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Abstract 

Slender hair-like cilia are observed in many living organisms. Cilia carry out important 

roles, such as locomotion, fluid control, fluid diffusion, and cleaning, owing to their high 

aspect ratio structure. Inspired by cilia in nature, artificial cilia actuators are being 

extensively developed. An artificial cilia actuator can generate shape morphing and actuation 

under external stimuli, such as pneumatic, electric-field, light, thermal, and chemical stimuli 

as well as a magnetic field. Pneumatic cilia actuators have a large driving force compared to 

their weight and are easy to manufacture.  However, they cannot be miniaturized to a 

microscale, like cilia in nature, because additional components such as pumps and cables are 

essential. Electric cilia can be manufactured on a microscale and can actuate dynamically; 

however, their applications are limited owing to their high voltage requirements. Light, 

chemical, and thermal stimuli-based cilia actuators can also be miniaturized on a microscale, 

but they have slow response times and do not easily generate the desired actuation. On the 

other hand, magnetic actuators can be miniaturized, controlled precisely, are non-invasive, 

and can be driven immediately. Owing to these advantages, cilia actuators based on magnetic 

fields have been intensively investigated. 

Magnetic cilia actuators are mainly constructed using a top-down approach. In this 

approach, a template mold with a lithographically defined hole array is replicated with a 

magnetic-particle mixture solution, which enables the reliable fabrication of magnetic cilia 

with controlled geometry. However, with this technique, synthetic cilia with nanoscopic 

diameters that are nearly the size of biological cilia are difficult to access owing to the limited 

pattern resolution of the lithographically prepared template and high viscosity of the 

composite solution. In addition, the aspect ratio of cilia is limited because the cilia may 

structurally collapse during a demolding step of the molding process. 

The self-assembly approach has emerged as a solution to the limitations of the top-down 

approach. This approach fabricates a desired structure by manipulating a driving force that 

moves particles, and it has strong potential for constructing a cilia array with a nanoscale 

size and high aspect ratio structure. The Langmuir–Blodgett conventional self-assembly 

technique can precisely control particles. However, this technique typically produces close-

packed two-dimensional monolayer or three-dimensional lattice structures. Recently, spray-

based and DNA-based self-assembly techniques were conducted to construct a vertical 

structure. However, spray-based self-assembly has random spatial distributions without 
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controllability of the array geometry. DNA-based self-assembly has a complex process; 

therefore, obtaining a high aspect ratio is challenging. 

We propose a programmable self-assembly strategy that can direct magnetic particles into 

a highly ordered responsive artificial cilia actuator. The resulting cilia display several 

structural features, such as diameters of single-particle resolution, controllable diameters and 

lengths spanning from nanometers to micrometers, and accurate positioning. The proposed 

strategy is based on the vapor state, which minimizes intermolecular interaction, and precise 

magnetic-field control using a Ni island. The self-assembled artificial cilia can maintain their 

structural integrity through interparticle interactions. Interestingly, the cilia can exhibit a 

field-responsive actuation motion through “rolling and sliding” between assembled particles 

instead of bending the entire ciliary beam. We demonstrate that oleic acid used to coat the 

particles acts as a lubricating bearing and enables the rolling/sliding-based actuation of the 

cilia. We further demonstrate that both magnetic nanocilia and microcilia can dynamically 

and immediately actuate in response to modulated magnetic fields while providing different 

stroke ranges and actuation torques. 

 

Keywords: Self-assembly, Cilia, Nano-actuator, Micro-actuator, Nanoparticle, Microparticle, 

Rolling and sliding, Field-responsive actuation, Dynamic, High aspect ratio, Shape-

morphing, Vapor state, Ni island,  
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I. Introduction 

1-1. Research Background 

1-1-1. Cilia in nature 

Cilia are high aspect ratio microstructures that are observed in various organisms, from 

single cells to complex human bodies (Figure 1.1). Protozoa1, 2, which are composed of single 

cells, have several hundred nanometer-scale cilia, and they perform locomotion or control 

surrounding fluid based on their cilia.3, 4 The cilia observed in our bodies are typically in the 

lungs5-7, trachea8, and epithelial cells of the brain9, 10, and they perform important biological 

roles such as removing dust to clean surfaces or acting on microfluids through droplet control. 

