(B) acting on the magnet, an effective path to lowering the driving current or increasing magnetic
torque (based on Eq. (5.1)); achieving both may also be approached by the use of a magnet with
higher remnant magnetization (M) as the rotor material.

5.5

Conclusion

A novel micro rotary motor enabled with ferrofluid was designed, fabricated and characterized.
Ferrofluid was used as a low-friction, self-sustained liquid bearing that levitated a permanent
magnet that served as the rotor driven in the stator tubing. The magnet was electromagnetically
actuated with microfabricated coils established around the stator tube. Two micromotors with 1.6
mm and 500 µm rotor sizes were fabricated and tested. The fabricated prototypes of the motor
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were successfully operated to rotate the prism mirrors connected to the motors with revolution
rates as high as 31.3 Hz and 25 Hz for the 1.6 mm and 500 µm rotor sizes, respectively. The
endoscopic imaging function was demonstrated with the device coupled with the test tube used
as a vessel model by collecting optical images of the inner walls of the model through the
rotating mirror. Thermal responses of the devices were also characterized showing comparable
responses for both fabricated prototypes. The ferrofluid-based bearing and levitation mechanism,
with its simplicity and efficiency, offers potential advantages in the miniaturization with
remarkably shortened axial sizes as well as in the production cost, enabling robust and low-cost
rotary micromotors suitable for not only endoscopic imaging but also other applications in the
medical area and beyond.

88

Chapter 6: Conclusion
This dissertation have reported experimental investigation and development of ferrofluid enabled
MEMS. A complete form of the research which included modeling, simulation, fabrication and
experimental verification of the ferrofluid-based micro devices was 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 main contribution of the present research was to propose and demonstrate new and novel
approaches that ferrofluids could be used to enable various microactuators as well as other
microdevices and hence broaden ferrofluids applications in MEMS research community.
More specifically, the contributions could be considered into two main categories. In the first
category, a new actuation scheme was proposed for the operation of fully integrated ferrofluidenabled microactuators using microfabricated coils and then two proof-of-concept devices were
developed based on the proposed actuation scheme. In the second category, ferrofluid levitation
of permanent magnets was studied. The efficacy of this levitation mechanism for bearing action
was demonstrated through the development of a linear as well as a rotary micromotor. The
acquired promising results suggest that the structurally simple and assembly-free ferrofluid
micro bearing could be applied to a variety of micromotor applications to enable high-reliability
devices with low costs.
In the sequel, research contributions in each chapter are presented in more detail:
I. Chapter 2
In this chapter, a new integrated method that utilized planar spiral coils with bias fields from
permanent magnets for the ferrofluid actuation was presented. Combinational use of a controlled
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magnetic field provided by planar coils and a bias field was shown to enable bidirectional
actuation of ferrofluid to/from the coil depending on the direction of the current passed through
the coil. The actuation principle was discussed in detail using finite element analysis (FEA) and
experimentally demonstrated
In order to demonstrate the application of the proposed method, mirror cells with variable
reflectivity were developed toward the application to imaging devices and optical switches. The
planar coils were lithographically fabricated and were used for activation/deactivation of
individual cells enabled by the bidirectional radial motion of the ferrofluid layer. As ferrofluid
was manipulated over the mirror surface the reflectivity of mirror cells were modulated. The
static and dynamic behaviors of the ferrofluid in the devices were characterized through an
image processing approach. Multiple mirror cells were selectively and simultaneously operated
to show enhanced ferrofluid control uniquely available with the two modes of the actuation as
well as to demonstrate pattern generation with the arrays.
II. Chapter 3
As another application of the developed actuation method in Chapter 2, a micropatterned planar
variable inductor was developed in this chapter. Ferrofluid was used as a moving magnetic core
to modulate the inductance in the device. The ferrofluid actuation was enabled by the magnetic
field provided by another planar coil in combination with a bias field, which allowed repelling
motions of the fluid from the inductor in the reverse-mode operation. The device was
characterized for both actuation modes (i.e. reverse and forward) and it was concluded that
reverse mode of operation offered substantially larger inductance variations compared with the
forward-mode case, though having slower response time. Frequency tuning was also
demonstrated using an L-C resonant tank constructed using the developed variable inductor. In
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addition to potential applications in electrical/electronic circuits, the simple and integrated
operation concept of the device may provide a path to improve various ferrofluid-based sensors
in their performance and sizes.
III. Chapter 4
In this chapter, a bearing mechanism based on ferrofluid levitation of permanent magnets and its
microactuator application was presented. A layer of ferrofluid served as the self-sustained
bearing that lifted the magnet and physically followed the magnet as it moved, realizing lowfriction motions of the magnet. The magnetic pressure generated within the ferrofluid layer was
large enough to not only levitate the magnet itself but also support an additional load. The
frictional force for the magnet was experimentally measured confirming low frictional force in
the bearing. The linear actuation of the ferrofluid-levitated magnet slider was performed using an
array of microfabricated planar coils as the rail track that generated magnetic field gradients to
displace the sliders. The bidirectional motions of the sliders over a planar coil were characterized
under different driving conditions. Both continuous and stepping actuations were successfully
demonstrated.
IV. Chapter 5
Using the ferrofluid as a microbearing, a novel micro rotary motor was designed, fabricated and
characterized. The rotor magnet was electromagnetically actuated with microfabricated coils
established around the stator tube. The fabricated prototypes of the motor was successfully
operated to rotate the prism mirror connected to the motor. The endoscopic imaging function as a
target application was demonstrated with the device coupled with the test tube used as a vessel
model by collecting optical images of the inner walls of the model through the rotating mirror.
Thermal responses of the devices were also characterized.
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6.2

