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ABSTRACT 

Magnetic Nanocomposite Cilia Sensors 

Ahmed Alfadhel 

Recent progress in the development of artificial skin concepts is a result of the increased 

demand for providing environment perception such as touch and flow sensing to robots, 

prosthetics and surgical tools. Tactile sensors are the essential components of artificial 

skins and attracted considerable attention that led to the development of different 

technologies for mimicking the complex sense of touch in humans.  

This dissertation work is devoted to the development of a bioinspired tactile 

sensing technology that imitates the extremely sensitive hair-like cilia receptors found in 

nature. The artificial cilia are fabricated from permanent magnetic, biocompatible and 

highly elastic nanocomposite material, and integrated on a giant magneto-impedance 

magnetic sensor to measure the stray field. A force that bends the cilia changes the stray 

field and is therefore detected with the magnetic sensor, providing high performance in 

terms of sensitivity, power consumption and versatility.  

The nanocomposite is made of Fe nanowires (NWs) incorporated into 

polydimethylsiloxane (PDMS). Fe NWs have a high remanent magnetization, due the 

shape anisotropy; thus, they are acting as permanent nano-magnets. This allows remote 

device operation and avoids the need for a magnetic field to magnetize the NWs, 

benefiting miniaturization and the possible range of applications. The magnetic properties 

of the nanocomposite can be easily tuned by modifying the NWs concentration or by 

aligning the NWs to define a magnetic anisotropy. Tactile sensors are realized on flexible 
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and rigid substrates that can detect flow, vertical and shear forces statically and 

dynamically, with a high resolution and wide operating range. The advantage to operate 

the sensors in liquids and air has been utilized to measure flows in different fluids in a 

microfluidic channel. Various dynamic studies were conducted with the tactile sensor 

demonstrating the detection of moving objects or the texture of objects. Overall, the 

results confirm the possibility to   easily   control   the   sensors’   performance  with   the   cilia  

arrangement and dimensions. The cost effective mold-based microfabrication process and 

magnetic operation enable a high degree of integration, which together with the 

extremely low power consumption make the artificial cilia sensor reported in this 

dissertation an attractive solution for many applications. 
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1 INTRODUCTION, MOTIVATION AND 
CONTRIBUTION 

1.1 Motivation and Objectives 

Evolutions in areas like health monitoring, robotics or prosthetics are demanding an 

increased perception of the environment including touch, flow, and vibration. Noticeable 

progress in the field of artificial skins led to the development of different technologies 

that can mimic the complex sense of touch in humans for better interaction with the 

surrounding environment. These skins are also important for applications like health 

monitoring systems and smart surgical tools. Tactile sensors are the essential components 

in the artificial skin development that attracted considerable attention and resulted in 

introducing different sensing mechanisms. However, many technical challenges remain 

in current technologies, including the limited performance and the high power 

consumption, in addition to the interference with environmental noise. 

From another perspective, nature has been a source of inspiration for engineers 

and a myriad of structures and materials have been mimicked to achieve outstanding 

sensing performance with extreme reliability and robustness. One structure used more 

commonly  in  nature  is  the  “cilia”.  Cilia  are  micro-scale, hair-like structures that exist in 

nature in many forms and assist in performing a variety of functions as discussed in 

section 2.1. Hair structures offer many attractive features making them desirable for 

many applications. For example, the large surface area to volume ratio and the high 

aspect ratio provide good interaction with the external environment providing efficient 
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sensing. Hair-like structures have been researched extensively to achieve a variety of 

functions and outstanding applications have been introduced in literature (section 2.3). 

The ongoing search for multifunctional wearable devices and sensors with 

features like flexibility, biocompatibility, and low cost has directed researchers to the 

field of polymer-based sensing materials. Polymers can provide these features in addition 

to the advantage of easy processing and patterning. Polymer nanocomposites combine the 

advantages of polymers such as flexibility, durability, efficient processing, chemical 

resistance, and biocompatibility, with the different chemical or physical properties of the 

additives resulting in materials with distinct features and improved functionality 

compared to the original constituents. Devices and sensors based on polymers with 

magnetic material additives have been introduced that offered the ability of contactless 

operation, remote control over large distances and large magnetization under the 

influence of an external magnetic field as discussed in section 2.1. Recently developed 

magnetic polymer nanocomposites have great advantages such as the elasticity of the 

polymers and the magnetic properties of the additives (typically superparamagnetic 

particles), however, they suffer from the absence of magnetization at remanence unless 

an external magnetic field is applied which is not feasible for portable, fully-integrated 

and low-cost sensors. The proposed permanent magnetic nanocomposite offers unique 

properties that allow the realization of sensors with outstanding performance (section 

3.2). Moreover, the developed nanocomposite offers the ability to select the polymeric 

material and the permanent magnetic filler in addition to the ratio between them which 

offer design flexibility and hence achieving technological requirements for specific 

applications. Unlike bulky permanent magnets, polymer-based magnetic nanocomposites 
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provide the advantages of easy fabrication, light weight, flexibility, versatile, low cost, 

and the typically low-temperature processing.  

The main objectives of this dissertation is to:  

1. Develop a novel permanent magnetic nanocomposite material made from 

uniquely engineered Fe NWs incorporated into highly elastic PDMS,  

2. Investigate fabrication techniques to realize micro-scale artificial cilia from the 

nanocomposite, 

3. Develop a one of a kind bioinspired, biocompatible, corrosion resistant and power 

efficient magnetic sensing concept by integrating artificial nanocomposite cilia on 

a magnetic sensing element.  

4. Investigate several potential applications for the developed artificial cilia sensor, 

mainly, for artificial skin and tactile sensing.  

 

1.2 Thesis Outline and Contributions   

The dissertation is structured to follow a progressive sequential study from the fabrication 

and characterization of the core material (Fe NWs), to the development and testing of the 

bioinspired nanocomposite tactile sensors. This dissertation is organized in five chapters 

as follows:  

Chapter 1 provides an introduction, motivation and contribution to the 

dissertation work. An outline is provided and the collaborators are acknowledged.   

Chapter 2 covers the background of the work in this dissertation. The chapter 

begins with discussing the physics of nanocomposites, magnetism, and permanent 

magnetic materials. Introduction to natural cilia and their outstanding sensing capabilities 
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are then discussed with a focus on tactile sensing applications. A review follows on prior 

works of artificial cilia sensors and devices, and the different technologies and sensing 

mechanisms utilized to create these sensors and devices are discussed. This is followed 

by a review of currently available tactile sensing solutions and the different technologies 

behind them. Previous work on the utilization of artificial cilia to develop tactile sensors 

is discussed.  

Chapter 3 starts with describing the concept of the nanocomposite cilia sensors. 

The chapter then describes the methods and experimental techniques used in the 

fabrication and processing of the artificial cilia sensors. That includes the techniques used 

to engineer the high aspect ratio Fe NWs to act as nanoscale permanent magnets which 

were electrodeposited inside nanoporous alumina membranes, the synthesis of the 

permanent magnetic and highly elastic nanocomposite, and the fabrication of the master 

molds used to create the artificial nanocomposite cilia. The structural and magnetic 

properties of the nanocomposite cilia are studied thoroughly and the possible degradation 

in the properties is discussed. Finally, the design, fabrication and characterization of a 

thin film giant magneto-impedance (GMI) magnetic field sensor are described. The 

feasibility of the GMI sensor as a highly sensitive and power efficient solution is 

discussed.  

Chapter 4 shows two applications of the developed magnetic cilia sensing 

concept. The fabrication and testing of cilia sensors with different designs and 

dimensions are discussed for the different applications. The sensors results are discussed 

and the suitability of the cilia sensors for artificial/electronic skin applications is shown. 
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Chapter 5 provides a summary of all results and conclusions of this dissertation. 

Moreover, remaining challenges and prospects about future work are discussed. 

 

As this dissertation is focused on the fabrication and characterization of a novel 

bioinspired tactile sensor that utilizes a magnetic nanocomposite and thin film magnetic 

field sensor, the contributions of this work are broad from the NWs engineering level to 

the instrumentation used to characterize the final sensor prototype. To the best of my 

knowledge, the research work has made the following contributions:  

1. Introduced a novel and bioinspired magnetic sensing concept for pressure and 

tactile sensing.  

2. Utilization of the permanent magnetic behavior of uniquely engineered single 

domain polycrystalline Fe NWs.  

3. Development of Fe NWs-based nanocomposite that features: 

a. Pronounced permanent magnetic properties with tunable magnetic 

anisotropy direction by aligning the NWs in the nanocomposite. 

b. High elasticity with trivial degradation of the polymer elastic properties. 

c. Biocompatibility. 

d. Good corrosion resistance.  

4. Development of an easy and cost effective mold fabrication using laser ablation 

technique to allow the fabrication of polymeric microstructures through casting. 

5. Optimization of GMI magnetic sensors: a unique magnetic sensing technology 

that offers high sensitivity, low power consumption and easy fabrication process. 
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6. Utilized the GMI sensor and the permanent magnetic and highly elastic 

nanocomposite for the development of artificial cilia sensors that can detect shear 

and vertical forces for tactile sensing and artificial skin applications. The realized 

sensors feature: 

a. High force sensing performance with tunable sensitivity, resolution, and 

operating range through the modification of the artificial cilia dimensions. 

b. Extremely low power consumption.  

c. Easy and cost effective fabrication process using rigid or flexible 

substrates.  

 

My Ph.D. research resulted in five papers, four conference proceedings, 12 

conference presentations and posters, and one patent. The publications immediately 

related to this dissertation are given in the following, and permissions to re-use the 

materials were granted: 

1. A. Alfadhel, B. Li, A. Zaher, O. Yassine, and J. Kosel, "Magnetic nanocomposite 
for biomimetic flow sensing," Lab Chip, vol. 14, pp. 4362-4369, 2014. - 
Reproduced by permission of The Royal Society of Chemistry (RSC) 

2. A. Alfadhel,  and  J.  Kosel,  “Magnetic Micropillar Sensors for Force Sensing,”  In 
Proceedings of Sensors Applications Symposium (SAS), pp. 1 - 4, 2015. 
Reproduced by permission of IEEE. 

3. A. Alfadhel, and J. Kosel, "Magnetic Nanocomposite Cilia Tactile Sensor," 
Advanced Materials, vol. 27, pp. 7888–7892, 2015. - Reproduced by permission 
of John Wiley and Sons publishing group, license number: 3860690251341. 

4. Y. P. Ivanov, A. Alfadhel, M. Alnassar, J. Perez, M. Vázquez, A. Chuvilin, et al., 
"Tunable Magnetic Nanowires for Biomedical and Harsh Environment 
Applications," Scientific Reports, vol. 6, p. 24189, 2016. 
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5. A. Alfadhel, M. A. Khan, S. Cardoso, D. Leitao,   and   J.   Kosel,   “A  
Magnetoresistive  Tactile  Sensor   for  Harsh  Environment  Applications,”   Sensors, 
vol. 16, Issue 650, pp. 1-13, 2016.  
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2 BACKGROUND 
2.1 Introduction to Magnetism & Magnetic Nanocomposites  

Magnetism is a unique property of materials that respond at an atomic or subatomic level 

to an applied magnetic field. Materials behave differently when applying a magnetic field 

due to many factors such as the atomic structure of the material and the net magnetic field 

associated with the atoms. Magnetic induction B quantifies how the magnetic field 

changes from one material to another or, in other words, what is the total magnetic field 

inside a given material. B also changes depending on the medium it passes through. 

According to Lorentz force law, the total force F on a particle of electric charge Q with 

instantaneous velocity v is affected by an electric field Ee and a magnetic flux density B 

generated by an electric current: 

  BvEQF e  .     2-1 

The magnetic field H describes the magnetic field intensity, which is proportional 

to B in vacuum. Inside a material with internal magnetization M (a vector that quantifies 

the density of magnetic dipole moments in a material), B, H, and M are related as: 

 MHB  0 ,    2-2 

where μ0 is the vacuum magnetic permeability. Hence, the B field inside a material is a 

result of the magnetization of the material M and the external magnetic field H. Magnetic 

flux density can also be defined using the relative permeability of the material μr which is 

a measure of the ability to form a magnetic field inside the material in the presence of an 

external magnetic field: 

HB r  0 .     2-3 
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The magnetization M induced in a material is directly proportional to the 

magnetic field H and the magnetic susceptibility χ, a dimensionless material parameter 

that specifies how a material responds to an applied field as: 

HM  .     2-4 

The units (SI - CGS) of the relevant magnetic quantities are listed in Table 2-1. 

Magnetic Quantity SI Unit CGS Unit 

B Tesla (T) Gauss (G) 

H Ampere/meter (A/m) Oersted (Oe) 

M Ampere/meter (A/m) (emu/cm3) or (emu/g) 

Table 2-1: The units of the relevant magnetic quantities. 

 
The exchange coupling between magnetic moments is a consequence of Pauli 

Exclusion Principle such that two electrons are allowed to share an orbital if they only 

have antiparallel spins. Different types of magnetic materials exist depending on the 

nature of magnetic moments interaction. Ferromagnetism is the relevant phenomena in 

this dissertation, and it happens when there is a strong exchange coupling between 

magnetic moments that makes them align with each other in a microscopic system. 

Macroscopically, domains are created in ferromagnets to minimize the energy in which 

the moments align with each other in each domain. In small ferromagnetic materials, it 

can be energetically unfavorable to form domains and a single domain material is 

obtained. Ferromagnetic materials have a magnetic moment even in the absence of a 

magnetic field, due to a nonzero spontaneous magnetization. Superparamagnetism is 

observed in sufficiently small single domain ferromagnetic particles where an external 
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magnetic field is needed to magnetize them. When there is no magnetic field applied, the 

magnetization of the material appears to be zero on average.  

The magnetization behavior of a magnetic material under the influence of an 

external magnetic field can be studied by obtaining the hysteresis loops (discussed in 

detail in section 3.6). Hysteresis loops allow the investigation of different magnetic 

properties such as the type of the material (ferromagnetic, superparamagnetic, ... , etc.), 

permanent magnetism, magnetocrystalline, or shape anisotropy [1]. In a typical hysteresis 

loop (Figure 2-1), the x-axis corresponds to the applied magnetic field H and the y-axis 

corresponds to the material magnetization M. The magnetization in the y-axis can be 

represented as M/Ms: the ratio between the magnetization value M and the saturation 

magnetization Ms. For a material to reach magnetic saturation Ms, a saturation field Hs 

must be applied in order to overcome the anisotropy energy (discussed in section 3.2.2). 

Ferromagnetic materials can hold a magnetization moment in the absence of external 

magnetic field which is called remanence magnetization Mr. The coercive field Hc is the 

magnetic field value required to demagnetize the material and bring M to zero. Permanent 

magnetism refers to ferromagnetic materials that exhibit high saturation magnetization 

Ms, high remanence magnetization Mr (ideally Mr/Ms = 1), and hold high coercivity field 

Hc making them hard to demagnetize. Figure 2-1 shows a comparison between a typical 

hysteresis loop of a ferromagnetic material with permanent magnetic behavior (Mr/Ms ≈1  

and high Hc), and a hysteresis loop of superparamagnetic nanoparticles (Mr/Ms ≈0  and  

very small coercivity Hc). 

Magnetic anisotropy is responsible for the hysteresis behavior. The direction that 

requires less energy to magnetize a sample is called the easy axis, and it depends on the 



31 
 

material, strain, the crystalline structure and, most importantly, the geometry. The energy 

associated with the magnetic anisotropy is called the magnetic anisotropy energy. This 

research work is focused on the utilization of ferromagnetic NWs that act as elongated 

single domain particles and have very high shape anisotropy. This led to a material that 

has pronounced hysteresis and can be engineered to have significant permanent magnetic 

properties as discussed in details in section 3.2.2.     
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Figure 2-1: Hysteresis loops of a ferromagnetic material compared to superparamagnetic 
particles.  

 
Utilizing ferromagnetic materials (permanent magnetic materials in particular) in 

sensors and microsystems can provide a wide range of advantages such as low power 

consumption, remote and contactless operation. However, the rigidity, bulkiness and 

machining complexity of these magnetic materials prevent the realization of 

microstructures, responsive sensors or elastic actuators. Magnetic and highly elastic 

nanocomposite materials have great potential to overcome these drawbacks. 

Polymer nanocomposites have been widely investigated for their potential 

applications in sensors and microsystems. They have attracted considerable attention as 

they combine the advantages of polymers such as flexibility, durability, efficient 

Mr/Ms Hc 

Ferromagnetic  

Superparamagnetic 



32 
 

processing, chemical resistance and biocompatibility, with the different chemical or 

physical properties of the additives. This mixture results in materials with distinct 

features and improved functionality compared to the original constituents. It was realized 

as early as 1856 that additives to polymers change the characteristics of the polymers [2]. 

In recent years, polymer nanocomposites were developed for the use in sensing 

applications to achieve tailored material properties [3]. Microsystems based on magnetic 

polymers have been introduced that offered the ability of contactless operation, remote 

control over large distances and large magnetization under the influence of an external 

magnetic field [4-9]. The theoretical prediction has shown a possibility of fabricating 

organic polymers that have magnetic characteristics [10]. However, most organic 

compounds have shown weak opposing magnetic behavior [11], making these polymers 

not ideal for microsystems that depend on magnetic forces or utilize magnetic actuation. 

Magnetic nanocomposites have been introduced for utilization in microsystem 

applications using different materials and fabrication methodologies. The incorporation 

of magnetic materials such as Ni, Fe or Fe3O4 into polymers results in forming 

nanocomposites that benefit from the magnetic properties of the additives (typically 

particles) and the elasticity of the polymers. Magnetic nanocomposites have been realized 

for different applications especially for microfluidics such as micro-pumps, micro-valves, 

and cell sorting for contamination free and contactless operation [4-7]. 

Superparamagnetic particles have the advantage of easy dispersion in the nanocomposites 

due to the absence of magnetization at remanence unless an external magnetic field is 

applied, and they have been utilized for numerous applications [12-19]. However, 
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applying a strong magnetic field to benefit from the high magnetic moment is not feasible 

for portable, fully-integrated and low-cost sensors.  

Ferromagnetic materials have attracted considerable attention for many 

applications due to many unique properties including their remanent magnetization which 

determines the amplitude of the permanent magnetization of a material, and the coercive 

field, which is a measure of the material's resistance to demagnetization. Different 

techniques can be used to integrate ferromagnetic materials into sensing elements such as 

thin film sputtering or electroplating, and incorporating ferromagnetic particles in 

polymer nanocomposites. Ferromagnetic thin films have disadvantages in sensing 

applications such as rigidity and restrictions in controlling the magnetic anisotropy. 