In particular, cilia observed in embryonic cells11 or sperm4, 12, 13 affect body plans or 

contribute to motility. In addition, cilia are used as sensors that react to external stimuli in 

zebrafish14, 15, spiders16, and the inner ear (fallopian tube)17, 18. Thus, cilia observed in various 

organisms play different roles based on the beating motion of the high aspect ratio structure. 

1-1-2. Driving force of cilia actuator 

Bioinspired cilia actuators have been extensively investigated to realize the functionality 

of cilia observed in nature. Synthetic cilia actuators have been developed to generate 

actuation under diverse stimuli, such as pneumatic, electric-field, light, thermal, and 

chemical stimuli as well as a magnetic field. Pneumatic cilia actuators are the most prevalent 

type. A pneumatic cilia actuator comprises a silicone-based polymer (e.g., PDMS, Ecoflex) 

and cavity (Figure 1.2a)19. The desired actuation is driven by an asymmetric deformation of 

the cavity20-23 and materials that have different stiffnesses (Figure 1.2b-c).24, 25. A pneumatic 

cilia actuator has the advantage of a relatively large actuation force and fast response. 

However, these hydraulic-based actuators require large motors and additional components, 

such as lines and valves, for hydraulic pressure, and these additional components have 

limitations regarding miniaturization (Figure 1.2d).24 
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Figure 1.1. Cilia observed in various organisms in nature.  
Cilia (in brain) image reproduced with permission from ref9, copyright 2010 Springer 
Nature, Sperm image reproduced with permission from ref12, copyright 2021 Springer 

Nature, Embryonic image reproduced with permission from ref11, copyright 2002 Springer 
Nature, Cilia (in ear) image reproduced with permission from ref18, copyright 2004 Springer 
Nature, Cilia (spider) image reproduced with permission from ref16, copyright 2009 Royal 

Society.. 
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Figure 1.2. Pneumatic cilia actuator. (a) A schematic showing the structure of a pneumatic 
actuator. Reproduced with permission from ref19, copyright 2018 Springer Nature. (b, 

c) Cilia actuator based on asymmetric deformation of a cavity. Reproduced with 
permission from ref25, copyright 2019 John Wiley and Sons. (d) A schematic showing 

additional components (Pressure supply, lines, and valves). Reproduced with 
permission from ref24, copyright 2020 Mary Ann Liebert, Inc. 

Electric stimuli are typically applied as a driving force for cilia actuators.26, 27 The latter 

are composed of dielectric materials and have a two dimensional (2D) planar structure owing 

to their microstructures being fabricated through photolithography processes (Figure 1.3a,b). 
28, 29 Electric cilia actuators can be manufactured on a submicron scale and can operate at 

high frequencies. However, they are limited by their high-voltage requirements (~100 V) for 

actuation and their resulting hydrolysis. Recently, Cohen et al. proposed an electrochemical 

method to address the high-voltage requirements (Figure 1.3c,d).30, 31 The principle of the 

electrochemical method is shown in Figure 1.3c. Voltage was applied to cause oxidation and 

reduction, and the resulting thin film caused stress to actuate the cilia. Their study showed 

that the actuator operated up to 2 Hz. However, this method can only be operated in a specific 

environment in which chemical reactions are possible, and the actuating direction was 

limited to one direction. Moreover, actuation is determined by the on/off status of the 

chemical reaction; therefore, precisely controlling the actuating motion is challenging.  
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Figure 1.3. Electric cilia actuator. (a) A schematic of the mechanism of electric cilia 
actuation. Reproduced with permission from ref28, copyright 2018 American Chemical 
Society. (b) Cilia actuator fabricated through photolithographic process. Reproduced 

with permission from ref29, copyright 2007 Royal Society of Chemistry. (c) A 
schematic of the electrochemical actuation mechanism. Reproduced with permission 

from ref30, copyright 2020 Springer Nature. (d) Electric cilia actuator based on 
electrochemical actuation. Reproduced with permission from ref31, copyright 2022 

Springer Nature.  