Future Works

Future works as the continuation of the present thesis can be group into three categories:
I. Investigations on further characterization of the ferrofluid actuation methods using
planar coils biased by permanent magnet field
Further characterization of the developed actuation method in this thesis should be done in order
to improve the performance of the microactuators based on this method. Detailed investigation
and mathematical modeling on the effect of various design parameters such as substrate surface
properties (e. g. hydrophobicity, roughness, surface tension, etc.), ferrofluid viscosity and
saturation magnetization should be performed to study their impact on various performance
measures of the devices such as response time and power consumption.
II. Further design and development of various microactuators on planar substrates
using ferrofluid-assisted microbearing
Results from chapter 4 show great potential for further development of microactuators on planar
substrates that utilize ferrofluid assisted levitation as a simple and efficient bearing mechanism.
Integrated moving magnet microactuator in s lab-on-a-chip device is one of such applications
that can greatly benefit from such technology.
III. Further development and characterization of rotary micromotors based on
ferrofluid microbearing
The early demonstration of the developed rotary motor in chapter 5 confirms great potential for
the use of such micromotors for minimally invasive medical procedures; however, as concluded
in chapter 5, further development and optimization is needed to improve the performance of such
micromotors. One important aspect that should be addressed in future works is the output torque
measurement. There are various methods suggested in the literature based on back-emf
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measurement [80] or dimensional analysis [81] that could be used to assess the level of torque
available with the fabricated devices.
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Appendix A Ferrofluid Sacrificial Microfabrication of Capacitive Pressure

Sensors 5
In this section, use of ferrofluid as a liquid sacrificial layer for creating suspended membrane for
capacitive pressure sensors is demonstrated.
A.1

Introduction

Suspended or movable membranes are utilized in a variety of micro-electro-mechanical systems
(MEMS) including micro sensors and actuators [82]-[84]. The microfabrication of these movable
microstructures relies on the use of sacrificial etching in most cases. Sacrificial layers are
typically thin films of selected materials, including polymers [85], [86], dielectrics [87], and
metals [88], which are etched away using suitable chemicals once mechanical structures are
established on top of the layers. The formation and removal of sacrificial layers requires several
process steps, including time-consuming thermal processes. During sacrificial etching, the
etchant may attack other structures. Moreover, photolithographic steps are often required to
achieve targeted geometries of the structures, further complicating the process. Direct bonding of
movable structures using anodic bonding [89], [90], UV-curable epoxy [91], and thermal
bonding of polymers such as SU-8 [92], benzocyclobutene [93], and Parylene-C [94] has also
been utilized to create suspended structures. However, the need for high temperatures, integrity
of sealing, repeatability, etc. remain practical issues in this approach. “Solid On Liquid
Deposition” [95] is an interesting technique that allows deposition of Parylene-C, a
biocompatible polymer [96], over surfaces of different types of liquids. In this method, the