Ferromagnetic powders consist of microscale particles with non-uniform dimensions, and 

they are typically prepared from commercially available permanent magnets. These 

particles do not have high remanence magnetization compared to the original permanent 

magnet due to the high demagnetizing field in different directions. The remanence 

magnetization of spherical ferromagnetic particles reduces as the diameter of the particles 

decrease [20, 21]. On the other hand, incorporating large spherical particles in the 

polymer can affect the mechanical properties of the polymeric nanocomposite. 

In this dissertation, a novel permanent magnetic nanocomposite is introduced that 

utilize ferromagnetic nanowires (NWs) and benefits from the well-defined shape 

anisotropy with relatively high remanent magnetization, eliminating the need to apply an 

external magnetic field to magnetize the NWs. Incorporating NWs in polymers results in 

achieving a permanent magnetic nanocomposite with distinct features and reinforced 

mechanical behavior [22]. Also, aligning the NWs in the nanocomposite during the 
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fabrication process defines the anisotropy in the nanocomposite and determines the 

direction of the permanent magnetism in the fabricated structures, as discussed in section 

3.6. Moreover, the high coercive field of the ferromagnetic NWs enhances the permanent 

magnetic behavior making them hard to demagnetize.   

 

2.2 Introduction to Natural Cilia  

For many years, nature has been a source of inspiration for engineers and a myriad of 

structures and materials have been mimicked to achieve outstanding sensing performance 

with extreme reliability and robustness. One structure used more commonly in nature are 

“cilia” which have been studied since the 19th century. The earliest investigation was 

done by Valentin and Purkinje and reviewed by Teich et al. [23]. Cilia are micro-scale, 

hair-like receptors that exist in nature in many forms. Two types of cilia can be found in 

nature: motile and non-motile.  

Motile cilia are typically distributed on the surface of the cell with large numbers 

and move in coordinated wavy motion [24]. An example in human is the cilia projecting 

from respiratory epithelium in the lungs that sweep mucus and dirt out of the lungs 

(Figure 2-2) [25].  

Non-motile cilia are found in almost every cell in the body. These cilia were first 

discovered in 1898, but only around the 1990s, scientists had sufficient understanding of 

the cilia’s important role in nature. The findings show the cilia capabilities for sensing, 

signal transduction as well as other functions like cell growth [26]. In the sensory organs, 

for example, we can find specialized cilia human eyes connecting the outer part of the rod 

photoreceptor cell to the cell body [27]. Also, non-motile cilia can be found in other 
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creatures as the sensing receptors on insect legs (Figure 2-3) to detect touch and vibration 

[28], mechanosensorial  cerci of crickets [29, 30], hair receptors in fish [31], the cilia in 

the gut of marine worms [32], or the cochlea in the inner ear [33]. Taking fish as an 

example, the hair cells assist in performing a variety of functions such as preying or 

avoiding danger. When the cilia are exposed to a change in the fluid flow, they bend and 

transmit a signal to the organism. This signal is then translated into a specific function.  

          
Figure 2-2: a) Illustration of the function, and (b) SEM micrograph of the cilia projecting 

from respiratory epithelium in the lungs. 
 

     

Force

Neuron
Stimulated

Cilia
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Figure 2-3: Illustration of the mechanosensorial non-motile cilia found in spiders. 

 

(a) (b) 

https://upload.wikimedia.org/wikipedia/commons/b/ba/Blausen_0766_RespiratoryEpithelium.png
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2.3 Artificial Cilia Devices and Sensors 

Artificial cilia devices have been developed to mimic the extremely sensitive 

mechanosensorial cilia receptors found in nature. They enable transferring of various 

mechanical forces and provide exquisite sensing performance, mainly due to the high 

aspect ratio and high surface area to volume ratio, which ensures strong interaction with 

the environment. Hair-like structures have been researched extensively to achieve a 

variety of functions and many attractive features including: cell mechanics study [34, 35], 

liquid motion and microfluidic propulsion [8, 36], flow sensing [37], pressure and gas 

sensing [38]. In this section, few unique examples of artificial cilia devices and sensors 

are visited and discussed. 

Polymeric artificial cilia on a magnetic sensor have been presented previously 

[39]. Polypyrole cilia have been fabricated on top of GMR sensors and were tagged with 

a 300 nm Co50Fe50 by sputter deposition (Figure 2-4). The sensor was tested by agitating 

at different frequencies and measuring the response due to cilia bending. The proposed 

design suffers from several issues such as the easy corrosion of the magnetic tagging, the 

toxicity of Co, the low stray field expected from the magnetic tagging, and the non-

uniform tagging that lead to having cilia with different magnetic and mechanical 

properties. 
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Figure 2-4: (a) Sensing concept and testing setup. (b) Cross-sectional image of the cilia 
array coated with a 300 nm CoFe tagging. The scale bar corresponds to 500 nm. 

(Reproduced by permission [39]). 
 

Drotlef et al., [40] reported arrays of PDMS pillars containing NdFeB particles as a 

bioinspired reversible adhesion surface. The magnetic pillars are designed to have an 

adhesive surface, and experience bending in response to an external attraction magnetic 

force. The change in surface topography by bending the pillars through magnetic 

actuation, allowed modifying the surface properties between adhesive and non-adhesive. 

Despite the disadvantage of requiring a strong magnetic field to actuate the surface which 

is not attractive for portable and power efficient systems, the concept operates in dry and 

wet conditions and shows the potential to develop large areas of smart surfaces with 

modifiable properties.  

The bioinspired cilia concept has been utilized to realize an acoustic flow sensor, 

fabricated using micro-electro-mechanical systems (MEMS) technology [29]. The micro-

sensors array shown in Figure 2-5 is fabricated using SU-8 polymer cilia up to 1 mm long 

mounted on suspended membranes. The acoustic flow was measured by capacitance 

change read-out through electrodes on the membrane and the substrate. A drawback of 
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the reported system is the complex and costly fabrication process in addition to the 

fragility of the membrane.  

           

Figure 2-5: (a) Scanning electron microscopy image of array of sensory hairs. (b) SU-8 
hair structure. (Adapted from reference [29]). 

 

PDMS cilia structures (microposts) were developed by Sniadecki et al., [41] to 

apply force to living cells. The concept utilizes the fact that cells respond to mechanical 

forces. The cellular response to forces applied via magnetic cilia array was studied where 

each cilium acts as an independent sensor to cellular traction forces (Figure 2-6). The 

study of the designed system about dynamic and biological forces on attached cells 

demonstrated the potential of cilia based systems to explore this interaction.  

  
Figure 2-6: (a) External force is applied to the cell through PDMS cilia (microposts) with 

Co NWs. Cilia bend  under  the  influence  of  an external magnetic  field.  (a) 
Immunofluorescent  micrograph  showing  changes in traction forces in cells after force 

application. (Adapted from reference [41]). 

(a) 

(b) 

(a) (b) 
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2.4 Tactile Sensors and Artificial Skins 

Evolutions in areas like robotics, prosthetics, and biomedical sensing are demanding the 

development of sensors with increased perception of the environment such as touch, 

vibration, and air flow [42-55]. Noticeable progress in the field of artificial skins led to 

the development of different technologies that can mimic the complex sense of touch in 

humans for better interaction with the surrounding environment. These skins are also 

important for applications like real-time health monitoring systems and smart surgical 

tools. Tactile sensors are the essential components in the artificial skin development that 

attracted considerable attention. Sensors with multisensory capabilities have been 

researched extensively and many physical principles have been exploited for the 

development of sensing elements such as tactile or flow sensors to achieve devices that 

are portable, have a high sensitivity and low power consumption. Tactile sensors with 

different sensing mechanisms have been introduced such as resistive, piezoelectric and 

capacitive sensing [42-53]. However, several major technical challenges remain in 

current tactile sensing research including low sensitivity and high power consumption in 

addition to the susceptibility to environmental noise. Magnetic sensing has the potential 

to lead another trend in the development of artificial skins for its outstanding advantages 

including the possibility of contactless and low power operation.  

A tactile sensing mechanism introduced by Gong et al. [56] (Figure 2-7), is based 

on the resistivity of a gold NWs nanocomposite that has shown a high resolution of 13 Pa 

with a sensing range up to 50 kPa. It has the ability to detect bending, torsion and 

pressing with a power consumption of 30 µW. Other resistive tactile sensors developed 

by Zhu et al. were made from a microstructured graphene/PDMS nanocomposite 
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showing an ultra-high sensitivity of 1.5 Pa with a sensing range  up to 1.5 kPa [57]. The 

sensors can detect vertical pressure and provide a very fast dynamic response of 0.2 ms. 

A piezoresistive tactile sensor was proposed by Yilmazoglu et al. [58]. It uses carbon 

nanotubes, has a resolution of 32 mN and operates with power consumption of 1.9 µW. 

Different capacitive tactile sensors have been presented in literature such as the 

capacitive sensor with microstructures rubber dielectric proposed by Mannsfeld et al. that 

can detect a low pressure of 3 Pa and operates up to 7 kPa [44].  

 

Figure 2-7: (a) Illustrations of resistive tactile sensor based on gold NWs proposed 
by Gong et al. (b) The sensor bendability of the sensor. (c) SEM image of the gold NWs 

morphology with coated tissue fibers  showing scale bar of 100 µm. (Figure adapted from 
reference [56]).  

 
Tactile sensors that utilize artificial cilia design with various sensing concepts have 

been previously investigated [39, 43, 53]. A highly skin-conformal strain-gauge artificial 
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cilia sensor has been developed by Pang et al. that can detect pressures, shear and torsion 

(Figure 2-8) [43]. The sensor is based on two interlocked arrays of platinum coated 

polymeric artificial cilia (nanofibers) mounted on thin PDMS layers. The sensing 

mechanism is based on the change of the degree of interconnection and in electrical 

resistance upon the application of different stimuli. It has been shown that the sensor can 

be used to monitor heartbeats or even a bouncing water droplet on a hydrophobic surface. 

A cilia capacitive sensor (Figure 2-9) by Pang et al. has shown outstanding performance 

for pulse signal amplification and a high potential for wearable health monitoring systems 

[53].  

 

 

Figure 2-8: (a) Illustration of the flexible artificial cilia (nanohairs) strain-gauge tactile 
sensor. (b) Image showing the flexibility of the sensor (scale bar: 1 cm). (c) SEM image 

of an array of 100 nm in diameter cilia (scale bar: 1 µm) (Adapted from [43]). 



42 
 

 

Figure 2-9: (a) Illustration of highly skin conformal pressure sensor using artificial cilia 
(microhair structures)  mounted  a  human’s  neck. b) Illustration of the several layers of the 

sensor, showing an SEM image of the pyramid-shaped PDMS dielectric layer. The 
microhair-structured layer improves conformal contacts with skin (Adapted from [53]). 

 
 

Despite this rapid development in tactile sensing technology, there are still many 

challenges that need to be addressed. It is especially challenging to combine a high 

resolution with a low power consumption while maintaining multi-functionality (sensing 

of  flow,  vibration,  touch,  .…).  The  ability  to  operate  in  different  media  such  as  water  and  

air has not been shown at all yet, but will be required for practical reasons. 

The sensing principle and metrological properties of different tactile sensors from 

literature are summarized in Table 2-2 and compared to the work conducted in this 

dissertation. 
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[56] 

[43]/[58]/[57]/[59]/[60]/[61] 

[62]/[44]/[49]/[29]/[63]/[64]/[39]/[65]/[66]/[67] 

 

Table 2-2: Sensing principle, microfabrication process, design, applications and 

metrological properties of different tactile sensors 
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3 MAGNETIC NANOCOMPOSITE CILIA 
SENSORS 

 
3.1 Concept  

Highly elastic and permanent magnetic nanocomposite artificial cilia are implemented on 

a high sensitivity thin-film magnetic field sensor. Artificial cilia are ideal for tactile 

sensing to mimic the extremely sensitive mechanosensorial hair-like cilia receptors found 

in insects for touch and vibration sensing. They enable transferring of various mechanical 

forces and provide exquisite sensing performance, mainly due to the high aspect ratio and 

high surface area to volume ratio, which ensures strong interaction with the environment.  

A stray field is created by the permanent magnetic Fe NWs in the nanocomposite cilia. 

This stray field can be detected using the integrated magnetic sensor, providing a 

magnetic field bias and changing its initial impedance. The operating principle of the cilia 

sensor is based on detecting the change of the stray field underneath the cilia when 

deflected by an external force such as vibration, fluid flow or hand touch (Figure 3-1). 

The robustness, high elasticity, and corrosion resistance of the proposed system allow the 

realization of different applications with great performance and sensitivity to small 

exerted forces. The operating range and sensitivity of the proposed system can be easily 

optimized by changing the cilia arrangement (e.g. single cilia or array), dimensions of the 

cilia, or the NWs concentration in the nanocomposite. 
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Figure 3-1: (a) Illustration of the nanocomposite cilia tactile sensor. The sensor is made 
of permanent magnetic nanocomposite cilia integrated on a magnetic sensor that mimics 

the neuron in natural cilia. (b) When the cilia get deflected by external forces such as 
fluid flow or hand touch, the stray field at the magnetic sensor changes, which also 

changes its impedance. 
 
 

3.2 Permanent Magnetic Nanocomposite Design and Synthesis 

3.2.1 Polymer Selection 

Polydimethylsiloxane (PDMS) was selected as the polymeric material of the 

nanocomposite. PDMS is a commercially available silicone rubber with a wide range of 

applications. It is a mineral-organic polymer that contains carbon and silicon, and it is 

from the siloxane family that has silicon, oxygen and alkane. Apart from it applications in 

microsystems and microfluidics, PDMS is biocompatible and used as a food additive 

(E900), in shampoos, and as an anti-foaming agent in beverages or in lubricating oils. 
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The PDMS chemical formula is CH3[Si(CH3)2O]nSi(CH3)3, where   “n” is the 

number of repeated monomers (Figure 3-2). Depending on the monomers chain, at low 

“n”   values   the non-cross-linked PDMS is almost liquid,   while   at   high   “n” PDMS 

becomes semi-solid. This viscoelasticity behavior that allows obtaining a flexible 

polymer is due to the siloxane bonds. Solid PDMS is prepared from a base solution and a 

curing agent with typically a 10:1 ratio. By changing the base solution to curing agent 

ratio, a significant change in the properties of the cured PDMS is expected. By increasing 

the amount of curing solution, the mixture becomes less viscous because it is the average 

of the base solution viscosity (0.0050 m2/s) and the curing solution viscosity (0.0011 

m2/s) [68]. Moreover, increasing the amount of curing solution results in more cross-

linked elastomer that is harder and less elastic [69]. PDMS can cure completely at room 

temperature in 24-48 hours. Heating is typically used to accelerate the cross-linking 

reaction and greatly reduce the curing time without affecting the quality of the resulting 

PDMS [70]. After cross-linking, PDMS becomes a hydrophobic elastomer. 

 

Figure 3-2: PDMS chemical composition. 

PDMS has a non-toxic nature and is known as a material with a good chemical 

resistance that can withstand most chemicals with low chemical reactivity (except at 

extremes pH values). PDMS does not get deformed or affected by water, glycerol, 
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methanol or ethanol. Hence, it is possible to use these fluids with PDMS microstructures 

without worrying of deformation. However, PDMS swells at different degrees when 

interacting with chloroform, ether, acetone or propanol. 

Some physical and chemical advantages of PDMS compared to other polymers 

are: low glass transition temperature (≈−125  ◦C), unique flexibility where it is the most 

flexible polymer with a shear modulus, high dielectric strength, high ability to compress 

and stretch, and wide operating temperature  range  (from  −100  ◦C  and up  to  +100  ◦C) [71-

73]. 

 

3.2.2 Permanent Magnetic Material Selection 

Toward the effort of providing permanent magnetics materials for miniaturized systems, 

magnets made of elongated single domain particles have been introduced in the 1960s 

[74-76]. Ferromagnetic NWs, acting as elongated single domain particles, have been 

investigated recently through micro-magnetic simulations and experimental studies [77]. 

The permanent magnetic behavior of a ferromagnetic material can be governed by several 

types of anisotropy energies that can behave differently in different magnetic materials. 

The total energy Etot in a magnetic material can be expressed as: 

dcaeaHextot EEEEEE  ,     3-1 

where Eex is the exchange energy related to the spin interaction of atoms. EH is called 

Zeeman energy which is a magnetic potential energy from a magnetization induced 

externally. Eea is the magnetoelastic energy. Magnetoelastic anisotropy occurs when there 

is elastic strain on the lattice structure of the material, and the easy-axis is typically the 

direction of magnetization that minimizes the strain energy. Eca is the energy associated 
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with the crystalline anisotropy where   the   material’s   crystal   lattice   structure   induces  

energetically and magnetically preferred directions in which the energy required to 

magnetize the material are unequal. Ed is the magnetostatic or demagnetization energy 

which is related to the material’s   shape [78]. Shape anisotropy occurs in magnetic 

materials with a dimension much larger than the other dimensions (i.e. high aspect ratio 

NWs with easy-axis in the direction of the NWs length). This dimension inequality 

causes the magnetic moment to align with the direction of the large dimension, minimizes 

the demagnetizing field inside the material, HD, and obtain high remanence magnetization 

Mr.  The demagnetization field reflects the tendency to reduce the total magnetic moment 

and demagnetize the material, given by [78] 

MNH dD       3-2 

where Nd is a shape-dependent demagnetizing factor. The field outside the materials is 

called stray field (Hstray) and it is generated by the magnetization in the NWs. HD has the 

same amplitude as Hstray but directs opposite to M [79, 80]. Ellipsoidal shape magnetic 

materials with uniform magnetization in the entire sample have demagnetization energy 

Ed of: 

2
02

1 MsNE dd        3-3 

The general magnetic response of a material is determined by the combination of 

these energy terms Etot with the unit J/m3, and typically one or few terms dominate the 

rest of the energy terms. In the case of high aspect ratio NWs, the magnetic properties can 

be exploited by discussing magnetocrystalline anisotropy and shape anisotropy, where 

the latter is the dominant term.  
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The magnetic behavior of the NWs can be approximated using the Stoner-

Wohlfarth model. The Stoner-Wohlfarth model allows investigating the magnetization 

reversal and properties of the hysteresis loop of single domain particles. For a single 

isolated NW, as illustrated in Figure 3-3b, the hysteresis loop is rectangular in shape with 

applied field along the easy axis (length of NW). The loop has a remanence to saturation 

magnetization ratio Mr/Ms of one with an infinite slope at the coercive field Hc [81]. This 

is due to the high shape anisotropy in NWs [82]. The sharp transitions between 

magnetization states indicate the single domain nature of the NWs [81]. When NWs are 

close to each other in a configuration similar to NWs in AAO membrane or in the 

nanocomposite, magnetostatic interactions occur between the neighboring NWs. This 

interaction changes the shape of the easy access hysteresis loop to be less squared due to 

the demagnetization field Hd (Figure 3-3c) [83]. The magnetization of NWs switches by 

first nucleating a vortex domain wall at the ends of the NWs followed by domain wall 

motion along the NW. The switching field Hsw varies with the angle between the field 

and the NWs, with maximum Hsw at the hard axis (perpendicular to the NWs) [78, 81]. 