Other studies show that light stimuli can actuate cilia.26, 32, 33 Liquid-crystal polymer, 

which changes a material’s molecular order via light stimuli, generates a macroscopic shape 

change (Figure 1.4a,b).34, 35  A recent study shows an enhanced actuating performance by 

integrating the bilayer structure and photothermal effects based on the surface plasmon 

resonance of the nanoparticle.36, 37 However, a cilia actuator based on light is disadvantaged 

because controlling actuating motion precisely is difficult, the reaction is slow, and the output 

power is low compared to the size. The principle of these actuators is based on using a bilayer 

structure that has different thermal expansion or using hydrogel, which has different water 

absorption depending on the surrounding temperature, humidity, and pH.38-43 Figure 1.3c 

shows that the designed structure generates the programmed motion via thermal stimuli.42 

Figure 1.3d shows the actuation of the bilayer structure according to pH.43 However, the 
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actuator based on these stimuli has a slow response and low output force. Moreover, 

generating the desired motion is difficult. 

 

Figure 1.4. Various stimuli for cilia actuator. (a) A schematic showing light stimuli-based 
actuation. Reproduced from ref34 with permission under open license CC BY. (b) 
Actuation of light cilia. Reproduced with permission from ref35, copyright 2009 

Springer Nature. (c, d) A schematic showing the swelling mechanism (c) and actuation 
of designed structure. Reproduced with permission from ref42, copyright 2016 

Springer Nature. (d). (e) Chemical cilia actuator based on pH stimuli. Reproduced 
with permission from ref43, copyright 2011 Royal Society of Chemistry.  
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Magnetic stimuli are the most actively studied driving force for cilia actuators.44, 45 A 

magneto-responsive cilia actuator does not require additional connections and can be 

remotely controlled (Figure 1.5a.45 This advantage of easy miniaturization has led to the 

development of many microscale cilia actuators (Figure 1.5b-d)45-47, and fabricated cilia 

exhibit dynamic actuation performance, as shown in Figure 1.5d. In addition, the magnetic 

field has noninvasive and transparent characteristics and can be operated accurately; 

therefore, it can be applied as a microrobot (Figure 1.5e)48 and in sensitive environments or 

complex spaces, such as human organs (Figure 1.5f).49, 50  

 

Figure 1.5. Magneto-responsive cilia actuator. (a) A schematic showing the remote-control 
of a magneto-responsive cilia actuator. (b) Actuation of magneto-responsive cilia 

actuator. Reproduced with permission from ref45, copyright 2018 Royal Society of 
Chemistry. (c, d) Fabricated microscale artificial cilia and action. Fig 1.5c image 

reproduced with permission from ref46, copyright 2020 John Wiley and Sons. Fig 1.5 d 
reproduced from ref47 with permission under open license CC BY. (e) Magnetically 
actuated microrobot. Reproduced from ref48 with permission under open license CC 
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BY. (f) Soft-body robot controlled by magnetic field. Reproduced with permission 
from ref50, copyright 2018 Springer Nature.  

1-1-3. Fabrication of magneto-responsive cilia actuator 

One of the most widely utilized approaches for constructing magnetic cilia is a soft 

molding technique that uses a composite solution of magnetic particles and prepolymers.51-

55 In this technique, a template mold with a lithographically defined hole array is replicated 

with the mixture solution (Figure 1.6a).56 Silicon-based polymers, such as PDMS and 

Ecoflex, were primarily used to construct cilia actuators. These polymers are selected based 

on their activation performance and the stability of the cilia because a high modulus 

interferes with cilia driving, and low stiffness causes structures to collapse.46, 57, 58 The soft 

molding technique enables the reliable fabrication of magnetic cilia with controlled geometry 

(Figure 1.6b-d). 59-61 However, when using this technique, it is challenging to produce a high 

aspect ratio structure or nanocilia, which has a nanometer-scale diameter. This is because the 

higher the aspect ratio or the smaller the structure, the greater the surface-to-volume ratio, 

which is likely to be damaged in the demolding process. Therefore, the previous magneto-

responsive cilia actuators manufactured thus far have a limited size and aspect ratio, as shown 

in Figure 1.7, and no nanocilia actuator that is capable of operating on the nanoscale has 

been developed. 46, 51-54, 56, 59-66 
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Figure 1.6. Soft molding techniques for fabrication of magneto-responsive cilia actuator. 
(a) A schematic showing the fabrication process of magneto-responsive cilia actuator. 
Reproduced with permission from ref56, copyright 2018 John Wiley and Sons. (b-d) 
Magneto-responsive cilia actuator fabricated by soft-molding techniques. Fig 1.6 b 

reproduced with permission from ref59, copyright 2020 Elsevier. Fig 1.6 c reproduced 
from ref60 with permission under open license CC BY. Fig 1.6 d reproduced from ref61 

with permission under open license CC BY.  
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Figure 1.7. Previous cilia actuator 