5
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Ferrofluid Sacrificial Layers," IEEE Sensors, Baltimore, USA, 2013, in press.
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Parylene is deposited over liquid surfaces under vacuum conditions, enabling perfect
encapsulation of liquids; this technique has been utilized for various applications such as glucose
sensor [97], varifocal microliquid lens [98], and micro-hydraulic actuator [99], in which
encapsulated liquid components are used as part of functional device structures that allow the
operation of the devices. This approach, thin-film deposition on liquid, could also be directed to
the formation of suspended structures, by using a liquid component as a sacrificial layer for the
structure formation after which the liquid layer is removed.
The present study investigates the use of ferrofluid as a liquid-phase sacrificial layer for
suspended diaphragm formation and demonstrates its application to the microfabrication of a
capacitive pressure sensor (Figure A.1). In this study, unique features of ferrofluid are exploited
to enable sacrificial formation of suspended membranes over micromachined cavities
that define the patterns of the ferrofluid sacrificial layer as it is filled in the cavities. This novel
approach achieved through the use of ferrofluid contributes to significant simplification in the

Figure A.1: A cross-sectional schematic of the capacitive pressure sensor.
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simplification in the fabrication of MEMS membranes and related devices, as the method does
not need to use any photolithographic, bonding, or chemical process. Temperature of the samples
under the fabrication is maintained at or close to room temperature during the entire process.
Furthermore, it allows one to utilize all biocompatible materials for the device construction, an
essential requirement for biomedical and in-vivo applications of the sensor.
A.2

Design and Fabrication

The pressure sensor developed in this effort consists of a stainless-steel substrate chip with a
1×1-mm2 cavity, capped by a 3-µm-thick membrane of Parylene-C that seals the cavity at
atmospheric pressure (Figure A.1). The layer of titanium formed on the membrane and the
bottom surface of the steel cavity serve as the parallel-plate electrodes of the sensing capacitor.
The different cavity depths, 10 m and 30 m, are selected for device characterization. Microelectro-discharge machining (µEDM) is used to create the cavity in a 200-m-thick stainlesssteel plate, as well as to cut the chip component out of the plate (Step 1 in Figure A.3). (The
particular stainless steel used in this study was type 304 that is not biocompatible; however, this
can be easily replaced with medical-grade stainless steels such as type 316L as necessary.) In
order to increase the cavity volume and hence membrane deflections [94], four dead-ended holes
with 300-µm diameter and 70-µm depth are created within the cavity using EDM. Similarly, a
300-µm-diameter through hole is drilled in the cavity to be used for the removal of sacrificial
ferrofluid from the cavity after membrane formation. Figure A.2(a) shows the top view of a
EDMed chip of stainless-steel substrate. A surface profile of the substrate that was EDMed to
have a 30-µm-deep cavity is displayed in Figure A.2(b), indicating that the depth of the cavity
was well controlled. Before filling the cavity with ferrofluid, the release hole is sealed using
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Figure A.2: (a) Optical image of the stainless-steel sensor substrate patterned using EDM, and (b)

2-dimensional surface profile of the machined substrate with the 30-µm-deeph cavity (left) and the
depth profle along the A-A’ line (right) measured using an optical profilometer (Wyko NT1100,
Veeco, NY, USA).

epoxy on the bottom of the steel chip (Step 2 in Fig. 3). In addition, the surfaces of the chip are
modified using an adhesion

promoter (A-174 silane, Specialty Coating Systems, Inc., IN,

USA) for Parylene-C deposition.
Ferrofluid is then filled in the cavity (Step 2 in Fig. A.3). One key feature for ferrofluid to be
able to serve as the sacrificial layer for vapor-phase Parylene deposition is its vapor pressure,
which must be sufficiently lower than the vacuum pressure involved in the Parylene deposition
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Figure A.3: Fabrication process flow.

process (performed with pressures of ~1.3 Pa at room temperature). This ensures that the
vaporization of the fluid is negligible during the process. For this purpose, a commercially
available ferrofluid (A-300, Sigma-Hi Chemical Inc., Japan) based

on

alkylnaphthalene

that exhibits a vapor pressure of <10-7 Pa (at room temperature) was utilized in this study. This
oil-based ferrofluid was observed to be highly stable in the vacuum environment of Parylene-C
deposition (Step 3 in Figure A.3). It is worth noting that this particular selection also allows one
to observe a device with the ferrofluid injected into its cavity directly through scanning electron
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Figure A.4: SEM images of a sensor cavity filled with the ferrofluid A-300 aquired using Hitachi S3000N VPSEM with its variable pressure mode (at 50 Pa).