Applying field along the easy axis of a single NW, leads to a Hsw value equal to Hc [78]. 

In the case of NWs array, these two values are different due to the demagnetization field 

Hd. When the applied field is at an angle with the NWs parallel direction and close to the 

hard axis, the shape of the loop becomes tilted and Hsw become larger than Hc.  
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NWs Easy & Hard axis

Single NW NWs Array
 

Figure 3-3: (a) Illustration of the applied magnetic field direction and the 
corresponding easy and hard axis of the NWs due to the shape anisotropy. b) A hysteresis 
loop of a single ferromagnetic NW. c) The demagnetization effect on the hysteresis loop 

of a ferromagnetic NWs array. 
 
  

In this dissertation, Fe NWs were selected as the candidate nanocomposite filler, 

and engineered to act as nanoscale permanent magnets by ensuring a single magnetic 

domain through the reduction of the diameter and increase of the aspect ratio. Due to the 

high shape anisotropy, NWs favor a single domain state with magnetization M pointing in 

the  direction  of   the  NWs’   length.  Reducing   the   aspect   ratio  by   increasing   the  diameter  

and/or reducing the length, will make the material energetically favorable to generate 

multiple magnetic domains [78]. The key advantages of single domain Fe NWs as 

permanent magnets, besides their biocompatibility [84], are the relatively high 

magnetization, the stray field, and the high shape anisotropy. This high shape anisotropy 

with up to thousands of length to diameter ratio provides a high coercivity to the material 
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making it difficult to demagnetize. Even though NWs are not competitive with the high 

performances of NdFeB alloys permanent magnets, they have the potential to be used in 

microsystems with good temperature stability of up to 250 °C unlike many rare earth 

permanent magnets that soften upon warming and lose the remanence magnetization 

when broken into small particles [85]. NWs are also interesting for their easy, cost-

effective, large scale and low-temperature fabrication that makes it easy to be produced in 

any laboratory without needing sophisticated equipment. Fe is selected among other 

commonly used ferromagnetic NWs materials reported in literature for its relatively high 

saturation magnetization (Ms) as reported in Table 3-1. High coercivity of Fe NWs is an 

important feature that allows achieving the desired permanent magnetic properties. It has 

been proven that Fe NWs in general exhibits higher coercivity than Ni or Co NWs [83, 

86-88]. Magnetic properties of Fe NWs ranging from 10-100 nm in diameter have been 

studied by a number of groups [83, 86-88], confirming the validity of the material 

selection in this dissertation and the potential of Fe NWs to act as nanoscale permanent 

magnets. Another reason for choosing Fe NWs is their high degree of biocompatibility as 

will be shown in this dissertation (section 3.3.5).  

NWs Material Ms (emu/cm3) 

Fe 1080 - 1707  

Co 1400 

Ni 480 - 485 

Table 3-1: Saturation magnetization comparison for common ferromagnetic nanowires 
materials [83, 89-91]. 
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3.2.3 Nanocomposite Synthesis 

The permanent magnetic and highly elastic nanocomposite was synthesized by mixing Fe 

NWs with certain concentration into a PDMS solution. The NWs were dispersed in 

ethanol, and then washed in Sodium dodecyl sulfate (SDS) surfactant to reduce the 

agglomeration from surface tension. PDMS (Sylgard 184 Silicone Elastomer, Dow 

Corning Corporation) was used as the polymeric matrix. After mixing the NWs with 

minimized amount of SDS with PDMS solution to form the nanocomposite, desiccation 

for 30 minutes was carried out to remove trapped bubbles and assist the evaporation for 

any remaining SDS debris. Vortexing was then conducted using mini vortex mixer 

(Fisher Scientific, model 02-215-360) for 20 minutes to improve dispersion and reduce 

aggregates and agglomeration of the NWs with the help of the SDS surfactant. The NWs 

can be aligned in the nanocomposite to the required direction using a C-shaped 

permanent magnet that can provide a uniform magnetic field of 2 kOe. The 

nanocomposite can be cast into the shape required and then placed along with the magnet 

in a desiccator for 30 minutes to remove trapped bubbles. The nanocomposite was cured 

at 90 0C for 1 hour. The concentration of NWs in the nanocomposite cilia was calculated 

in terms of NWs:PDMS volume ratio (v%): 

PDMS

NWs

v
vvPDMSNWs 100%)(:     3-4 

The NWs to PDMS volume ratio was quantified experimentally by measuring the 

saturation magnetization of a nanocomposite sample and comparing it to the saturation 

magnetization of a reference sample that contains NWs with a known volume. The 

volume of the NWs in the nanocomposite sample can then be calculated by comparing 
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the nanocomposite saturation magnetization Ms (measured in emu), to the reference 

sample saturation magnetization Ms (in emu/cm3). This comparison provides the volume 

of the NWs used in the comparison to the volume of the tested nanocomposite sample to 

obtain the NWs:PDMS volume ratio. To obtain the reference sample’s   saturation 

magnetization Ms, an AAO membrane sample was studied with electrodeposited Fe 

NWs. An SEM image is obtained for the top side of the membrane which shows that each 

pore has an average diameter of 40 nm (Figure 3-4a). By selecting an AAO membrane 

area of 0.25 µm2, 27 pores were found with total pores area of 0.034 µm2 (pore 

area/membrane area = 14%). A cross section SEM image was obtained for the AAO 

membrane with deposited Fe NWs. The image shows a variation in the NWs deposition 

length with average length of 6 µm (Figure 3-4b). The hysteresis loop of Fe NWs-filled 

AAO membrane with an area of 0.01 cm2 was obtained along the length direction of the 

NWs as shown in Figure 3-4c. The saturation magnetization was found to be 0.682 

memu. The average volume of the NWs in the reference sample was 84×10-8 cm3 

(0.14(pores ratio)×0.01 cm2
(AAO area)×(6×10-4) cm(NWs length)). The saturation magnetization of 

the reference sample was found to be 812 emu/cm3. This value is less than the 

magnetization range found in literature for bulk Fe materials (section 3.2.2). This is 

attributed to having a thin magnetite shell around the NWs that reduces the 

magnetization, in addition to the fact that average lengths and diameters were used in the 

calculation of the magnetization.  
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Figure 3-4: (a) SEM image of AAO membrane top view showing the studied area and 
the average pore diameter. (b) Cross-section image of AAO membrane showing the NWs 
length variation and the average length used in the calculation. (c) Hysteresis loop of Fe 

NWs used in the reference sample study. 
 

A high concentration of NWs in the nanocomposite is desired to increase its 

magnetization. Practically, the concentration can be maximized to a level where 

mechanical or magnetic degradation occurs to the nanocomposite. High NWs 

concentrations can lead to a stiff nanocomposite, and can significantly affect the cross-

linking of PDMS. Experiments have been carried out in Section 3.7.2 to investigate the 

effect of NWs loading on material stiffness. Increasing the NWs concentration in the 

nanocomposite is desired to increase the remanent magnetization of the nanocomposite 

for better sensing performance. Ideally, a single nanowire will have a remanent 

magnetization equivalent to the saturation magnetization, and the magnetization density 

in the nanocomposite increases linearly as the amount of NWs increases. However, when 

the NWs density increases in the nanocomposite, magnetostatic dipole interactions occurs 

between the NWs. This interaction between the neighboring NWs causes a high 

demagnetization field that reduces the nanocomposite remanent magnetization as 

discussed in sections 3.2.2 and 3.6. Due to these factors, it is essential to optimize the 
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NWs concentration in the nanocomposite to meet the requirements and avoid the side 

effects. 

3.3 Electrochemical Deposition of Fe NWs 

A traditional method to produce arrays of magnetic nanoparticles and NWs is 

nanolithography [92, 93]. However, this method is expensive and does not allow 

providing a large yield. Recently, self-assembled and naturally occurring porous media 

have been investigated as templates for NWs fabrication [94, 95]. This technique 

provides a large-area of nanopatterns with a high aspect ratio which is a difficult task for 

conventional lithography techniques. 

In this dissertation, Fe NWs were fabricated utilizing an efficient, out-of-

cleanroom and cost-effective method utilizing an attractive self-ordered nanoporous 

template method. The NWs were electrodeposited inside a porous Anodic Aluminum 

Oxide membrane (AAO) that was prepared in-house using an anodization process. 

Anodization of aluminum is an electrochemical oxidation process used for synthesizing 

ordered porous structures, consisting of a hexagonal array of uniform cylindrical 

nanopores perpendicular to the substrate surface [96-99]. The self-assembled and highly 

ordered hexagonal nanoporous AAO membranes are ideal templates for homogenous 

nanomaterials fabrication, with controllable pore size and spacing.  

3.3.1 Anodic Aluminum Oxide (AAO) Membranes Fabrication 

AAO membranes were prepared using a 99.999% high purity Al substrates that are 500 

μm   thick and 2.5 cm in diameter. The substrates were cleaned and polished before 

starting the anodization process. The cleaning was carried out to remove organic 
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contamination by dipping the Al substrates in acetone bath and performing ultra-

sonication for 5 minutes. The substrates were then washed with Isopropyl alcohol (IPA) 

and deionized (DI) water. An electro-polishing step was then conducted to remove the 

aluminum oxide layer and reduce surface roughness on the substrate prior to starting the 

electrochemical anodization processes. The step was conducted by dipping the Al 

vertically in a bath of a mixture of perchloric acid and ethanol (HClO4:C2H5OH = 1:4). 

An electrode made of a platinum mesh was used and placed perpendicular to the Al 

substrate. The process was conducted for a single Al substrate, and a constant current of 2 

A was applied between the disk and the electrode for 3 minutes resulting in a shiny and 

smooth Al surface. The electro-polishing set up is illustrated in Figure 3-5. 

- +
2 A  IDC

Pt Mesh Al Disc

Magnetic 
Stirrer

Hot Plate

Electro-polishing 
Solution

(a) (b)

 

Figure 3-5: a) Illustration for the electro-polishing set-up. b) Example of polished and 
not polished Al disc. 

 

After cleaning and polishing the Al substrate, two anodization steps were performed 

to oxidize one side of the aluminum substrate and form a porous alumina membrane. The 

properties of AAO membranes varies depending on the anodization potential, operating 
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temperature, and selection of the oxidizing agent. The pore diameter and spacing between 

the pores can be adjusted by modifying the anodization voltage and the oxidizing agent. 

For instance, oxalic acid (C2H2O4) was used for diameters between 30 nm and 70 nm, 

while phosphoric acid (H3PO4) was used for diameters larger than 100 nm. Diameters 

smaller than 30 nm can be achieved by using sulfuric acid (H2SO4). AAO membranes 

have high pores density. Typically, the pore diameters are 33% to 50% of the interpore 

spacing [97]. By using 0.3 Mol/L oxalic acid as the oxidizing agent, a temperature of -1.6 

°C and a constant anodization voltage of 40 V, the AAO membranes were optimized to 

have  20  μm  thick  porous  alumina  with  pores  diameter of 35-40 nm. 

To perform the anodization process, up to four Al substrates are mounted between a 

Teflon cell and a copper electrode where Teflon has holes to expose one surface of Al to 

oxalic acid. The other side of Al was directly in contact with copper as a counter 

electrode. The copper electrode was placed on a chiller plate to bring down the operating 

temperature of oxalic acid (C2H2O4) to -1. 6 °C by cooling it through the copper and the 

Al substrate. After waiting for about 1 hour to stabilize the temperature, the first 

anodization process was carried out for 24 hours by applying 40 V between the backside 

of Al and a platinum mesh spaced by 1 cm. The oxidizing agent covers the surface of Al 

and the platinum mesh, and it was mechanically stirred using a DC motor to ensure a 

uniform anodization process and to eliminate the formation of air bubbles near the 

substrates. By monitoring the anodization current throughout the process, the current was 

typically constant at a value between 2-3 mA/substrate. This step resulted in alumina 

membrane but with having randomly oriented pores. Figure 3-6 shows the used 

anodization cell before and after the assembling procedures. The fabrication cell is made 
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of Teflon due to its great chemical resistance. The experimental set up for the anodization 

process is shown in Figure 3-7. 

    

Figure 3-6: Image of the 4-disc anodization cell (a) before, and (b) after assembling. 

 

       

Figure 3-7: Experimental set up for the anodization process 

After the first anodization, oxalic acid was removed, and the samples were washed 

without disassembling the Teflon cell. The random porous alumina membrane was then 

etched away using an alumina etchant (chrome solution (mixture of CrO3 and H3PO4)) as 

described in Table 3-2. Etching usually takes 24 hours at room temperature but can be 

reduced to 12 hours by heating the chrome solution to 40 °C using a hotplate to help 

enhancing the reaction. After etching the alumina, ordered indentations were present on 

(a) (b) 

Platinum mesh Al disks Teflon cell Electrode 

Source Meter 
Controller 
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the Al surface that were utilized to grow a more uniform highly ordered hexagonal 

nanopores through the second anodization step.  

The Al substrates were then washed with DI water, and oxalic acid was placed 

again in the cell along with the platinum mesh and the stirrer to perform the second 

anodization process. Utilizing the uniform indentations resulted from the first anodization 

process, highly oriented hexagonal pores were obtained. This second anodization process 

was carried out for 10 hours using the same parameters used in the first anodization step. 

AAO membranes of 35-40 nm pore diameter and 20   μm   thick were obtained. The 

resulted cylindrical pores have an alumina barrier layer at the bottom. To open an 

interface between the electrodeposition solution and the bottom electrode, cracks 

formation and barrier reduction step was performed that takes one hour. This process is 

referred to as the dendrites formation step: an anodization-like process with few 

modifications. In this process, an anodization step with fixed current (instead of constant 

voltage) is carried out that increases the ratio of the barrier reduction to the oxide 

formation rate. The anodization voltage reduces from 40 V until it reaches a low value of 

about 6 V. As the anodization voltage keeps decreasing, the barrier gets thinner and 

forms cracks that allow charge transfer [98]. Illustrations of the AAO fabrication process 

is shown in Figure 3-8. Figure 3-9 shows a top-view and cross-section of scanning 

electron microscopy (SEM) image of the AAO membrane after the second anodization. 

SEM is the most electron microscopy imaging technique that can provide microstructural 

and surface morphology analyses with nanoscale resolution. In this dissertation, SEM 

analysis is carried out using FEI Quanta 200 and Quanta 3D SEM.  
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1) Al Substrate 2) 1st Anodization 3) Alumina etch

4) 2nd Anodization 5) Barrier reduction 6) NWs Electrodeposition 7) NWs Release

 

     

1) Al Substrate 2) 1st Anodization 3) Alumina etch

4) 2nd Anodization 5) Barrier reduction 6) NWs Electrodeposition 7) NWs Release

 

Figure 3-8: Schematic drawings of AAO fabrication process. 
 

      

Figure 3-9: (a) SEM image of AAO membrane after the second anodization. (b) SEM 
cross-section image of the AAO membrane showing the formed dendrites. 

  

3.3.2 Electrodeposition Technique 

Electrodeposition is an electrochemical process for metallic materials deposition through 

the chemical reduction of metal ions from an aqueous electrolyte. A chemical reaction 

occurs between metal ions dissolved in aqueous solution and electrons provided by an 

(a) 

(b) 2 µm 
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external power source through a metallic electrode contacted directly to the solution. 

Deposition typically occurs at the interface of charged particles and the metallic electrode 

(i.e. Al substrate) [100]. The basic components for the electrodeposition setup include 

electrodes (cathode and anode), and electrodeposition solution as shown in Figure 3-10.  
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Figure 3-10: Illustration of the basic electrodeposition process of metals from an aqueous 
solution. 

 

Two common techniques can be used to electrodeposit Fe NWs: DC deposition 

[101], and pulsed deposition [94, 97]. In this dissertation, electrodeposition of NWs into 

AAO membranes was conducted using pulsed deposition method that requires a 

deposition electrolyte solution containing metal ions of Fe, as discussed earlier. Pulsed 

electrodeposition takes place at the barrier between the alumina membrane and Al 

substrate, and pulses are applied directly to the aluminum side of the AAO membrane. A 

better deposition process and improved NWs quality and homogeneity are obtained by 
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the barrier reduction and dendrites formation process described in section 3.3.1, which 

lead to a lower potential required for electrons tunneling through the barrier. A specific 

pattern is used for the pulsed deposition to ensure a successful deposition process and 

uniform filling of the pores [94, 97]. A negative pulse is first applied to force the metal 

ions to settle to the bottom of the pores. A short positive pulse is followed to discharge 

the barrier layer. A delay time between successive deposition pulses is considered to give 

metal ions sufficient recovery time. The pulses are then repeated for the required 

duration, and deposition rate of Fe NWs can be calculated with respect to time and with 

respect to the pattern of the pulse. 

NWs  grow  according  to  Faraday’s  law  of  electrolysis   [98, 102, 103]. The law can 

be summarized by the following equation:  

𝑚=(𝑄/𝐹c) (𝑀𝑊/𝑛)    3-5 

where 𝑚 is the mass of the electrodeposited material, 𝑄 is the total electric charge passed 

through the material, 𝐹c is Faraday constant which is equal to 96485 C mol-1, 𝑀𝑊 is the 

molecular weight of the material and 𝑛 is the number electrons transferred per ion.  