The self-assembly technique has strong potential for constructing synthetic cilia arrays at 

a nanoscale size and resolution that highly resemble the dynamic function and exquisite 

nanoarchitectures of natural cilia. This is because self-assembly is a method of precisely 

controlling the driving force, which plays a major role in inducing assembly in a single 

particle unit into a desired shape. Conventional self-assembly techniques (e.g., Langmuir–

Blodgett, dip-coating, and spin-coating) typically result in close-packed 2D monolayer or 3D 

lattice structures (Figure 1.7a,b).67, 68 Some studies have shown that particles can be self-

assembled in a non-close-pack shape by arranging them at a specific position using a mold 
69-71; however, the output has a low aspect ratio (Figure 1.7c).71 Other studies have suggested 

colloidal assembly methods to fabricate a non-close-pack structure by locally controlling the 

magnetic field using metal patterns to induce particles at predefined positions (Figure 1.7d,e). 
72, 73 However, all of these techniques are conducted in the liquid state, in which capillary 

force is a considerable influence.72-76 Because capillary force is an isotropic force that is 

unsuitable for a high cross-sectional area and anisotropic arrangement of particles, a high 

aspect ratio structure is difficult to fabricate.46, 57, 77, 78  
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Figure 1.8. Self-assembly techniques. (a) A schematic showing the Langmuir–Blodgett 
technique. Reproduced with permission from ref67, copyright 2022 American 

Chemical Society. (b) Close-packed structure fabricated with Langmuir–Blodgett 
technique. Reproduced with permission from ref68, copyright 2011 Springer Nature. 

(c) Schematic of mold-assisted self-assembly process and SEM image of the 
fabricated structure. Reproduced with permission from ref71, copyright 2010 American 

Chemical Society. (d, e) Colloidal assembly with magnetic field guide. Fig 1.8 d 
reproduced with permission from ref72, copyright 2010 American Chemical Society. 
Fig 1.8 e reproduced with permission from ref73, copyright 2013 Springer Nature. 
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Magnetic field-based self-assembly, which is advantageous for forming a high aspect ratio 

structure based on the anisotropic property of the magnetic force, was performed to address 

low aspect ratio structure(Figure 1.8a).79-84 When using the spray-type self-assembly method, 

microstructures are spontaneously formed by curing mixture solutions of magnetic particles 

and a precured polymer on a permanent magnet (Figure 1.8b-d).85-87 This method enables the 

simple formation of magneto-responsive structure arrays; however, the resulting array has 

random spatial distributions, and there is no controllability of the array geometry. An 

alternative to producing a high aspect ratio is to self-assemble the structure using DNA.88-90 

Self-assembly using DNA enables the selective bonding of particles, and thus, a vertical 

stack of particles (Figure 1.8e).90 However, creating a high aspect ratio structure is 

challenging because it requires a complicated process.  
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Figure 1.9. Self-assembly techniques to fabricate high aspect ratio structure. (a) A 
schematic showing the procedure used for magnetic field-based self-assembly and the 

fabricated product. Reproduced with permission from ref84, copyright 2017 John 
Wiley and Sons. (b-d) Fabricated magneto-responsive cilia with magnetic field-based 
self-assembly techniques. Fig 1.9 b reproduced from ref85 with permission under open 
license CC BY., Fig 1.9 c reproduced with permission from ref86, copyright 2020 John 
Wiley and Sons. Fig 1.9 d reproduced from ref87 with permission under open license 

CC BY. (e) Schematic of self-assembly using DNA, and SEM image of the fabricated 
structure. Reproduced from ref90 with permission under open license CC BY. 
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1-2. Outline of the dissertation 

The research goal of this dissertation is to fabricate highly ordered responsive artificial 

nanocilia and microcilia actuators, which have not been previously built. To address the 

above-mentioned limitations, we developed a self-assembly process that complements the 

elements that limit the formation of high aspect ratios in the existing self-assembly process. 