microscopy (SEM) with an adjusted vacuum level (Figure A.4). Figure A.5(a) shows the device
after conformal coating of Parylene-C with 3-m thickness over all surfaces of the device
including that of the ferrofluid filled in the 30-m-deep cavity. After the Parylene coating
step, a 50-nm-thick titanium layer is deposited on top of the Parylene using electron-beam
evaporation, forming the upper capacitive electrode (Step 3 in Figure A.3 and Figure A.5(b)).
The surface profile of the Parylene-titanium membrane before ferrofluid removal (i.e., the device
with the 30-µm-deep cavity shown in Figure A.5(b)) was characterized using the Wyko optical
profilometer (Figure A.5(c)). It can be seen that the membrane had a curved concave profile.
This profile pattern was likely dictated by the shape of underlying ferrofluid layer that had a
slight meniscus pattern due to surface tensions acting on the ferrofluid at the edges of the cavity.
The flatness of deposited membrane may be improved by precise control of the amount of
ferrofluid (possibly using a syringe pump) injected into the cavity. It can also be seen that the
membrane had high surface smoothness (with an average roughness, Ra, of ~15 nm) compared
with the top surface of the cavity’s periphery (Ra ~330 nm) whose roughness was attributed to
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that of the steel substrate itself (as also observable in the close-up SEM image shown in Figure
A.5(b)). After the membrane formation, the epoxy plug on the bottom of the release hole is
removed, and then the ferrofluid is extracted out of the cavity through the hole by placing the
sensor chip on a permanent magnet that attracts the fluid due to a field gradient established by

Figure A.5: (a) Optical image of the device after coating Parylene-C on top of the ferrofluid filled in the cavity
of the stainless-steel chip, (b) SEM images of the device after depositing titanium electrode on the Parylene-C
film, and (c) membrane profile before ferrofluid removal measured along A-A’ line shown in (b).
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the magnet (Step 4 in Figure A.3). Finally, the release hole is sealed again using the same epoxy
(Step 5 in Figure A.3), completing the sensor fabrication (Figure A.6).
Figure A.7(a) shows a surface profile of the membrane after ferrofluid removal measured on a
device with the 10-µm-deep cavity. The profile indicates a difference (of ~5-µm in this particular
case) between the level of the membrane and that of the top surface of the substrate, while
showing a relatively uniform profile (with variations of only 1-2 µm) within the membrane at

Figure A.6: A completed sensor chip placed on a Canadian penny

its lowered level. A profile of the suspended membrane measured on the device with the 30m-deep cavity is also shown in Figure A.7(b) for comparison, indicating a curved concave
shape, similar to the one prior to the release (Figure A.5(c)) with an increased deflection (~15
m vs. ~8.5 m before the release). Both lowering and increased deflection of the released
membranes are presumed to be caused by the presence of residual ferrofluid left within the
cavities, i.e., the fluid that made contact with the backside of the membrane pulled it down
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toward the cavity surface due to surface tensions of the fluid. For the 30-m cavity case, the fluid
might have accumulated around the central region of the membrane which was the closest to the
cavity surface (as seen in Figure A.5(c)), pulling the region down further. In case of the 10-m

Figure A.7: Optical profilometer measurement results: (a) 2-dimensional surface profile (top) and the depth
profle along the B-B’ line (bottom) measured on the released membrane created with a 10-µm-deep cavity
sensor, and (b) a measured depth profile of the released membrane created with a 30-µm-deep cavity sensor
(Fig. A.5).
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cavity case, due to its narrower gap, the fluid might have been present around peripheral regions
of the cavity as well, pulling down the membrane more uniformly than the 30-μm cavity case.
The presence of small amount of ferrofluid was verified by physical removal of the membranes
after release and visual observation of the cavities and the backside of the membranes. Various
factors such as surface roughness of the cavity, interfacial forces acting between ferrofluid and
surfaces of the cavity/membrane, and certain magnetization of the stainless-steel substrate could
contribute to incomplete removal of the ferrofluid, which require further analysis and
optimization. Nevertheless, given the cavity’s depths of 10 m and 30 m for the cases in Figure
A.7(a) and 7(b), respectively, the measurement results evidently confirm that membranes were
suspended after their release in both cases
A.3