The setup for Fe NWs electrodeposition inside the AAO membrane is similar to the 

setup of anodization process where a Teflon cell with bottom copper electrode, and a 

platinum mesh are used. In the electrodeposition process, one AAO membrane only was 

used in each cell. Pulsed electrodeposition was used at room temperature, and nitrogen 

purging was continuously applied to the electrodeposition solution to prevent solution 

oxidization. The Fe electrodeposition bath was composed of 45 g/L iron sulfate Fe2SO4, 

30 g/L boric acid H3BO3 and 1 g/L ascorbic acid C6H8O6. The pulse pattern of Fe NWs 

uses negative pulses with a current density limit of -60 mA/cm2, deposition pulses of -40 
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V in amplitude, and 8 ms pulse duration. In order to obtain a homogenous deposition, the 

pulse patterns are separated by 2 ms and 3 V short positive polarization pulses with a 

current density limit of -60 mA/cm2, followed by 0.7 s resting pulses of to refresh the ion 

concentrations. This process resulted in a deposition rate  of  1.5  μm/hour.  Fe  NWs  in  this  

dissertation were selected to be 6 µm long and 35 nm in diameter. Figure 3-11 shows 

schematics for the experimental set up for pulsed electrodeposition inside AAO 

membrane, with showing the pulse pattern.  
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Figure 3-11: Illustration of the pulsed electrodeposition, showing the pattern of the 

pulses (adapted from [98]). 

 

3.3.3 Nanowires Releasing Process  

After fabricating the NWs inside the AAO membrane with the desired length, they can be 

released by dissolving the AAO membrane with a selective chemical etchant. After 

placing the sample in an Eppendorf tube, a tube holder with a permanent magnet in the 

side was used to attract the NWs after the release. NaOH is used for 1 hour at room 

temperature that dissolves part of the alumina membrane and peels it off the Al substrate. 
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The de-attached Al was removed from the tube, the remaining AAO membrane with the 

NWs was washed from NaOH using DI water and replaced with chrome solution to 

conduct a second etching step that allows dissolving alumina completely. The Eppendorf 

tube with the NWs and chrome solution was placed in a water path placed on a hot plate 

with a thermocouple to ensure the operation at 40 oC. Etching was performed for 24 

hours in chrome solution with constant agitation. After the NWs release process, they 

were washed with several ethanol cleaning steps to remove contaminations and chemical 

debris from the released NWs. The NWs were then washed and kept in Ethanol. The 

complete NWs fabrication process is shown in Figure 3-12. The fabricated NWs in the 

AAO membrane and after the release process are shown in Figure 3-13. The chemical 

solutions used during the fabrication of AAO membranes and Fe NWs are listed in Table 

3-2. 

 

1) Al Substrate 2) 1st Anodization 3) Alumina etch

4) 2nd Anodization 5) Barrier reduction 6) NWs Electrodeposition 7) NWs Release

 

Figure 3-12: Illustrations of the NWs fabrication process. 
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Figure 3-13: (a) Optical image of AAO membrane with deposited Fe NWs. (b) Released 
Fe NWs and dispersed in ethanol. (c) Scanning electron microscopy image of 6 µm long 

and 35 nm in diameter Fe NWs.  

 

Function Solution Formula Preparation 

Electro-polishing 
Perchloric acid 

Ethanol 

HClO4 

C2H5OH 

25 ml of 70% HClO4 into 75 ml 

of C2H5OH 

Anodization Oxalic acid C2H2O4 
3.78 g of 99.5% C2H2O4 into 

100 ml of DI water 

Alumina Etching 

(Chrome Solution) 

Chromium(VI) oxide 

Phosphoric acid 

CrO3 

H3PO4 

1.8 g of CrO3 and 5.76 g of 

85% H3PO4 in 100 ml DI water  

Fe NWs 

Electrodeposition 

Iron Sulfate 

Boric Acid 

Ascorbic Acid 

Fe2SO4 

H3BO3 

C6H8O6 

Mixture of 45 g/L Fe2SO4, 30 

g/L H3BO3 and 1 g/L C6H8O6 in 

100 ml DI water 

Table 3-2: Chemical solutions used for the fabrication of AAO membranes and Fe NWs 
electrodeposition. 

 

Figure 3-14 shows the transmission electron microscopy (TEM) image of several 

polycrystalline Fe NWs with grain size in the range of tens of nanometers. TEM is a 

(b) (c) 
(a) 
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famous electron microscopy technique that has several modes of operation. The selected 

area diffraction (SAED) pattern, shown in the inset, identifies the bcc phase of Fe. 

 
Figure 3-14: Bright field transmission electron microscopy image and selected area 

diffraction pattern of as-fabricated polycrystalline Fe NWs.  

 

3.3.4 Nanowires Topography and Magnetic Characterization  

The fabricated Fe NWs were studied with atomic force microscopy (AFM) to observe 

their topography. AFM is a physical microscopy technique that uses a sharp probe to 

determine the sample topography. In this dissertation, AFM is utilized for high-resolution 

topography imaging for individual NWs as shown in Figure 3-15a. 

Magnetic force microscopy (MFM) was used to study the magnetic properties of 

individual NWs and confirm the single domain state. The MFM system is similar to AFM 

with using a magnetic-tip probe instead of the regular probe. MFM measures 

magnetostatic forces between the tip and the magnetic sample upon scanning at a 

constant height. The tip exhibits repulsive or attractive forces, changing the resonance 

properties of the cantilever that holds the tip. The MFM image is then constructed by 
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mapping these forces [104]. MFM images were recorded in lift-off mode (100-nm 

distance) with an MFP-3D-Bio from Asylum Research scanning probe microscope using 

standard atomic force microscopy nano-sensor probes with a Co-Cr magnetic coating on 

a Si tip. A single NW was selected using a scanning electron microscopy and its position 

was marked with a focused ion beam. MFM measurements were done in the remanent 

state  after  applying  magnetic  fields  parallel   to   the  NW’s  axis  using  a  variable  magnetic  

field module (±5kOe). 

A NW was first saturated under a field applied parallel to its axis and then 

scanned at remanence. Afterward, the applied field was reversed in steps of 20 Oe. After 

each step, the field was removed to avoid any effects caused by the stray field from the 

magnetic tip, and a scan was conducted. The coercivity is defined as the field at which 

the MFM contrast of the NW is reversed. At remanence, the black and white points at the 

ends of the NW are caused by strong magnetic stray fields and confirm the single domain 

magnetic  state  with  the  magnetization  along  the  NW’s  axis  for  both  polycrystalline  NWs  

(Figure 3-15b,c). The MFM contrasts found along the polycrystalline NW are due to 

stray fields originating from local defects of the NW shape. After saturating the NWs in 

the opposite direction, the MFM contrast at remanence appears reversed, indicating a 

change of the magnetization direction. Magnetization reversal from one saturation state to 

the opposite one occurs at around the coercive fields (Figure 3-27). This magnetization 

reversal mechanism is in agreement with previously reported micro-magnetic 

simulations, showing a reversal process by switching of the magnetization direction at the 

coercive field via vortex domain wall propagation [105].  
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Figure 3-15: (a) AFM image of polycrystalline Fe NW topography; (b) and (c), are 
MFM images at remanence after saturation in opposite directions. The drawings 

schematically show the direction of the NW magnetization.  
 

3.3.5 Nanowires Biocompatibility Study 

Fe and Fe3O4 are most suitable NW materials for biomedical applications, because of 

their low-toxicity and biocompatibility [106-109]. The biocompatibility of Fe NWs along 

with oxidized NWs (Fe3O4) discussed in section 3.9.1 are assessed using the MTT (3-(4, 

5-dimethylthiazol-2yl)-2, 5-diphenyl tetrazolium bromide) assay. This assay measures the 

cell metabolic activity, hence, it is a good indicator of cell health and viability. The assay 

is used to assess the cytotoxicity of the Fe and Fe3O4 NWs. HCT 116 colon carcinoma 

epithelial   cells   (ATCC®   CCL247TM)   are   cultured   in  McCoy’s   5A  modified   medium  

(Gibco®), supplemented with 10% fetal bovine serum (Gibco®) and L-glutamine, and 

grown in a 37 ⁰C humidified incubator with 5% CO2. Upon reaching 80% confluence, 

cells are detached from the culture flasks with 0.25% trypsin-EDTA and counted using 

trypan blue staining. The cells are cultured in 96-well plates and after 24 hours of 

stabilization, they are treated with the NWs at different NW-to-cell ratios (number of 

NWs per cell in the culture at the time of treatment). After the desired incubation times, 
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the cell medium is discarded and replaced with 10% MTT solution —5 mg/mL in 

phosphate buffered saline — in  McCoy’s  medium.  The  cells are incubated for two hours; 

then the medium is discarded and replaced with 90% dimethyl sulfoxide – 10% sodium 

dodecyl sulfate lysis buffer to dissolve the MTT reduction products. The cell viability is 

evaluated through optical density with a microplate reader (XMarkTM, Bio-Rad) using a 

wavelength of 570 nm and a background wavelength of 630 nm. 

Figure 3-16 shows the cell viability of HCT 116 cells incubated with three 

concentrations of Fe and Fe3O4 NWs for 24, 48 and 72 hours. Fe3O4 NWs appear to be 

slightly more biocompatible than pure Fe NWs. There was no statistically significant 

decrease in cell viability for most of the conditions tested for the two NW materials. Only 

at the highest concentrations and incubation times a significant drop in cell viability was 

observed for Fe NWs. In general, these results show that both Fe and Fe3O4 NWs possess 

a good biocompatibility and are not cytotoxic to the model cell line used. 

 

Figure 3-16: MTT assay for the assessment of the viability of HCT 116 cells incubated 
with Fe and Fe3O4 NWs for 24, 48 and 72 hours. The concentrations on the x-axis denote 
the NW-to-cell ratio. The data represent mean ± range, the number of replicas was n=3.  
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3.4 Mathematical Model of Cilia Force Deflection 

The bending motion of artificial cilia can be described by the Euler–Bernoulli beam 

theory (classical beam theory), in which bending is quantified with neglecting the shear 

deformation of the beam [110]. Using the displacement-force relationship of an elastic 

cylindrical beam as illustrated in Figure 3-17a, the value of beam displacement δ can be 

expressed for a point load PL applied at the free end of a beam with length l, Young’s 

modulus E, and centroidal area moment of inertia I as shown in Eq. 3-6 (Figure 3-17b). 

In the case of a uniformly distributed load along the length of the beam q, the deflection 

can be as represented as in Eq. 3-7 (Figure 3-17c) [111, 112]. 
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Moment of inertia I is calculated with respect to the axis which passes through the 

centroid of the cross-section and which is perpendicular to the applied loading. Explicitly, 

for a beam whose axis is oriented along z-axis with a loading along x-axis and y-axis 

[111]. The centroidal area moment of inertia is calculated as: 
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In the case of a cantilever beam with circular cross section and diameter D, we find: 
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A point load is more relevant to the mechanism of the cilia sensor reported in this 

dissertation, hence, by combining Eq. 3-6 and Eq. 3-9 the deflection of a cilium with an 

applied force F that has x and y components can be computed:  
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Figure 3-17: (a) Illustration for the deflection of a cantilever beam subjected to (b) a 
point load, or (c) a uniformly distributed load.   

 

3.5 Cilia Fabrication Using Master Mold Techniques 

3.5.1 General Fabrication Process 

The nanocomposite cilia were fabricated using a master mold technique where the mold 

has an array of holes with a diameter corresponding to the cilia diameter, and mold 

thickness corresponding to the cilia length. Two types of molds were utilized: (i) cost 
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effective and simple-to-fabricate polymer molds for cilia with diameters larger than 100 

μm,  and  (ii)  silicon  molds  for  smaller  diameters  with  a  maximum  cilia  length  of  500  μm.  

The NWs-PDMS nanocomposite was used with different NWs to PDMS volume ratios to 

meet the needs of specific applications and at the same time to avoid adversely affecting 

the polymerization process of the PDMS or the elasticity of the cilia.  

A thin PDMS layer of 10 µm thickness was first spun on the surface of the 

magnetic sensor fabricated on glass, silicon, or flexible Kapton substrates (details in 

section 3.10.2) to provide proper electrical insulation and ensure the adhesion of the 

nanocomposite cilia to the substrate. To increase the adhesion of the cured PDMS based 

nanocomposite to the substrates in general, a surface treatment procedure was conducted 

by a 10-minute oxygen cleaning using reactive ion etch (RIE) (Oxford Instruments). The 

following recipe was used: O2= 60 sccm, Pressure= 200 mTorr, RF= 100 W, time= 30 

seconds. The nanocomposite (synthesis described in section 3.2.3) was cast on the 

substrate, and the master mold was mounted on top of it such that the cilia are aligned on 

top of the GMI sensor. The NWs in the nanocomposite can be aligned to the required 

direction using a directional and uniform magnetic field. A C-shaped permanent magnet 

that can provide a uniform magnetic field of 2 kOe was used in this work. The 

nanocomposite in the mold along with the magnet, if relevant, were placed in a desiccator 

for 30 minutes to remove any trapped air bubbles and assist in filling the pores. Next, the 

nanocomposite was cured at 90 degrees Celsius for 1 hour using an oven (Thermo 

Scientific PR305220M),  forming  the  cilia  on  top  of  the  magnetic  sensor’s  surface.  After  

releasing the cured cilia, they were fully magnetized by applying a magnetic field of 10 
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kOe using the VSM system mentioned in section 3.6. The fabrication process is 

illustrated in Figure 3-18. 

Nanocomposite

Artificial Cilia
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Figure 3-18: Illustration of the fabrication process of the magnetic nanocomposite cilia 
tactile sensor. (I,II) Magnetic sensors are fabricated using standard lithography process, 
and e-beam evaporation. (II-V) Cilia are fabricated using a PMMA mold technique, and 

applying a homogeneous magnetic field aligns the NWs. (VI) Scanning Electron 
Microscopy image of a 500  μm  in  length  and  100  μm  in  diameter  cilia. 

 

 

3.5.2 Poly-methyl methacrylate (PMMA) Mold  

3.5.2.1 Introduction 

Conventionally, 3D microstructures are fabricated using standard lithography processes, 

which is generally regarded as an expensive and time-consuming method, because it 
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demands cleanroom environment and expensive instrumentation [113]. Moreover, 

realizing high aspect ratio microstructures is difficult and limited in thickness. Motivated 

by the growing demand for inexpensive fabrication technologies, recent research efforts 

have been focusing on seeking alternatives to conventional cleanroom processes. 

Attention has been drawn to laser ablation techniques, which produce patterns with a 

reasonably good resolution [114-116].  

A master mold technique is an attractive approach for the fabrication of the 

PDMS-based cilia. A fast and simple method to fabricate polymer-based molds is the 

direct laser ablation technique. The laser ablation method offers a mask-free and out-of-

cleanroom processing which reduces the fabrication time and complexity. CO2 lasers are 

commonly used for patterning and engraving due to their lower cost and higher 

commercial availability [117]. The working mechanism of CO2 laser machining is known 

as photo-thermal ablation, where bonds are broken by the elevated temperature produced 

by emitted radiation. The focused CO2 laser output directed on the material surface 

rapidly rises its temperature [118]. Patterning is executed by the continuous linear 

movement of the high-intensity laser beam on the sample. 

Polymers are a good candidate for preparing molds to fabricate microstructures, in 

comparison to silicon or glass substrates, because they are cheap, easy to machine, 

annealable, transparent, and have a modifiable surface. Silicon and glass based molds 

require expensive facilities, highly trained personnel, and handling of toxic substances. In 

this work, poly-methyl methacrylate (PMMA) is selected as the mold material. It is a 

thermoplastic, which means it can be molded without losing structural integrity and can 

reversibly change from a hard to a soft material when reaching the glass transition 
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temperature. The glass transition temperature for PMMA is around 120 ˚C making the 

materials suitable for molding and replication techniques [119]. The excellent optical 

transparency of PMMA [120] allows easy handling and alignment of the mold to patterns 

on a substrate (e.g. aligning cilia mold to the magnetic sensor on a substrate). It has been 

reported that PMMA, in comparison to materials like PEEK or PDMS, offers the best 

laser machining characteristics [117] due to the low heat capacity and heat conductance 

ensuring a localized rapid rise in temperature [121].  

3.5.2.2 CO2 Laser Ablation 

The CO2 laser ablation system has four parameters that can be adjusted to optimize 

microstructural patterns and resolution: laser power, head moving speed, pulse per inch, 

and the distance between the laser head and the stage. Computer-Aided-Design (CAD) 

software was used to draw the pattern, a CO2 laser cutter (Universal PLS6.75) was then 

used to construct the mold by making micro-holes and patterns through a polymer sheet. 

The influence of the patterning parameters mentioned above on the fabrication of the 

mold is studied, and the plotted microstructures are examined with an optical microscope.  

The main effect observed when varying the laser power to fabricate PMMA 

molds was changing the feature size of the plotted pores. Varying the laser head moving 

speed defines the localized heating time at the PMMA sheet, as it is ablated by the laser 

beam,   which   in   turn   affects   the   cutting   profile   and   smoothness.   The   pores’   depth   and  

width have shown experimentally a direct correlation between the laser power and 

reciprocal  relation  to  the  laser’s  speed.  It  was  found  that  the  lowest  laser  speed  produces 

straighter walls. In general, channels fabricated with high speeds tended to have jagged 

edges and protrusions on its walls, whereas lower speeds produced grooves with higher 
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uniformity and better surface roughness. Both surface roughness and wall structural 

homogeneity were factors that affect the mold and hence produce cilia with a rough 

surface. An approach to reduce surface roughness, Cheng et al. [122] fabricated a groove 

using a CO2 laser and proposed annealing the substrate at high temperatures. 

In order to find the parameters most appropriate to fabricate a PMMA mold, it is 

necessary to characterize the pores generated by different laser powers and speeds. 

Throughout the experiments, the number of pulses per inch is set to be 1000 (the 

permitted maximum) to ensure the pulses overlapping each other reducing the number 

and size of dents creating a straight wall. Also, the distance between the laser head and 

the stage is set to the value that focuses the laser beam on the surface of the PMMA 

sheet, which is typically the thickness of the sheet. If the laser is out of focus, the energy 

acting on the material is lower which results in a lower resolution and different cutting 

characterization. The pulsed CO2 laser has a wavelength of 10.6 µm and a laser beam 

spot with a diameter of 127 µm with Gaussian intensity distribution. On the outer edge of 

the Gaussian profile, temperatures will not be elevated to the level of the center. 