The new self-assembly technique consists of three elements (Figure 1.9). The first element 

is self-assembly in the vapor state. The existing Langmuir–Blodgett techniques are 

considerably influenced by intermolecular forces; therefore, an isotropic force is unsuitable 

for fabricating an anisotropic high aspect ratio structure. The proposed self-assembly was 

performed in a vapor state, in which intermolecular forces were minimized. The second 

element is the magnetic field. The magnetic field has anisotropic properties; therefore, 

creating an anisotropic structure and high aspect ratio structure is advantageous when self-

assembly is performed using a magnetic force as the driving force. The final element is 

control of the magnetic field. Magnetic-field strength can be locally enhanced by 

ferromagnetic material. Using this phenomenon, a magnetic field was locally controlled by 

a ferromagnetic pattern to accurately induce magnetic particles at the desired position. Using 

the proposed self-assembly process that integrates these elements, particles were induced at 

the programmed position, and nano- and microscale cilia could be manufactured through the 

vertical assembly of particles.  

 

Figure 1.10. Elements of new self-assembly technique.  
Magnetic field control image reproduced with permission from ref72, copyright 2010 

American Chemical Society.  

To achieve the research goal, each element of the proposed self-assembly is designed, and 

an analysis is performed on the element parameters to optimize the self-assembly element. 
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Then, an analysis of the self-assembled cilia is performed. Therefore, the research outline of 

the dissertation is organized in the following order: 

 

I. Construction of new self-assembly process  

II. Analysis of self-assembly elements  

III. Analysis of self-assembled cilia actuator array.  

 

 

Figure 1.11. Outline of dissertation 
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II. Construction of new self-assembly process  

This chapter includes the published contents: 

Kang, M.; Seong, M.; Lee, D.; Kang, S. M.; Kwak, M. K.; Jeong, H. E., Self-Assembled 

Artificial Nanocilia Actuators. Adv. Mater. 2022, 34 (24), 2200185. Copyright © 2022 

Wiley-VCH GmbH 

Kang, M.; Lee, D.; Bae, H.; Jeong, H.E., Magnetoresponsive Artificial Cilia Self-

Assembled with Magnetic Micro/Nanoparticles. ACS Appl. Mater. Interfaces 2022, 

14, 50, 55989–55996. Copyright © 2022 American Chemical Society 

2-1. Design of new self-assembly process  

2-1-1. Mechanism of new self-assembly process 

The procedure for assembling synthetic nanocilia arrays from magnetic NPs is depicted in 

Figure 2.1. One of the key mechanisms in our self-assembly method is the utilization of 

magnetic particles in the vapor state as a building block. When the magnetic particles 

monodispersed in hexane were sprayed out of the nozzle, they converted into the vapor state 

(aerosol) through evaporation of the solvent (Figure 2.1a,b). Previous self-assembly has 

typically been performed in a liquid medium with the aid of surface tension and evaporation 

at the liquid/air interface.68, 70, 91-94 While this approach is useful for 2D assembly, the strong 

capillary interactions of particles/particles and particles/substrate hinder the precise 

manipulation of individual particles at the single particle level and the assembly of particles 

into a vertical 3D arrangement.95 We used two types of magnetic particles to verify whether 

our approach could be utilized for magnetic particles having different sizes and shapes. 

Ferrimagnetic truncated octahedral Fe3O4 NPs and ferromagnetic spherical Fe MPs with 

average diameters of 370 nm and 2 µm, respectively. When the substrate with Ni islands is 

placed over a permanent magnet (flux density: 0.38 T), the magnetic field is concentrated 

and intensified on the Ni sites, generating a strong attracting force for the magnetic particles 

(Figure 2.1c). Once one magnetic particle is positioned on a Ni island, with alignment of its 

dipole along the external field, another incoming magnetic particle can be stacked on the 

prepositioned magnetic particle mainly through magnetic dipole-dipole coupling in a 
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sequential manner, which results in an artificial nanocilia array with a nanometer diameter 

at the single particle level, ultrahigh AR, programmable pitch, and dynamic field 

responsiveness (Figure 2.1d). In addition, magnetic microscale cilia arrays with a diameter 

of 2 µm and a height of 2–50 µm can be obtained using magnetic MPs as a building block 

(Figure 2.1e). 
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Figure 2.1. 3D self-assembly mechanism of magnetic particles. Schematic illustrations 
showing (a) the programmed self-assembly process of magnetic particles in patterned 
magnetic fields, (b) the conversion of liquid-state NPs released from the spray nozzle 

into vapor-state NPs through a heating tube, and (c) individual magnetite NPs 
attracted to a Ni island with an intensified magnetic field, and (d) field-responsive 
actuation of the assembled nanocilia. (e) Schematic illustrations showing the scale 

difference of nanocilia and microcilia 



 

18 

 

2-1-2. System of new self-assembly process. 