Experimental Results

The experimental set-up used to characterize the fabricated sensors is schematically illustrated in
Fig. 8. The electrical connection to the sensor chip was made by bonding a lead to the titanium

Figure A.8: Experimental set-up used to characterize the fabricated sensors.
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surface on the sensor and silver pasting another lead to the stainless-steel body of the sensor. The
capacitance between the two leads was measured using a precision LCR meter (HP 4275A). The
ambient pressure of the sensor was varied by enclosing it in a custom chamber whose internal
pressure was controlled while reading the reference pressure meter (PX-26, Omega Engineering
Inc., QC, Canada) coupled with the chamber.
The responses of fabricated sensors placed in the above set-up were characterized for a pressure
range up to 32 KPa at room temperature and the measurements were repeated two times for each
device. The measurement results plotted in Figure A.9 indicate that the devices exhibited
capacitive sensitivities of 766 ppm/KPa and 337 ppm/KPa (corresponding to the responses of
12.4 fF/KPa and 4.6 fF/KPa) for 10- and 30-µm-deep cavities, respectively, both with high
linearity. The higher sensitivity with the 10-µm-cavity sensor is a reasonable outcome as the rate

Figure A.9: Measured capacitive response of the fabricated sensors to applied pressure at room temperature
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of capacitive change due to given changes in the gap is greater when the original gap is
narrower. Capacitive pressure sensors exhibit generally nonlinear responses; however, those
operated in the touch mode [100], [101] or with bossed diaphragms [102] are known to provide
more linear responses. One possible reason of linear responses seen in the fabricated sensors
might be related to the former condition, in which the membranes might have been indirectly
touching the substrate through residual ferrofluid as discussed in Section II, potentially leading to
the observed linear responses.
The temperature dependence of the sensor’s base capacitance was also characterized by heating
up the chamber as illustrated in Figure A.8 and repeating the measurements two times. During
this measurement, the chamber was opened to atmosphere pressure in order to eliminate any
pressure increase in it due to heating. Temperature of the sensor substrate was monitored using a
thermocouple (HH802U, Omega, CT, USA). The measurement result is shown in Figure A.10,

Figure A.10: Measured base capacitance of the developed sensor vs. ambient temperature.
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indicates that the capacitance initially decreased with a small amount during heating up to
~29 ºC and then started to rise, leading to steady increases until the maximum temperature tested
(53 ºC). The temperature coefficient of the capacitance is measured to be ~150 ppm/ºC or less up
to ~40 ºC, and this coefficient increases to 330 ppm/ºC on average beyond this temperature level.
The initial decrease of the capacitance may be due to an increase of internal pressure in the
capacitive cavity that can push the membrane up, resulting in a decrease of the capacitance.
Although the exact source of the subsequent rise of capacitance is unclear, one possibility might
be related to a temperature dependence of the permittivity of Parylene-C, which exhibits
substantial increase with temperature (~ 4400 ppm/C [103]). The impact of this potential source
may be reduced using other types of Parylene that have dielectric constants with less thermal
sensitivity (e.g. Parylene-N, with a 4 smaller coefficient [103]).
A.4

Conclusion

A novel microfabrication method that uses liquid-phase sacrificial layers based on ferrofluid and
its application to a capacitive pressure sensor have been studied. The ferrofluid sacrificial layers
were established in micromachined stainless-steel cavities to create Parylene-C membranes,
which were successfully released and suspended by removing the fluid magnetically. The
fabricated sensors were tested to exhibit highly linear responses with the maximum sensitivity of
766 ppm/KPa up to 32 KPa. The temperature dependence of the sensor’s base capacitance was
also characterized experimentally. The fabrication approach developed permits a capacitive
pressure sensor to be constructed with all biocompatible materials, without needing any optical,
chemical, or thermal step throughout the entire fabrication process. The process is not only
simple but also potentially batch compatible with the use of a parallel EDM technique [80] for
low-cost implementations. The results encourage further development and optimizations,
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including those for ferrofluid injection and removal processes, toward achieving higher precision
and integrity in the process. The developed method could be applied to the production of a
variety of micro-scale capacitive and other transducers beyond the pressure sensor investigated
in this study.
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