PMMA sheets purchased from Good fellow Cambridge Limited, Cambridge, UK 

with a thickness of 1 mm were used to optimize the laser patterning parameters and 

fabricate PMMA molds with 1:5 aspect ratio (0.2 mm diameter and 1 mm long). PLS6.75 

CO2 laser cutter is used from Universal Laser Systems, Arizona USA. The workspace is a 

honeycomb stage with a rectangular area of 813 mm by 457 mm. PMMA sheets are fixed 

on the stage using tape before the cutting to prevent moving the sample. The distance 

between the laser head and the stage was set to be 1 mm to focus the beam on the PMMA 

sheet surface. A single PMMA sheet was first used, and an experiment was carried out to 
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study the effect of varying the power (p) and speed (s) while keeping the p:s ratio. The 

aim was to see the relationship between the p:s ratio and the resulting pores formation. 

The speed was chosen to be low for better uniformity and less sidewall roughness. By 

using p=10% (100%=75 Watts) and s=2% (100%=0.41 m/s (x-direction) or 100%=0.25 

m/s (y-direction) ), we obtain pores that have diameters of dtop=350 µm and dbottom=90 µm 

(220 µm average diameter davg and 1:4.5 aspect ratio) as shown in Figure 3-19a. By 

increasing the power to 30% and speed to 6%, almost the same dimensions were obtained 

as shown in Figure 3-19b. This result indicates that by keeping the power-to-speed ratio, 

the same patterning characteristics can be obtained. The patterned mold can then be used 

such that the top patterned PMMA surface is used as the bottom side of the mold to 

easily peel off the fabricated nanocomposite cilia. By increasing the p:s ratio from 5 to 

20 using p=40% and s=2%,  the  pores’  diameters  increase  to  dtop=600 µm and dbottom=240 

µm (davg=420 µm, and 1:2.4 aspect ratio) (Figure 3-19c). These results indicate that lower 

power-to-speed ratio can minimize the average pores’   diameters. By increasing the 

power-to-speed ratio, the average diameter increases, and hence, the aspect ratio reduces 

which is not preferred for the cilia fabrication process. A noticeable difference between 

the top and bottom diameters and less straight side walls were obtained. The main reason 

for having the difference between the top and bottom diameters is the laser reflection and 

the Gaussian distribution of the laser intensity, which has been confirmed in previous 

studies (Figure 3-20) [117].        
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Figure 3-19:  Microscope images of single laser patterned PMMA sheets with: (a) 
p=10%/s=2%, (b) p=30%/s=6%, (c) p=40%/s=2%. 

 

      

Figure 3-20:  (a) Schematic of the CO2 laser beam micromachining a PMMA 
groove, showing the molten and vaporized PMMA. (b) SEM image of a patterned cross-

section in PMMA, showing the Gaussian fit. (Adapted from reference [117]) 

(a) 
(b) 
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To obtain cilia with 1:5 aspect ratio and reduce the top and bottom variation in the 

pores diameters due to laser Gaussian distribution, mold fabrication using multi-stack 

PMMA sheets was investigated. A triple stack technique was used such that the low-

intensity tails of the laser’s   Gaussian   distribution are affecting the top sheet and 

minimized in the bottom sheets. Four samples were fabricated using different p:s ratios as 

shown in Figure 3-21, where each sheet is 1 mm thick. The distance between the laser 

head and the stage was set to be 1 mm to focus the beam on the surface of the bottom 

(third) PMMA sheet. The different fabrication parameters and the resulting diameters are 

summarized in Table 3-3. A p:s ratio of 12.5 is used and resulted in patterning the first 

and second sheet only with a maximum aspect ratio of 1:6 but with a significant 

difference between the top and bottom diameter. The laser power was not enough to 

pattern the third sheet. Using higher p:s ratios results in patterning all three sheets. A p:s 

ratio of 25 results in obtaining an aspect ratio of up to 1:6.8 in the third sheet with 

improved top and bottom diameters variations, but with curvy sidewalls. The second 

sheet though that has an aspect ratio of 1:3.9 has good characteristics and can be used to 

fabricate nanocomposite cilia with such dimensions. Using a p:s ratio of 37.5 improved 

the pattern in the third sheet and resulted in an aspect ratio of 1:5.7 with straighter 

sidewall and reduced top and bottom diameters variation compared to the other tested p:s 

ratios. The fourth p:s ratio was set to be 50 which resulted in widening the pores, and the 

aspect ratio can be up to 1:4.5.  In general, the PMMA sheets that are not directly 

exposed to the laser beam are less affected by the low-intensity tails of the Gaussian 

distributed laser, and hence, preferred to fabricate artificial cilia with straight sidewalls.  
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Figure 3-21:  Microscope images of triple laser patterned PMMA sheets with: (a) p=25% 
/ s=2%, (b) p=50% / s=2%, (c) p=75% / s=2%, (d) p=100% / s=2%. 

 

p:s ,  
(p%, s%) 

Top (Exposed to laser) 
davg, dtop, dbottom 

Middle 
davg, dtop, dbottom 

Bottom 
davg, dtop, dbottom 

12.5, 25, 2 412 µm, 594 µm, 230 µm 166 µm, 230 µm, 102 µm NA 

25, 50, 2 517 µm, 690 µm, 345 µm 260 µm, 345 µm, 176 µm 148 µm, 176 µm, 120 µm 

37.5, 75, 2 560 µm, 770 µm, 350 µm 273 µm, 350 µm, 196 µm 174 µm, 196 µm, 153 µm 

50, 100, 2 624 µm, 853 µm, 395 µm 323 µm, 395 µm, 251 µm 220 µm, 251 µm, 190 µm 

Table 3-3: Parameters used to fabricate different triple stack PMMA molds and the 
resulting pores diameters. 
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In the multi-stack technique, using the middle patterned sheet of the triple stack 

was optimum for straight sidewalls with relatively high aspect ratio, and low top-to-

bottom diameters variation. The bottom sheet in the multi-stack, if processed carefully, 

can lead to high aspect ratio and reduced top-to-bottom diameters variation. Depending 

on the required dimension, the laser patterning parameters can be modified, and the 

thickness of the mold can be selected. An example of the prepared PMMA mold and the 

resulting nanocomposite cilia are shown Figure 3-22. 

    

 

Figure 3-22: (a) Optical image for the fabricated PMMA mold, and (b) SEM image for 
the resulting cilia. (c) Optical image of large cilia array: 1 cm2 area with 224 cilia, each is 

200 µm in diameter and 1 mm long.  
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3.5.3 Silicon Mold 

Despite the high cost of preparing a silicon mold, it was required to fabricate ultra-

sensitive miniaturized cilia with patterns smaller than the laser beam utilized in the 

PMMA mold process. Smaller cilia diameters were fabricated using a silicon mold 

prepared by a conventional lithography process to pattern a 400 nm Cr layer used as a 

hard mask, followed by deep reactive ion etching (DRIE) to etch through the silicon 

wafer and form micro pores with the desired diameters, and heights up to 500 µm. 

Different DRIE processes are available to obtain anisotropic fluorine-based silicon 

etching. The utilized DRIE process   is   called   “Bosch  process”   that   is   considered   as   the  

most popular method. It consists of alternating steps of etching and sidewall passivation 

(Figure 3-23) and was developed by Robert Bosch GmbH [123]. DRIE was performed in 

an Oxford Instruments (PlasmaLab 100) at a temperature of -20 oC and sequential 

SF6 etching steps of 7 seconds and C4F8 passivation steps of 5 seconds. The passivation 

step deposits a hydrophobic fluoropolymer coating that protects against sidewall erosion 

as etching goes deeper into the silicon wafer. The conditions for the deposition cycle are: 

C4F8 (100 sccm) and SF6 (5 sccm) gas flow at 30 mTorr. Plasma is generated by a table 

power of 5 W and coil power of 1300 W. The etch cycle plasma is generated by a table 

power of 30 W and C4F8 (5 sccm) and SF6 (100 sccm) gas flow with the other process 

conditions similar to the deposition cycle. A total of 1400 cycles is performed in order to 

etch through the silicon wafer and form a mold for 500 µm long and 100 µm in diameter 

cilia. The etched through Si mold is shown in Figure 3-24. This etching process also 

allows preparing molds for high aspect ratio cilia with lengths shorter than 500 µm by 
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partially etching the silicon to the required depth. Cilia array of 10  μm  in  diameter  and  50  

μm  in  length  were fabricated as shown in Figure 3-25. 

Passivation Etching

Si substrate Si substrate

Mask Mask

Polymer

C4F8 SF6

 
Figure 3-23: Schematic illustration of the Bosch process. The deposition of a passivation 

layer protects the sidewalls during the subsequent etching cycle. 

 

      

     

Figure 3-24: (a) Fabricated Si mold with pores diameter of 150 µm and 500 µm long. (b) 
SEM image of the holes in the Si mold, and (c) a cross section image  showing  the  pores’  

inside morphology. 
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50 µm
 

Figure 3-25: 10  μm  in  diameter  and  50  μm  in  length  cilia fabricated using silicon mold.  
 

After preparing the silicon mold, a silanization step was conducted where the 

surface of the mold was passivated in order to reduce the adhesion between PDMS and 

silicon by forming covalent bonds (Si–O–Si) with PDMS [124]. The silicon mold was 

treated under vacuum with vapors from a fluorinated Silane agent to deposit a non-

sticking layer on the mold [124, 125]. The mold was then ready to be used for 

nanocomposite cilia fabrication.  

3.6 Magnetic Hysteresis of Nanocomposite Cilia 

The permanent magnetic properties of the nanocomposite and the anisotropy directions 

due to NWs alignment were studied by obtaining the hysteresis loops of the samples. A 

tool for magnetic characterization and hysteresis measurement is the vibrating sample 

magnetometer (VSM). The VSM, invented in 1956 by Simon Foner, is an induction 

magnetometry measurement approach [126].   It   utilizes   Faraday’s   induction   law   to  

measure the magnetic moment of a physically vibrating specimen inside a uniform 

magnetic field. The technique is described by Maxwell equation: 
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where 


eE  is the electric field and  is the magnetic flux. When the magnetic sample 

vibrates and causes a change of the magnetic flux, a voltage is induced in a detection coil 

in close proximity to the sample that is proportional to the rate of change in magnetic 

induction. The induced voltage is sinusoidal when the vibration is sinusoidal, and it is 

proportional to the magnetic moment of the sample and the vibration frequency. The 

magnetic properties of a sample can be studied by measuring the induced voltage, which 

is proportional to the magnetization and orientation of the sample.  

In a typical VSM system (Figure 3-26), a lock-in amplifier is used to measure the 

induced   AC   voltage   taking   the   sample’s   vibration   source   as   its   reference   signal.  

Detection coils are used to measure the difference in magnetic inductions and minimize 

the influence of other magnetic sources. Simultaneous measurements are taken for both 

the sample magnetization and the applied uniform magnetic field in order to obtain the 

hysteresis loops.  
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Figure 3-26: Schematic of the working principle of a vibrating sample magnetometer.  
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VSM measurements of NWs and nanocomposite cilia were carried out using 

MicroMag 3900 system. The system can produce up to a maximum DC magnetic field of 

2 T with a sensitivity of 100×10-9 emu. In order to measure the magnetic properties of 

nanocomposite cilia with and without NWs alignment, the hysteresis loops along the cilia 

and perpendicular to the cilia direction were obtained using the VSM. Depending on the 

alignment of the Fe NWs in the nanocomposite, the cilia can have different remanence to 

saturation magnetization (Mr/Ms), and anisotropic properties can be obtained. 

Nanocomposite cilia with randomly aligned NWs have similar magnetization curves in 

the vertical and horizontal directions as shown in the normalized loops in Figure 3-27(a). 

The cilia have a remanence to saturation magnetization ratio of 0.7 with a coercivity of 

1.5 kOe. The similarity of the magnetization curves in the vertical and horizontal 

directions indicates that the NWs are not aligned in a specific direction in the composite, 

with the vertical direction being slightly preferred. As shown in Figure 3-27(b), 

normalized magnetization loops for nanocomposite cilia with NWs aligned along the 

length of the cilia show a magnetic anisotropy. A remanence to saturation magnetization 

ratio Mr/Ms of 0.95 along the vertical direction with a coercivity of 1.8 kOe, and 0.37 

along the horizontal direction with a coercivity of 1.4 kOe. Ideally, Mr/Ms would be 

equal to 1 along the vertical direction for aligned NWs, however, the magnetostatic 

dipole interaction between the NWs cause a high demagnetization field that slightly 

reduces the nanocomposite remanent magnetization as discussed in section 3.2.2. 



88 
 

-10 -5 0 5 10
-1

0

1

 Perpendicular
M

 / 
M

s

Magnetic Field / kOe

 Parallel

-10 -5 0 5 10

-1

0

1  Parallel

 

M
 / 

M
s

Magnetic Field / kOe

 Perpendicular

(a)
(b)

 

Figure 3-27: Normalized magnetization M to Saturation magnetization Ms as a function 
of the applied field H of magnetic cilia obtained with the VSM in the parallel and 

perpendicular direction of the cilia with (a) randomly aligned, and (b) vertically aligned 
NWs. 

 

 

3.7 Structural Characterizations  

3.7.1 Nanowires distribution in the nanocomposite 

When moving toward device miniaturization, the processing of nanocomposites with 

dispersed NWs in a matrix becomes a challenge. The distribution of NWs must be 

homogeneous in the polymer and agglomerates must be avoided to maintain homogenous 

magnetic and mechanical material properties. Several factors influence the agglomeration 

but a prominent factor for the agglomeration of ferromagnetic NWs in nanocomposites is 

the attractive magnetic forces due to the high remanent magnetization. A demagnetization 

process is a typical solution for ferromagnetic materials before preparing the 

nanocomposite. However, this factor is difficult to eliminate for NWs since they cannot 

be demagnetized due to the high shape anisotropy. Another reason for agglomeration is 
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the stiction of NWs due to the high surface area to volume ratio, [127] which can be 

minimized by using different approaches proposed previously for nanoparticles such as 

functionalizing  the  particles’  surface  with  emulsifiers  or  the  encapsulation  with  polymeric 

coatings [128, 129].  

A series of steps was conducted during the fabrication process to reduce the 

agglomeration in the nanocomposite.  Dispersing the NWs in SDS surfactant prior to 

mixing with PDMS results in reducing agglomeration. Vortexing and shaking the 

nanocomposite before curing as discussed earlier helps the reduction of agglomeration. 

An important feature of PDMS is the high viscosity that causes large friction for the NWs 

movement toward each other, and hence making them more separated and relatively 

difficult to agglomerate. 

The distribution of NWs in the nanocomposite with 14% concentration were studied 

by horizontal cross section imaging with TEM. The nanocomposite samples were frozen 

with liquid nitrogen and then sliced into thin horizontal samples in order to use them for 

imaging. Figure 3-28(a) shows a cross section image of a nanocomposite with random 

NWs, while Figure 3-28(b) shows a nanocomposite with vertically aligned NWs. The 

results reveal that the prepared nanocomposites have relatively uniform distribution. 

Figure 3-28(c) shows a 3D reconstruction of TEM images of a nanocomposite with 

aligned NWs across 10 µm. It can be seen clearly that the NWs alignment together with a 

high degree of uniformity has been successfully achieved.  
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Figure 3-28: Cross section image of a NW-PDMS nanocomposite produced by 
transmission electron microscopy for randomly aligned NWs (a) and vertically aligned 

NWs (b) with 14% NWs to PDMS volume ratio. (c) 3D reconstruction of multiple TEM 
images across 10 µm thickness of a nanocomposite sample with aligned NWs.  

 

3.7.2 Nanocomposite  Young’s  Modulus  Study 

Since obtaining high elasticity of the nanocomposite cilia is crucial to increase the 

sensitivity of the sensor, a study is carried out to investigate the effect of adding NWs to 

PDMS on the elasticity. The modulus of elasticity of a material (also referred as Young's 

modulus (E) after the British scientist Thomas Young) is defined as the ratio between 

stress and strain as shown in equation 3-12 [130]. Stress is defined as force (F) per unit 

1 µm 500 nm

(a) (b) 

(c) 
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area (A), and typically tensile stress is used for this study, while strain is defined as the 

deformation of a material (the ratio of deformation (Δl) to the initial length (l)). The 

Young's modulus can be obtained mathematically as the slope of the stress-strain curve 

when the material is deformed elastically. Stiffer materials have higher elastic modulus 

than softer materials; hence, a low elastic modulus is desired for the cilia sensor. 

   
l
l
A

F

strain
stressE


      3-12 

PDMS   has   been   previously   reported   to   have   Young’s   modulus   values   ranging  

from less than 0.1 MPa to 3.8 MPa, depending on the amount of the cross-linker in the 

PDMS solution, or the curing temperature [22, 131, 132].  

In  this  dissertation,  the  Young’s  modulus  of  the  nanocomposite cilia was obtained 

by measuring stress and strain experimentally. Pure PDMS cilia and nanocomposite cilia 

prepared under different conditions are fixed between a bottom holder plate and the 

moveable head of an INSTRON 5966 extensometer (tensile/compressive force testing 

system) as shown in Figure 3-29. The system can precisely determine the exerted force 

and the vertical displacement. The resolution depends on the sample dimensions and the 

utilized load cell. By using a 10 N load cell and three cilia that are 1 mm long and 200 

µm in diameter, a tensile force resolution of 5 mN and vertical displacement of 16 µm 

can be measured. The extensometer was calibrated after mounting the cilia and then 

tensile forces are applied to the cilia until achieving a strain of 1.3 (130% stretching). The 

Young’s   modulus  was calculated as the ratio between stress and strain (slope) in the 

elastic (linear) region.  
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Figure 3-29: Test setup of the stress-strain experiment to study nanocomposite elasticity 
showing (a) cilia in their initial state and (b) after 100% stretch (strain=1). 

 

The elasticity of nanocomposite cilia with 14% NWs to PDMS volume ratio was 

studied and compared to pure PDMS cilia. The cilia were prepared from 10:1 PDMS 

solution to cross-linker ratio and cured at 90 oC for one hour. As shown in Figure 3-30, 

nanocomposite cilia have an elastic linear region between 0-0.9 strain values resulting in 

a  Young’s  modulus  of  0.76  MPa.  Beyond  0.9  strain,  the  nanocomposite  is deformed and 

the stress-strain  relation  is  not  linear.  Compared  to  pure  PDMS  cilia  that  has  a  Young’s  

modulus of 0.71 MPa and a deformation of around 1.2 strain, it was observed that 

incorporating NWs in the nanocomposite cilia does not have a significant effect on the 

rigidity of the cilia, and the advantage of the high elasticity of the PDMS was maintained. 

Another experiment was conducted for nanocomposites prepared from 10:1 PDMS 

solution to cross-linker ratio and cured for one hour at different curing temperatures 

between 70 oC and 200 oC.    The  Young’s  modulus  increases  from  0.45  MPa  to  1.06  MPa  

as the curing temperature is increased as illustrated in Table 3-4.  

(a) (b) 
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Figure 3-30: Experimental results for pure PDMS cilia, and nanocomposite cilia 

fabricated at 90 oC for 1 hour.  
 

 
Curing Temperature (oC) Young’s  Modulus  (MPa) 

70 0.45 

90 0.76 

150 0.82 

200 1.06 

Table 3-4: Young’s  modulus  comparison  for  nanocomposite  cilia  prepared  from  10:1  
PDMS to cross-linker ratio, and with 14% NWs volume ratio. Samples are cured for one 

hour at different temperatures.  
 

3.8 Simulation  of  the  Cilia’s  Stray  Magnetic  Field 

The stray field of the permanent magnetic nanocomposite cilia was modeled by finite 

element simulations using the commercial software (COMSOL). A 3D cylindrical beam 

was designed in order to study the stray magnetic field component affecting the GMI 
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sensor. The change in magnetic field affecting the GMI sensors upon the cilia deflection 

was quantified to understand the operation of the cilia sensor. The magnetic NWs were 

accounted for by assigning magnetization vectors to the cilia, which were calculated from 

the  NWs’  remanence  magnetization  obtained  experimentally  as described in section 3.2.3 

and the amount of NWs in the cilia with considering the alignment direction of the NWs. 

Cilia with vertically aligned, and random Fe NWs were investigated. For simplicity, cilia 

bending was simulated by rotating the beam about the anchor point by the angle θ, which 

is related to the deflection δ by: 

   sin l        3-13 

The average value of the magnetic field H at the GMI sensor is: 
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where Hx is the component  of  the  magnetic  vector  field  along  the  GMI  sensor’s  sensitive  

direction, i is the summation index and n is the number of magnetic vectors used in the 

averaging process. The average magnitude of the magnetic field Hmag is calculated as: 
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One case study was simulated to study the stray field variation upon cilia 

deflection for the flow sensor discussed in section 4.2. 500 µm long and 100 µm in 

diameter cilia with 14% NWs to PDMS volume ratio were designed. To represent the 

cilia sensor design, the stray field components affecting the magnetic sensor layer that 

has a width equivalent to the diameter of the cilia, and a length in the x-axis equivalent to 

twice the length of cilia was studied. The simulated cilia were placed in the middle of the 

GMI sensor layer to obtain the average change of magnetic field around the cilia.  When 
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the cilia are straight they result in an average magnetic vector field of 0 Oe due to the 

symmetry of the stray field. However, the magnitude of the magnetic field in this case is 

3.2 Oe, which can be utilized as the bias field of the GMI sensor. As the cilia deflect, the 

stray field at the GMI sensor increases on one side of the cilia and decreases on the other 

side, causing the average magnetic field value to increase. When the cilia are fully 

deflected, the magnetic field reaches an average value of 1.3 Oe. This field value can be 

detected easily with the GMI sensor and lies within the linear and high sensitivity region 

(discussed in section 3.10.3).  

 

3.9 Harsh Environment Applications  

3.9.1 Corrosion Study  

Polycrystalline Fe NWs were used as the nanocomposite fillers. The corrosion of bare 

polycrystalline Fe NWs was studied by oxidizing NWs dispersed on a TEM grid and 

annealed at 150 oC. The evolution of the oxide shell around the NWs with the oxidation 

process was observed using TEM. Figure 3-31a shows a TEM image that confirms that 

the fabricated NWs are polycrystalline Fe with grain size in the range of tens of 

nanometers. The SAED pattern, shown in the inset, identify the bcc phase of Fe. By 

oxidizing the NWs in the oven over time, it can be noticed that a decrease of the Fe 

core’s  diameter occurs with an increase in the oxide shell thickness. After 20 minutes 

annealing, a 7 nm Fe3O4 (magnetite) shell was formed with fcc phase around the Fe bcc 

phase as revealed by the SAED pattern (Figure 3-31b). The Fe3O4 shell was formed by 

oxygen diffusion between the grain boundaries of Fe NWs (which was enhanced by the 
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annealing process). After 24 hours of oxidation, a fully polycrystalline Fe3O4 structure 

was obtained (Figure 3-31c). Although oxidation at room temperature does not occur as 

fast as the forced oxidation process in this experiment, it was noticed that full NWs 

oxidation can occur which is a critical problem that results in losing the high 

magnetization property of Fe, and forming multi-domains which lead to losing the stray 

field  of  the  NWs.  This  will  significantly  degrade  the  sensor’s  performance.   

 
Figure 3-31: (a) Bright field transmission electron microscopy image and selected area 

diffraction pattern of polycrystalline Fe NWs. (b) Fe-Fe3O4 core-shell NWs after 20 
minutes of annealing at 150 oC. (c) Fe3O4 NWs after 24 hours of annealing. 

 

A previous study has discussed the fabrication of 40 nm in diameter single 

crystalline Fe NWs that are more difficult to oxidize [133]. This is due to the pronounced 

difference in crystallinity from the ones of polycrystalline NWs. Single crystals of bcc 

structure with a size in the micrometer range were obtained and the single crystal phase is 
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confirmed by SAED. The results show that single crystal NWs oxidize much slower than 

polycrystalline NWs and even after 24 hours annealing only 10 nm magnetite shell was 

formed. The later was the maximum shell thickness could be obtained. After 72 hours of 

annealing time it remained unchanged. This is attributed to the absence of grain 

boundaries that are required for the oxygen diffusion oxidation process. The resistance to 

complete oxidization of the single crystal NWs is a great advantage for applications like 

the proposed sensor in this dissertation and also for applications that require high 

temperature operation, while maintaining the magnetic properties of NWs. However, a 

major drawback that prevented using single crystal NWs in this dissertation is the very 

small fabrication yield. The fabrication process of single crystal NWs fails frequently and 

it was difficult to produce longer NWs than 1 µm. The ability to fabricate polycrystalline 

NWs efficiently, and being convinced that PDMS can protect NWs in the nanocomposite 

from oxidation, polycrystalline NWs were selected in this dissertation. One of the main 

advantages of the proposed nanocomposite, was the protection of NWs from oxidation 

when exposed to a humid environment. Initially, an X-Ray Diffraction (XRD) 

experiment was carried out to investigate the possibility of forming magnetite shell 

around the polycrystalline Fe NWs during the fabrication of the nanocomposite. XRD is a 

well-known non-destructive crystallography technique to characterize the atomic 

structure of materials. In this work, Bruker D8 Discover high-resolution X-ray 

diffractometer system was utilized to determine the NWs material and the crystal 

structure using X-ray radiation with a wavelength of 1.5406 Å. XRD analysis in Figure 

3-32 reveals that the NWs in the nanocomposite are polycrystalline Fe with a thin shell of 

magnetite (Fe3O4) around the NWs.  
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Figure 3-32:  X-ray diffraction results for Fe NWs. 

 

To study the level of protection for NWs in nanocomposites at room temperature, 

the remanent magnetizations of a nanocomposite sample exposed to air and another 

sample kept in water were measured over a period of 60 days (Figure 3-33). The 

remanence magnetization was measured regularly using VSM in the 60 days period. It 

was found that the magnetization slightly drops over time with a reducing rate. The 

sample exposed to air keeps 81% of the initial magnetization while the sample kept in 

water keeps 76% of the initial magnetization. NWs inside the nanocomposite oxidize due 

to the fact that PDMS is permeable to water molecules allowing minor interaction 

between Fe and oxygen. This explains the higher magnetization reduction rate for the 

sample kept in water. Figure 3-33 also shows the remanent magnetizations of fully 

oxidized iron NWs that were oxidized by placing them in an oven for 24 hours at 150 oC. 

These NWs oxidized forming magnetite as mentioned earlier. The magnetization of 

magnetite NWs was found to be 40% of that of Fe NWs. This value is higher than the 
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30% reported in literature [1], which is attributed to the initial thin oxide layer around the 

NWs at the beginning of the experiment. Comparing the oxidization rate of the 

nanocomposites to bare Fe NWs, the latter oxidize with a much higher rate. After 10 

days, the remanent magnetization of the bare NWs in air drops to 85% of the initial 

magnetization compared to the 98% and 92.5% of nanocomposite exposed to air and 

water, respectively. It can be said that oxidation starts to saturate after several days 

because the formed Fe3O4 shell acts as a passivation layer that prevents further oxidation 

in the normal conditions (e.g. room temperature). 

 
Figure 3-33: Remanence magnetization Mr to initial remanence magnetization M0 of 

nanocomposite pillars kept in air and water and of fully oxidized Fe NWs. Inset: 
Comparison between nanocomposites and bare Fe NWs. 

 

3.9.2  High Temperature Operation 

As discussed in 3.2.2, NWs exhibit very promising magnetic properties, suggesting that 

they could be used as permanent magnets that can operate at high temperatures. Through 
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their strong shape anisotropy, NWs keep exhibit a large temperature independent 

coercivity when operating below the Curie temperature, which is 770 °C for Fe  [1, 134]. 

Hence, the high magnetization of Fe can be utilized while remaining below the Curie 

temperature. On the other hand, polycrystalline NWs have been shown to be prone to 

corrosion (section 3.9.1). In order to elucidate the thermal stability of the nanocomposite, 

where the NWs are protected by the polymer, we conducted a temperature dependent 

study of the magnetization. In order to test the thermal stability of the nanocomposite, the 

nanocomposite magnetic properties variation is tested with the increase in temperature. 

The hysteresis loops of   a   1   mm   long   and   200   μm   in   diameter   cilia   are obtained at a 

temperature range between 27°C to 290°C using superconducting quantum interference 

device (SQUID) VSM (1500-100 Quantum design Inc.). The cilia are heated in a vacuum 

oven during the magnetization measurement, and the hysteresis loops are obtained for 

each temperature value. Within this temperature range, the permanent magnetic behavior 

of the nanocomposite is maintained, as shown in Figure 3-34, where only a slight 

magnetization  reduction  is  observed  as  a  result  of  Curie‘s  law.  The  nanocomposite  is  then  

cooled down to 27 °C, and the magnetization loop is measured again revealing a 

reduction in the remanence magnetization Mr of 16% (compared to the initial remanence 

magnetization, Mr0, at 27 °C) with an increase in coercivity compared to the initial state. 

The reduction in remanence can be caused by trapped water molecules in the PDMS that 

resulted in slightly oxidizing the NWs in the nanocomposite with the heat-assisted 

oxygen diffusion process, forming a thin shell of magnetite around the NWs. The 

magnetite shell reduces the diameter of the Fe core in the NWs, increasing its coercivity, 

due to the increased aspect ratio.  
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Figure 3-34: Magnetization loops of nanocomposite cilia at different temperatures from 

27°C to 290°C. Inset: remanence magnetization reduction with the increase in 
temperature.  

 
Looking at the mechanical stability of cured nanocomposites operated at high 

temperatures, it can be said that the nanocomposite is mechanically stable up to the 

curing temperature but undergoes a small reduction in elasticity, which slightly hardens 

the nanocomposite and increases   the  Young’s  modulus   as   discussed   in  3.7.2. This can 

have direct effect on the sensitivity and operating range of the developed cilia sensor. 

Previous studies have shown that the mechanical properties are maintained at low heating 

temperatures. Operating at temperatures greater than 200 °C will reduce the mechanical 

strength due to the thermal decomposition of PDMS that starts at about 200 °C and peaks 

at around 310 °C [135]. 
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3.10 Magnetic Sensor Selection 

3.10.1 Introduction to Giant Magneto-impedance Sensors 

A giant magneto-impedance (GMI) thin film magnetic field sensor is utilized which was 

chosen for its high sensitivity and potential for wireless operation [136-138]. GMI 

sensors are very sensitive magnetic field sensors that utilize the GMI effect. This effect is 

observed as a large variation in the real and imaginary parts of the complex impedance of 

the sensor under alternating current operation when exposed to an external magnetic 

field. This effect is mainly caused by the variation of the skin depth due to the strong 

dependence of the skin effect on the magnetic permeability. The skin depth δm can be 

expressed as: 




 r
m

2
 ,      3-16 

where ρr is the resistivity, ω is   the   angular   frequency   and   μ   is   the   permeability   of   the  

magnetic material. To enhance the sensitivity, a magnetic easy axis can be induced in the 

transverse direction of the GMI sensor, creating a magnetically sensitive axis in the 

longitudinal direction. When an external magnetic field is applied in the longitudinal 

direction, a change in the anisotropy through the domain wall movement and 

magnetization rotation is observed which consequently, changes the permeability. This 

change, in turn, causes the change of the skin depth, which in the end changes the 

impedance of the sensor. Besides their easy fabrication process, room temperature 

operation [139, 140], and the potential of wireless operation, GMI sensors have shown 

remarkable sensitivity to small magnetic fields down to pico-Tesla regime, which is at 

least one order of magnitude higher than typical GMR sensors [141-145].  
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Magnetic layers with high magnetic permeability, well defined magnetic 

anisotropy and small coercivity are the prerequisite conditions for obtaining a strong 

magnetoimpedance effect [136]. The geometry of GMI sensors has an important role in 

enhancing the performance. It has been shown previously that multi-layer structures 

composed of two soft and highly permeable ferromagnetic materials with a conductive 

layer (e.g.: Cu) have lower DC resistance, and can enhance the GMI effect. In multi-

layered structures, a significant change in the impedance is observed due to the increase 

in the inductive reactance of the ferromagnetic layers, which is greater than the resistance 

of the conductive layer. The resistivity difference is an important parameter that allows 

achieving a high impedance ratio where the current gets concentrated inside the 

conductor generating a transverse magnetic flux Bt (Figure 3-35), which magnetizes the 

ferromagnetic films and a large skin effect is obtained.  

Upon the application of an external magnetic field along the long direction 

(sensitive axis), the ferromagnetic films are magnetized along that direction resulting in 

an increase in the transverse permeability, which increases the impedance, until the 

external magnetic field reaches a saturation value equal to the anisotropy field of the 

ferromagnetic films. As the external magnetic field increases further, the permeability 

drops and the contribution of rotational magnetization dominates. The decreasing rate of 

the permeability reduces as magnetization rotation dominates the process.  

Tri-layer GMI sensors that utilize Permalloy (Ni80Fe20) have been introduced and 

optimized previously [138, 146, 147]. Permalloy, in particular, was found to be favorable 

due to the low magnetoelastic coefficient providing good control of the magnetic 

anisotropy and increase the mechanical reliability if exposed to external stress.  
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Figure 3-35: Illustration of the GMI sensor structure. The arrows in the sensor indicates 
the magnetization of individual magnetic domains. When applying an external magnetic 

field H, magnetization rotation occurs along the magnetic field direction.  
 

3.10.2 Magnetic Sensor Fabrication 

The GMI sensor is composed of Ni80Fe20/Cu/Ni80Fe20 and can be deposited onto a rigid 

glass substrate or Si substrates with 500 nm SiO2, or on a flexible Kapton substrate. The 

tri-layer thin-film structure was patterned using standard lithography and lift-off process. 

AZ9260 photoresist was spun in 3 steps to ensure uniform dispersion: 200 rpm at 150 

rpm/s for 3 seconds, 1500 rpm at 1000 rpm/s for 3 seconds, and then 2400 rpm at 1500 

rpm/s for 60 seconds. The photoresist was then   cured  at   110   ˚C   for  180   seconds.  This  

process results in a 10 µm thick film. Patterning the GMI sensor design was done by 

exposing the photoresist with an exposure dose of 1500 mJ/cm2 using a standard chrome-

on-glass mask and contact aligner (EVG 6200). The exposed photoresist was then 

developed for 8 minutes using AZ726 developer. After washing the sample with DI water 

and drying it, the GMI sensor stack was deposited by electron-beam evaporation (Denton, 

Explorer 30) which is ideal for the lift-off process due to the low incident angle. Electron-

beam evaporation uses a source material placed in a crucible and heated through a 

filament above its sublimation temperature and evaporated to deposit a film on the 
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surface opposite to the evaporated atoms. Deposition with electron-beam evaporation 

with high energy results in higher density film with good adhesion to the substrate. The 

electron beam is focused on the source material using bending magnets, and the beam is 

swept across the source material to heat the material uniformly. The thicknesses of the 

Ni80Fe20/Cu/Ni80Fe20 were 100 nm/ 200 nm/100 nm, respectively. The deposition of the 

stack was conducted at room temperature using multiple crucibles in the chamber to 

allow deposition without breaking the vacuum. The chamber pressure was set at 9×10-6 

Torr, and the deposition rates are found to be 2 Å/s for the Permalloy and 4 Å/s for Cu. 

The deposition was conducted using a customized substrate holder providing a 200 Oe 

directional magnetic field applied parallel to the surface of the sample and generated 

using a C-shaped permanent magnet mounted on the holder (Figure 3-36a). The sample 

can be aligned to control the direction of the applied field which is chosen to be along the 

short dimension of the patterned sample to induce the film transverse anisotropy, creating 

a magnetically sensitive axis in the longitudinal direction. The sample was then placed in 

Acetone for 20 minutes with gentle agitation to dissolve the photoresist with the magnetic 

stack on top, while keeping the patterned GMI sensor stack on the substrate.  

To investigate the magnetic domain patterns of fabricated GMI sensors, the top 

magnetic layer was observed using magneto-optic Kerr effect microscope (evico 

Magnetics), a technique that describes the changes to light reflected from a magnetized 

surface. The magnetic domains in (Figure 3-36c) show the induced transverse anisotropy 

of a 200 µm wide GMI sensor. 
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Figure 3-36: (a) Sample holder with a c-shaped permanent magnet is used to introduce 

the transverse anisotropy in the Permalloy film. The magnetic field direction (H) is 
shown. (b) Mechanism of electron-beam evaporation system used for the thin film 

deposition. (c) Domain pattern of the top magnetic layer of a 200 µm wide GMI sensor 
strip, showing transverse anisotropy. 

 

3.10.3 Magnetic Sensor Characterization 

The GMI sensors were characterized by measuring the impedance response at different 

frequencies upon the application of an external magnetic field to obtain the sensitivity, 

the characteristics of the response and the optimum operating range. The external 

magnetic field was applied using a Helmholtz coil powered with a DC power supply 

(Agilent E3646A) and the applied magnetic field value at the sensor position was 

measured using a magnetometer (FW Bell 6010). Magnetic field values from 0 Oe to 100 

Oe with increments of 1 Oe are applied to the GMI sensor. Three techniques were used to 

obtain the complex impedance of the GMI sensor using: an impedance analyzer or a 

network analyzer.  

The first technique to obtain the impedance of the GMI sensor was by using an 

impedance analyzer (Agilent E4991A) at currents ranging from 0.1 - 2 mA in amplitude, 

and a frequency range between 10 to 500 MHz. This method is straightforward and does 
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not require circuitry, but it has several limitations such as the incapability to obtain the 

exact impedance of the GMI sensor only without the extra wiring. Connecting the sensor 

at a distance from the impedance analyzer is required to test the cilia sensor for the 

different applications.    

The second method to obtain the impedance of the sensor utilizes a network 

analyzer (Agilent E5061B) to measure the complex reflection coefficient (S11). The 

sensor testing setup and the electrical model are shown in (Figure 3-37). A 20 mm×20 

mm board was used to test the GMI sensor with two 50  Ω microstrip transmission lines 

that are 15 mm long and 1 mm wide are patterned on a Roger 4533 double-sided copper 

laminate substrate with a thickness of 1 mm. The top electrode is used for the microstrip 

lines and the bottom layer was used as a ground plane underneath. The GMI sensor was 

placed in between the microstrip lines and wire-bonded to the microstrip lines as shown 

in Figure 3-37. The sample board was terminated  from  one  side  by  a  50  Ω  load  with  an  

SMA connector. The other side of the board was connected to the network analyzer 

through an SMA port for the impedance measurement. The network analyzer was 

adjusted to have 0 dBm output power and a frequency sweep from 10 MHz to 1 GHz, and 

calibrated   for   open,   short,   and   50  Ω   load   at   the   end   of   the   shielded   SMA  Cable. The 

reflection coefficients at the measurement plane ΓMP (that includes all the components at 

the fixture), and at the sample plane ΓSP were obtained. A computational model was used 

(3-17) to correlate ΓMP with   ΓSP to consider the phase shift and the losses on the 

microstrip line as reported successfully in [147, 148]. 

)2exp( tpSPMP l     3-17 



108 
 

Where lt is the length of the microstrip line, and  jp   is the propagation constant 

that can be obtained by measuring the fixture in open configuration. The impedance Z 

can be determined by: 

L
SP

SP ZZZ 




1
1

0      3-18 

Where Z0 is the characteristics impedance, and ZL is   the   50   Ω   termination   load. By 

obtaining the complex impedance at the frequency spectrum, the GMI sensor can be 

precisely characterized. 

Zo=50 Ω Zo=50 Ω ZL=50 Ω

Measurement 
plane

Sample 
plane

Z
Cilia Sensor

lt

ΓMP ΓSP

(a)

(b)

Sample Termination Load
 

Figure 3-37: (a) Electrical model for the complex reflection coefficient (S11) 
measurement method. (b) Image of the sample board and the terminating load.   

 

The third method for measuring the response of the GMI sensor was designed for 

real-time detection and dynamic experiments. The GMI sensor was designed in a voltage 

divider configuration   with   a   100   Ω   high-frequency surface mount resistor (Anaren 
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250375-4Y100-2) as shown in the electrical model in Figure 3-38 and the output voltage 

VGMI as shown in equation 3-19. An RF waveform generator (Agilent E8257D) was used 

to power the sensor with a sinusoidal signal of 50 mV amplitude and the required 

frequency. The sensor real-time impedance amplitude was measured using a real-time 

spectrum analyzer (Tek RSA 6100A). 

GMI

GMIIN
GMI ZR

ZVV
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Figure 3-38: (a) Electrical model of the real-time measurement of the GMI sensor. (b) 
Image of the used circuit, 
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4 APPLICATIONS OF BIOINSPIRED 
NANOCOMPOSITE CILIA SENSORS 

4.1 Cilia Tactile Sensor: Toward the Development of Artificial Skins 

4.1.1 Introduction  

The evolution in areas like robotics is demanding an increased perception of the 

environment such as touch, vibration, and flow sensing. Noticeable progress in the field 

of artificial skins lead to the development of different technologies that can mimic the 

complex sense of touch in humans for better interaction with the surrounding 

environment. These skins are also important for applications like wearable consumer 

electronics or health monitoring systems [42, 44, 45, 149-152], smart surgical tools [55], 

or to provide the sensitivity missing in prosthetics to enable people with artificial arms or 

legs   to   “feel”   the   world   around   them   again [153]. Tactile sensors are the essential 

components for artificial skins. Different physical principles have been exploited for the 

development of highly sensitive and low power tactile sensors realized on flexible 

substrates allowing conformal coverage of electronic systems on non-planar surfaces, and 

hence enabling new functionalities [150, 154]. Several examples of different tactile 

sensing technologies have been discussed in section 2.4, showing the rapid development 

in this field. However, many challenges still exist in combining high resolution sensing 

with low power consumption while maintaining multi-functionality. 

4.1.2 Sensor Design 

Highly elastic and permanent magnetic nanocomposite cilia were integrated on a GMI 

sensor as a novel tactile sensing approach as described in section 3.1 (Figure 4-1). The 
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NWs-PDMS nanocomposite serves as the structural material for the cilia and is prepared 

by incorporating 6 µm long and 35 nm in diameter Fe NWs into PDMS. Fe NWs are 

chosen for their high magnetization at remanence and high coercivity, making them 

nano-permanent magnets, as described in section 3.2.2. The cilia are integrated on GMI 

sensors fabricated on silicon or Kapton substrates for rigid or flexible tactile sensors, 

respectively. The GMI sensor is patterned as mentioned in section 3.10.2 to a meander 

shape of a total area of 4 mm2 composed  of  2  mm  long  and  200  μm  wide  conductors  with  

200   μm   spacing. Each GMI sensor represents one sensing element or sensing pixel. 

Sensing elements can be connected to form arrays, providing information about the 

distribution, direction or stability of the applied force. 

Change in 
Stray Field

Nanocomposite 
Cilia

Magnetic Sensor
Substrate(a)

(b)

 

Figure 4-1: (a) Illustration of the tactile sensor working principle. In the standing 
position,  the  cilia’s  stray  magnetic  field  affects  the  magnetic  sensor  and  biases  it  to  an  

initial value. In the presence of an external force, the cilia bend and the stray field 
measured with the magnetic sensor changes, resulting in a change in the impedance. (b) 

Example of the cilia deflection mechanism when touched with a finger.  
 

The nanocomposite has a maximum of 14% NWs/PDMS volume ratio as studied 

in section 3.7, which is chosen to provide the biasing field for the GMI sensor while not 

adversely affecting the polymerization of the PDMS or the elasticity of the cilia. 
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Nanocomposite   cilia   with   diameters   from   20   μm   to   200   μm   are   fabricated using the 

master mold techniques mentioned in section 3.5. Cilia with diameters greater than 100 

μm   are   fabricated   using   the   PMMA   master   mold, while smaller cilia diameters are 

fabricated using the silicon mold. The nanocomposite cilia were cured with NWs aligned 

along the length direction.  

4.1.3 Sensor Characterization, Experiments and Results 

In order to characterize the GMI sensor as discussed in section 3.10.3, a magnetic field is 

applied using a Helmholtz coil, while the impedance is obtained from the complex 

reflection coefficient measured with a network analyzer (Agilent E5061B) at a frequency 

of 500 MHz. A highly sensitive region is observed between 2.5 Oe to 8 Oe with an 

impedance peak obtained at a field of 9 Oe corresponding to the anisotropy field of the 

Ni80Fe20 thin films (Figure 4-2). The stray field of the nanocomposite cilia provides a bias 

field  of  about  3.2  Oe  at  which  the  GMI  sensor  has  a  sensitivity  of  1.2  Ω/Oe.   
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Figure 4-2: Impedance response of the GMI sensor to an external magnetic field applied 

at 500 MHz operating frequency. 
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The performance of the tactile sensor is investigated using different cilia 

geometries on 2×2 mm2 magnetic sensors to obtain results in different pressure regimes 

with tailored values of sensitivity, resolution, and operating range. Figure 4-3 shows a 

tactile  sensor  with  1  mm  long  and  200  μm  in  diameter  cilia  arrays  with  9  and  24  cilia.   

    

Figure 4-3: Arrays of (a) 9 and (b) 24 artificial cilia. 

 

The sensor is characterized by applying vertical forces using a computer 

controlled extensometer tensile/compressive force testing system (INSTRON 5966) with 

10 N load cell. The impedance response is obtained using a network analyzer similar to 

the GMI sensor characterization setup in section 3.10.3. The test setup is shown in Figure 

4-4. 

(a) 

(b) 

1 mm 1 mm 
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Stepping Motor

Computer 
Controller

Tactile 
Sensor

9 Pillars 24 Pillars

 
Figure 4-4: Tactile sensor test set-up. 

 

As shown in Figure 4-5, the sensor with 9 cilia can detect vertical forces up to 200 

mN (50 kPa) with a high resolution of 0.9 mN (0.23 kPa) and a sensitivity  of  15  mΩ/mN  

(60  mΩ/kPa).  Thereby,  the  sensor  operates  at  an  extremely  low  power  consumption  of  80  

nW. The maximum impedance change of the sensor  is  about  0.8  Ω  when  fully  deflecting  

the cilia. The 24 cilia arrangement tactile sensor shows a response in a larger range up to 

680 mN (170 kPa) with a resolution of 3.5 mN (0.88 kPa) and a sensitivity  of  4  mΩ/mN  

(16  mΩ/kPa). A  higher   saturation   impedance   change   of   0.86  Ω   is   observed  due   to   the  

presence of a larger volume of magnetic NWs affecting the GMI sensor.  
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Figure 4-5: Tactile sensor impedance response for two cilia configurations: 9 and 24 
cilia array. Inset: Deflection mechanism of cilia sensor with a vertical force. 

 

The capability of the sensor to detect the texture of objects is verified by moving a 

PMMA   object   that   contains   200   μm   deep   grooves with widths of 2 mm and 4 mm 

horizontally across the cilia sensors with a speed of 0.4 mm/s. The sensor is operated at 

500 MHz and the signal is measured using a real-time spectrum analyzer (Tek RSA 

6100A). As shown in Figure 4-6, the sensor signal closely follows the pattern of the 

textured  object  with  255  μV  change  of  the  voltage  amplitude  between  the  high  and  low  

features of the moving object.  
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Figure 4-6: Dynamic response for texture measurement. 

 

To  achieve  the  human  skin’s  capability  to  “feel”  irritants  (such  as  the  effects  of  a  fly  

landing) [44], sensors for a low-pressure regime are required. To this end, an array of 

2500 smaller cilia each with  10  μm  diameter  and  50  μm  length  is  fabricated  and  realized  

on the GMI sensor. The sensor is tested by applying vertical forces up to 3.5 mN (0.85 

kPa) (Figure 4-7). A maximum impedance change of 0.4 Ω  is  observed with a sensitivity 

of  214  mΩ/mN  (856  mΩ/kPa)  and  an  ultra-high resolution of 0.065 mN (16 Pa). 
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Figure 4-7: Force  response  of  a  sensor  with  2500  cilia  with  10  μm  in  diameter,  50  μm  

long,  and  25  μm  separation.  Inset: SEM image of the fabricated cilia array.  

 25  μm 
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The tactile nanocomposite cilia sensor concept can also be realized on flexible 

substrates. We used Kapton for this purpose and fabricated the 4 mm2 meander shape 

GMI sensor and  24  nanocomposite  cilia  with  1  mm  in  length  and  200  μm  in  diameter  on  

top of it. GMI sensors maintain their high sensitivity when fabricated on Kapton and only 

show a shift of the peak value related to a change of the anisotropy field [147]. A real-

time measurement similar to the textured object detection experiment is conducted using 

a flexible sensor placed directly above the artery of the wrist. With the cilia in contact 

with the skin, mechanical plethysmography is realized, enabling the detection of the heart 

rate [155]. As shown in Figure 4-8, a heart rate of 85 beats min-1 is found from the signal 

peaks of about 100 uV caused by the blood pressure waves. 
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Figure 4-8:  (a) A photograph of a flexible tactile sensor with an inset showing an SEM 
image of the cilia, and a photograph showing the flexible sensor attached to the skin 

above the artery of the wrist. (b) Measurement of the heart rate (85 beats min-1) through 
the signal caused by the blood pressure waves, which cause bending of the cilia. 

 500  μm 
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The versatility of our sensor concept enables operation not only in air but also in 

liquids without modifications. This is demonstrated in Figure 4-9a, which shows the 

response of a tactile sensor with 24 cilia tested in air and water. A distinct feature of the 

cilia tactile sensor is its ability to measure shear forces as arising from fluid flow. To this 

end, the sensors have been implemented in a  microfluidic   channel   using   500   μm   long  

cilia with different aspect ratios as discussed in section 4.2.5 [66]. In the case of water 

flow,   sensors   with   100   μm   diameter   cilia   operate   up   to   7.8   mm/s   (0-15 kPa) with a 

maximum   sensitivity   and   resolution   of   0.9   Ω/(mm/s)   and   15   μm/s,   respectively.  

Increasing  the  diameter  of  the  cilia  to  250  μm  increases  the  operating  range  to  10  mm/s  

(0-20 kPa) with   a  maximum   sensitivity   and   resolution   of   0.17  Ω/(mm/s)   and  79  μm/s,  

respectively (Figure 4-9b). It is worth noting that the sensor operates at extremely low 

power consumption of about 80 nW.  
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Figure 4-9: (a)  Underwater  performance  of  a  tactile  sensor  with  1  mm  long  and  200  μm  
in diameter cilia. Inset: Test setup for underwater experiment. (b) Water flow sensor 
response  of  sensors  with  cilia  that  are  500  μm  long and  have  a  diameter  of  100  μm  and  

250  μm. 
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4.2 Bioinspired Flow Sensor: Shear Force Detection 

4.2.1 Introduction to Flow Sensors 

The micro-scale, hair-like cilia structures exist in many creatures as mentioned earlier, 

including species that live in water. Taking fish as an example, the neuron stimulated 

cilia that   extend   from   the   organisms’   cells,   assist in performing a variety of functions 

such as preying or avoiding danger [31]. When the cilia are exposed to a change in the 

fluid flow, they bend and transmit a signal that is then translated into a specific function.  

Recently, artificial cilia have been developed that could be used for various 

applications such as cell mechanics study [35, 41], microfluidic propulsion [36, 37], and 

flow sensing [31]. For the hair flow sensors, different techniques have been utilized to 

detect cilia bending, due to flow such as thermal, piezoresistive, piezoelectric and 

magnetic [31].  

A piezoresistive hair flow sensor realized by Chen et al. consists  of  a  600  μm  by  

80   μm   vertical   SU-8 hair-like structure fabricated by photolithography and a silicon 

resistor. The sensor was able to detect constant air flow between 0 to 20 m/s with a 

resolution of 100 mm/s and water flow from 0 to 0.4 m/s with a resolution of 5 mm/s. 

The sensor was also able to detect alternating flow velocity amplitudes down to the order 

of 0.7 mm/s in water at a frequency of 50 Hz [156].   

Flow sensors based on a vertical cilium and a strain gauge were developed by Liu 

et al. The study included two prototypes: silicon-based and polymer-based cilia. The 

silicon-based sensor was mounted on a glass plate and placed in a water tunnel with 

laminar flow. For water flows with velocities from 0 to 1 m/s, a sensitivity of 0.5 mm/s 
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was reported. The response of the polymer-based sensor increases exponentially within 

the tested range, when applying air flow with velocities ranging from 0 to 30 m/s.  Chang 

concluded that silicon-based flow sensors showed higher sensitivity, whereas polymer-

based sensors were more robust [59]. Hein et al. proposed an inorganic nano-cilia sensor 

based on magnetic NWs that utilizes the stray magnetic field of cobalt NWs for a 

biomimetic sensing approach. The NWs are mounted on a giant-magneto-resistive sensor 

to detect their motion. The sensor has two possible applications: flow sensing and 

vibration sensing. Water flows were detected from 3.3 m/s to 40 m/s with a sensitivity of 

0.55 µV/m/s and a signal to noise ratio of 44, and vibrations in the low earthquake-like 

frequency range of 1–5 Hz [65]. The stiffness of the bare magnetic NWs prevents the 

measurement of low flow velocities. Nanocilia made of metals like Co have high 

possibility of corrosion, limiting their use for applications in, e.g., microfluidic devices. 

Magnetic polymer cilia have also been realized using superparamagnetic nanoparticles 

embedded in thin polymer films for various applications (section 2.3). This approach 

requires the application of rather large magnetic fields. For instance, Khaderi et al. 

applied a rotational magnetic field of 115 mT in amplitude and Digabel et al. used 

23×103 T.m-1 magnetic field gradient to actuate the cilia. A favorable property of 

magnetic cilia is the absence of an electric contact and the possibility of remote detection 

or actuation [157]. 

Recently, there has been a great interest in developing sensors with low power 

consumption. However, reducing the power consumption usually leads to a reduction in 

the resolution. For example, a low power thermal flow sensor developed by Cubukcua et 

al. shows a resolution below 10 mm/s at 177 μW [158]. High-resolution thermal flow 
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sensors have a power consumption of more than 1 mW [159]. In this regard, hair flow 

sensors are attractive options and have been shown to operate at a power consumption as 

low as 140 μW  providing  a  resolution  of  0.9  m/s [65].  

 

4.2.2 Sensor Design 

The high elasticity of the nanocomposite cilia [22], together with the good resistance to 

corrosion, enables the detection of extremely low flow velocities making the cilia concept 

appealing for flow sensing. The developed flow sensor is composed of eight 

nanocomposite cilia that are   500  μm   long   and  100  μm   in   diameter, with 18% NWs to 

PDMS volume ratio. The artificial cilia are fabricated on top of an 8 mm long and 400 

μm  wide  GMI sensor strip that was fabricated as mention in section 3.10.2. Illustration of 

the flow sensor operation principle is shown in Figure 4-10. It uses the same mechanism 

mentioned in section 3.3.5 where the cilia are deflected from the fluid flow that provides 

the force to the cilia. At resting position, the stray field of the cilia affects the GMI sensor 

with an average magnetic field value H(0) that biases the sensor and changes its initial 

impedance. In the presence of a fluid flow, the cilia bend in the flow direction. This 

bending results in a change of the stray field of the cilia with an average magnetic field 

value H(δ) affecting the GMI sensor, and hence changing its impedance.  
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Figure 4-10: Illustration of the flow sensor operation principle. (a) A GMI sensor is used 
to detect the stray field of the magnetic nanocomposite cilia, which is, on average, H(0) 

without fluid flow. (b) Fluid flow causes the cilia to bend (δ is the tip deflection), 
changing the average field to H(δ). 

 

The flow signal is obtained as the impedance change ∆Z, which is the difference 

between the  GMI  sensor’s   impedance  Zδ, when a flow is applied and the cilia’   tips  are  

deflected by δ, and the initial impedance Z0, when no flow is applied and δ = 0. The 

impedance can be calculated from the average magnetic field value at the GMI sensor 

and the sensitivity of the GMI sensor SGMI, which is assumed to be constant about the 

operation point. The sensitivity S of the flow sensor is the impedance change over the 

average flow velocity νavg(δ):
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     4-1 

Using S together with the maximum impedance fluctuation Zf (noise), the 

resolution is: 

R = Zf /S.      4-2 

The velocity inside the fluidic channel for a laminar flow is not constant but 

changes across the cross section area of the channel. The velocity is highest along the 

center of the channel and it is reducing toward the channel walls. The average flow 

velocity νavg is estimated to be one half of the maximum flow velocity [160].  
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Using the displacement-force relationship of an elastic cylindrical beam as 

discussed in section 3.4, the value of δ can be expressed for a force F along the length of 

the cilia as [161]:   
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    4-3 

where l, E, and D are   the   length,   the  Young’s   modulus   and   the   diameter   of   the   cilia, 

respectively. The force is proportional to the fluid density ρ, drag coefficient CD and the 

area of the cilia that is facing the flow A(δ), which is a function of δ, since the effective 

area is reducing as the cilia bend. CD is computed by [162]: 
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6.138.06.138.0    4-4 

where Re is the Reynolds number, Dh is the hydraulic diameter and μd is the fluid 

dynamic viscosity.  

The flow sensor is tested inside a fluidic channel, which is 1 mm high, 10 mm 

wide and 15 mm long and has an inlet and an outlet. The channel is fabricated with the 

laser cutter using three layers of PMMA substrates bonded by applying chloroform at the 

bonding joints and pressing the substrates by hand. The channel is then bonded to the 

sensor’s  substrate  using  instant  room  temperature  curing  adhesive.  The  channel  provides  

a small value of Re to avoid turbulence and achieve laminar flow. The fabricated 

nanocomposite cilia on the GMI sensor is shown in (Figure 4-11).  
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Figure 4-11: Optical image of the fabricated nanocomposite cilia with  500  μm  in  length  
and 100  μm  in  diameter. 

 
 

4.2.3 Sensors Characterization 

Prior to testing the magnetic hair flow sensor, the GMI sensor is characterized in order to 

obtain the sensitivity SGMI. Using a Helmholtz coil, a magnetic field from 0 Oe to 100 Oe 

with increments of 1 Oe is applied to the GMI sensor, and the impedance is obtained with 

an impedance analyzer (Agilent E4991A) at a current of 2 mA in amplitude and a 

frequency from 10 to 500 MHz (Figure 4-12a). The GMI sensor response shows a peak at 

a field of 11 Oe corresponding to the anisotropy field of the Ni80Fe20 thin film. The 

response of the GMI sensor at 500 MHz and for fields applied in the longitudinal and 

transverse direction is shown in Figure 4-12b. As can be seen, the GMI sensor is 

magnetically sensitive in the longitudinal direction while no significant impedance 

change is observed in the transverse direction. The GMI ratio, which is the maximum 

impedance change obtained with respect to the impedance at saturation field, is 20% and 

1.3% in the longitudinal and transverse direction, respectively. This anisotropic magnetic 

property of the GMI sensor provides a good selectivity in terms of the direction of the 
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magnetic signal that is being measured. The value of SGMI is estimated through a linear fit 

of  the  GMI  sensor’s  response  between  0  Oe  and  11  Oe,  as  shown  in  Figure 4-12b, which 

includes the operating range, within which the magnetic fields are varying with the 

deflection. SGMI increases with increasing frequency (Figure 4-12c), therefore, 500 MHz 

is selected as the operating frequency, where SGMI is  0.67  Ω/Oe.   

The flow sensor is tested by applying air and water volumetric flow rates using a 

syringe pump through a channel inlet in both sensitive and non-sensitive directions of the 

GMI sensor. The experimental setup is shown in Figure 4-13. The average flow velocity 

is calculated by dividing the applied volumetric flow rate by the channel cross-section 

area of 10 mm2. The impedance magnitude of the GMI sensor is measured with the 

impedance analyzer at a current of 2 mA in amplitude and 500 MHz in frequency. A set 

of 10 data points at every flow velocity value is recorded over a period of 30 seconds. 

The values for Zδ and Zf are obtained from the average value and the maximum deviation 

from the average value, respectively. The current dependence of the flow sensor is tested 

for current amplitudes between 0.1–10 mA, which are the limits of the impedance 

analyzer.  
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Figure 4-12: (a) Impedance characterization of the GMI sensor as a function of the 
frequency and the magnetic field applied in the longitudinal direction. (b) Impedance 

response of the GMI sensor with external magnetic fields applied in the sensitive 
(longitudinal) and non-sensitive (transverse) directions at 500 MHz. The GMI sensor 

sensitivity SGMI was determined by a linear fit. (c) SGMI along the sensitive direction as a 
function of the frequency. 

 

 

Figure 4-13: Flow sensor experimental setup. 
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4.2.4 Computational Model 

The response of the flow sensor is computed from Eq. 4-1 and 4-3 using a remanence 

magnetization of 2.1 memu and SGMI =  0.67  Ω/Oe. The eight cilia are modeled by finite 

element simulations as 3D cylindrical beams as discussed in section 3.8. The magnetic 

fields affecting the GMI sensor are studied upon the deflection of the nanocomposite 

cilia. The magnetic NWs are accounted for by assigning flux density vectors to the cilia, 

which   are   calculated   from   the  NWs’   remanence   value   and   the   amount of NWs in the 

cilia. Fluid flow is simulated by rotating the cilia about the anchor point by the angle θ, 

which is related to the deflection by: 

      4-5 

This changes the effective area of the cilia that is facing the flow to:  

     4-6 

The average value of the magnetic field at the GMI sensor is: 

     4-7 

where Hx is  the  component  of  the  magnetic  vector  field  along  the  GMI  sensor’s  sensitive  

direction, i is the summation index and n is the number of magnetic vectors used in the 

averaging process. The average magnitude of the magnetic field is calculated as: 

           4-8 

When the cilia are straight, an average magnetic vector field of 0 Oe is obtained, 

due to the symmetry of the stray field. However, the magnitude of the magnetic field in 

this case is 3.2 Oe, which can be considered as the bias field of the GMI sensor. As the 

cilia deflect, the stray field at the GMI sensor increases on one side of the cilia and 
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decreases on the other side, causing the average magnetic field value to increase. When 

the cilia are fully deflected, the magnetic field reaches an average value of 1.3 Oe.  

νavg(δ) is calculated by combining Eq. 4-44-3, where A(δ) can be derived from Equations 

4-5 and 4-6  as: 

     4-9 

The  flow  sensor’s  impedance  change  can  now  be  calculated  from  Eq. 4-1 by relating H(δ) 

to the corresponding H(θ) and using SGMI from the experiment. 

 

4.2.5 Experiments and Results 

The results of the flow experiments are shown in (Figure 4-14a) for air and (Figure 

4-14b) for water, respectively. The sensor is sensitive to average air flow velocities from 

0 to 190 mm/s with maximum values of S =  24  mΩ/(mm/s)  and  R = 0.56 mm/s. In case of 

water, the sensor operates in the range from 0 to 7.8 mm/s with maximum values of S = 

0.9  Ω/(mm/s)  and  R =  15  μm/s.  The  range  of flow rates is lower for water than for air, 

due to the higher density of water, causing larger forces to be exerted on the cilia. In both 

cases the response is increasing in a relatively linear manner (±5%) between 0 and 0.6 

mm/s for water flow and between 0 and 18 mm/s for air flow, with the slopes 

representing the maximum sensitivity. Another linear region (±3%) is observed for water 

flow between 1.9 and 7.8 mm/s with S = 13.5 mΩ/(mm/s),  and  between  40  and  190  mm/s  

with S = 0.7 mΩ/(mm/s)   for   air.  Completely bending the cilia results in saturating the 

impedance  change  at  0.53  Ω  and  0.54  Ω  for  air  and  water  flows,  respectively.   
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The orientation of the fluidic channel with respect to  the  GMI  sensor’s  alignment  

is changed, in order to test the flow sensor along the non-sensitive direction. A smaller 

response of about 10% compared to the sensitive direction is obtained with the saturation 

values  of  0.059  Ω  for  air  and  0.061  Ω  for  water. 

Figure 4-14 also shows the theoretical response of the flow, which is in close 

agreement  with   the   experimental   results.  A   slightly  higher   saturation  value  of  5.7  Ω   is  

obtained from the theoretical model. This is most likely due to the actual magnetization 

of the cilia being lower than expected, indicating a lower NW concentration than 

expected. Theoretical impedance values at the knee region, which corresponds to around 

70 degrees cilia deflection, are higher than the experimental values, due to the 

assumption of rotation of straight cilia rather than their bending and neglecting the fact 

that the actual flow velocity inside the channel is reducing toward the channel walls. 

The performance of the flow sensor can be modified easily by changing the 

mechanical parameters of the cilia. Changing the diameter of the cilia, for example, leads 

to a different operating range, resolution and sensitivity (Figure 4-15). To demonstrate 

this point, a flow sensor is fabricated with 500   μm   long   and   250   μm   in   diameter  

nanocomposite cilia that have the same Fe NWs volume as the 100 μm   cilia.   The  

modified sensor operates in the range from 0 to 12 mm/s with maximum values of S = 

0.17  Ω/(mm/s) and R =  79  μm/s.     
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Figure 4-14: Experimental and simulated impedance change of the flow sensor at 
different  flow  velocities  along  the  GMI  sensor’s  sensitive  direction  and  non-sensitive 

direction for (a) air flow and (b) water flow. 
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Figure 4-15:  Experimental impedance change of flow sensors with cilia of  100  μm  and  
250  μm  in  diameter  and  500  μm  in  length  at  different  flow  velocities  along  the  GMI  

sensor’s  sensitive  direction  for  water  flow.  The  fabricated  cilia with  250  μm  in  diameter  
are shown in the inset. 

 

The average power consumption of the flow sensor, when operated at 2 mA 

current   amplitude,   is   31.6   μW.   The   power   consumption   can   be   further   reduced by 

operating the sensor at lower current amplitudes. The current dependence of the flow 

sensor is shown in Figure 4-16. As can be seen, there is almost no influence of the current 

on the measured impedance value with slightly higher values obtained at low current 

amplitudes. The impedance of the GMI sensor at 2 mA driving current has fluctuations of 

Zf = 0.0135   Ω,   while   Zf = 0.0292   Ω   and   Zf = 0.0096   Ω at 0.1 mA and 10 mA, 

respectively. This indicates that the signal stability can be enhanced by increasing the 

driving current, and hence increasing the resolution at the expense of power consumption. 

The operation at 10 mA leads to a slightly improved resolution of 10 μm/s at a power 



132 
 

consumption of 790 μW. When operated at 0.1 mA, the power consumption can be 

reduced to as little as 80 nW, with the resolution  still  being  32  μm/s.    

 

Figure 4-16: Flow sensor impedance fluctuation over time for different current 
amplitudes.
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5 CONCLUSION & FUTURE PERSPECTIVES 

5.1 Conclusion 

Natural cilia were mimicked by fabricating a novel permanent magnetic and highly 

elastic nanocomposite cilia consisting of PDMS polymer with embedded Fe NWs, which 

generate a stray field. The cilia were integrated on a GMI thin film sensor to detect the 

change  of  the  cilia’  stray  fields,  resulting  from  bending  them  upon the application of an 

external force. The permanent magnetic property of the NWs eliminated the need for an 

external magnetic field source for both magnetizing the nanocomposite and biasing the 

GMI sensor. GMI sensors are used because of their high sensitivity and simple 

fabrication, and it is worth to note that they could be implemented as wireless devices 

which could be utilized to realize passive and remote sensors [138, 163]. Employing the 

reported concept, highly sensitive, power efficient and multifunctional tactile and flow 

sensors were realized which can operate in air and liquid. The nanocomposite cilia 

demonstrated unique features including biocompatibility, good corrosion resistance, and 

the ability to operate in harsh conditions. The proposed concept has wide range of 

flexibility to achieve: a sensor with extremely high sensitivity within an ultra-low-

pressure regime (<500 Pa) for microfluidics or biological detection, a sensor with high 

degree of sensitivity in the low-pressure regime (<10 kPa) for electronic skins and health 

monitoring systems, or a sensor with wide range of operation up to 300 kPa for industrial 

applications. 

The tactile sensors were realized on flexible and rigid substrates. Various dynamic 

studies were conducted with the tactile sensor demonstrating the detection of moving 
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objects and textured surfaces with extremely low power consumption of 80 nW. Different 

cilia configurations were designed, confirming the possibility to easily control the 

sensors’  performance  with  the  cilia’s  arrangements  or  dimensions.  A specific feature of 

the cilia tactile sensor is its ability to measure flow, which is unique in the realm of tactile 

sensors.  

The developed nanocomposite cilia flow sensor can be used for both water and air 

flow measurement applications and has an operating range in case of air flow between 0 

and  190  mm/s  with  a  sensitivity  up  to  24  mΩ/(mm/s)  and  a  resolution  of  0.56  mm/s,  and  

in case of water flow the operating range is between 0 and 7.8 mm/s with a sensitivity up 

to  0.9  Ω/(mm/s)  and  a  resolution  of  15  μm/s.  The  achieved resolution is high compared to 

previously reported flow sensors [31, 59, 65, 156, 158], with a very low power 

consumption  of  31.6  μW  compared  to  reported thermal flow sensors with 177 μW [158] 

or hair flow sensors with 140 μW [65]. The power consumption can even be reduced to 

80 nW, with only a small decrease of the  resolution  of  water  flow  to  32  μm/s.  A magnetic 

NWs-based flow sensor was proposed by Hein et al. that offer the advantage of 

extremely small dimensions but suffers from the possibility of corrosion, and the high 

stiffness that prevents detection of low flow velocities. The developed flow sensor in this 

dissertation has a good corrosion resistance, is highly elastic, and uses a simple and cost-

effective fabrication method compared with a conventional soft lithography process that 

demands templates prepared in specialized facilities with expensive consumables. The 

eight cilia design was arranged in a manner allowing full deflection of each cilium 

without touching each other. This design provides an average signal over a length of 8 

mm and can be readily adjusted to meet other requirements. This has been demonstrated 
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by   modifying   the   cilia’   diameter   from 100 μm   to   250 μm,   which   increased   the   flow  

velocity range at the cost of sensitivity and resolution. The performance of the proposed 

hair flow sensor could be further improved by optimizing the sensitivity of the GMI 

sensor or increasing the NWs concentration in the nanocomposite.  

In general, the mold-based microfabrication process and magnetic operation 

principle enable a high degree of integration, which together with the extremely low 

power consumption make the artificial cilia sensor an attractive solution for many 

applications. 

 

5.2 Future Perspectives 

The developed nanocomposite cilia sensor concept showed great potential for a wide 

range of applications, opening the door for new projects in the future. Further 

optimization of the nanocomposite fabrication process is required to obtain full control 

over the NWs concentration and ensure uniform dispersion of the NWs throughout the 

nanocomposite cilia. Currently, the process utilized to make the nanocomposite cannot 

guarantee a precise NWs concentration in the nanocomposite. The dispersion issue can be 

improved by investigating techniques like better nanocomposite sonication, or by coating 

the NWs with Polyethylene glycol (PEG) prior to mixing with PDMS. Another issue is 

having no NWs in parts of the cilia, which is mainly due to the magnetic field source 

utilized to align the NWs. One important enhancement is, therefore, the utilization of a 

highly uniform magnetic field over a wide range to align the NWs efficiently (e.g. 

Helmholtz Coil). An observed issue is the easy corrosion of polycrystalline Fe NWs. The 

investigation of different NW materials can be conducted in the future to obtain better 
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permanent nano-magnets that offer a large stray field and do not corrode as fast as 

polycrystalline Fe. A candidate material is single crystal Fe NWs as discussed in section 

3.9.1. 

Future work can also include mapping the stray field of the nanocomposite cilia 

and conducting an in-depth study on the stray field behavior of nanocomposites with 

different NWs concentrations and different alignment directions. This study can allow 

optimizing the performance of the cilia sensor. 

One key challenge was the poor adhesion of the nanocomposite cilia to silicon or 

Kapton, which was solved by spinning and curing a thin film of PDMS on the substrate 

prior to the fabrication of the cilia. Alternative solutions can be investigated such as 

chemical or physical surface treatments to improve the adhesion. Different substrate 

materials could also be utilized (e.g. PDMS) to allow obtaining a robust cilia sensor.  

GMI sensors were used due to their great advantages such as high sensitivity, 

simple fabrication, robustness and the possibility to integrate the sensor with RF 

transducers for wireless operation, which could be useful for specific applications. The 

high-frequency operation of the GMI sensor does not allow easy utilization of sensor 

arrays, and complex circuitry is required. The cilia sensor design can be modified by 

replacing the GMI sensor with other magnetic sensors to allow the realization of a sensor 

array that operates at DC or low-frequency currents, which require much simpler 

circuitry. Magnetic field sensors like contemporary magnetic tunnel junctions or giant 

magneto-resistive sensors might offer advantages over the GMI sensor. 

To put the developed nanocomposite cilia sensors in the context of practical 

applications, an investigation on their performance when equipping a robotic arm or a 
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prosthetic glove under extreme conditions will be interesting. This will validate the 

suitability of the sensor for wearable applications in general. A step toward this goal has 

been conducted by investigating the tactile sensor for specific applications like Braille 

characters reading. The tactile sensor is currently also being studied on tweezers and 

catheters for the potential of developing smart surgical tools. Other applications are 

envisioned like the development of smart and disposable artificial skins for underwater 

and marine applications. Designing a full system with the required circuitry can allow 

bringing the cilia sensor concept to the market.    
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