A more detailed self-assembly system is depicted at Figure 2.2. The NP/hexane solution 

was sonicated for 10 min immediately before spray coating to achieve sufficient dispersion. 

For the spray coating process, a nozzle with an output diameter of 0.6 mm was installed on 

a spray gun. The air pressure, volume flow rate, and liquid consumption rate of the spray gun 

were set to 86.2 kPa (12.5 psi), 250 mL s-1, and 0.23 mL s-1, respectively. A custom-built 

heating tube (inner diameter: 5 cm) was placed in front of the spray nozzle. The temperature 

inside the heating tube was maintained at 70 °C via Joule heating to evaporate the NP/hexane 

solution released from the nozzle. The position of the Ni pattern substrate is the center of the 

neodymium permanent magnet, 3 mm above the surface. In the corresponding position, the 

magnetic force is evenly directed upward than the surface of the magnet, enabling more 

uniform vertical self-assembly. As the magnet, a neodymium permanent magnet having a 

5*5*2.5 cm standard and a magnetic flux density of 0.38 T was used.  

 

Figure 2.2. A schematic illustration showing the experimental setup of spray coating. 

2-2. Preparation of self-assembly process  

2-2-1. Synthesis and analysis of magnetic particle. 
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In this study, magnetic interaction is a major driving force in self-assembly, and 

accordingly, the degree of magnetization is an important factor. As shown in Figure 2.3, 

particles are classified into diamagnetic materials, paramagnetic materials, ferro and 

ferrimagnetic materials according to the magnetic susceptibility. Additionally, it has a 

classification of superparamagnetic material and antiferromagnetic material according to 

some characteristics. In this study, particles were selected in consideration of strong dipole-

dipole interactions based on high susceptibility. Nanoparticles were selected as magnetite 

(Fe3O4) that can be synthesized in various shapes, and microparticles were selected as Fe 

particles, which are representative commercial products, for easy use in other studies. 

 

Figure 2.3. Spectrum of magnetic susceptibilities  

We tried to synthesize nanoparticles that are composed of planes and have a shape close 

to a sphere. Through this, it was intended to increase structural stability due to face-to-face 

contact between self-assembled nanoparticles, and to obtain a shape that can be structurally 

well driven when an external force is applied. The selected magnetite nanoparticles have a 

characteristic of growing fast in the <111> direction. In the early stages of synthesis, it has 

an octahedral shape, and as crystalline grows, it finally has a cubic shape consisting of <100> 

facets75, 96, 97. We synthesized magnetite particles through the Thermal composition synthesis 

method by following a previous study of magnetite98, and the synthesis method is 

summarized as follows. 1.4 g of iron(III) acetylacetonate, 2.24 g of oleic acid, and 20.8 g of 

benzyl ether were mixed and degassed by sonication at room temperature for 4 h. Then, the 

temperature of the solution was elevated to 275 °C at a rate of 20 °C min-1 with vigorous 

magnetic stirring (900 rpm). The temperature and stirring speed were maintained for 3 h, and 

then, the solution was cooled to room temperature. Synthesized magnetite particles were 

rinsed with a solution of toluene, chloroform, and hexane 5 times.  

The exact shape and size of the synthesized nanoparticles were confirmed through SEM 

and TEM images (Figure 2.4a,b). It was confirmed that the particles have a truncated 
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octahedral shape, which is similar to that of the schematic of Figure 2.4. Through this, we 

speculate that the particles are composed of <100> and <111> facets. The average size of 

NPs was 373 nm, which was measured through TEM. Furthermore, the diffraction of 

synthesized NPs was confirmed through an X-ray diffraction pattern (XRD)(Figure 2.4c). 

The peak positions match well with Fe3O4 references.99, 100 Furthermore, magnetization 

curves of magnetite NPS were obtained using MPMS3. Measured magnetic saturation value 

(Ms) and remanence magnetization value (Mr) were 108 emu /g and 12 emu /g, respectively 

(Figure 2.4d).  

 

Figure 2.4. Synthesis and characterization of truncated octahedral magnetite NPs. (a) SEM 
image of synthesized truncated octahedral magnetite NPs. The inset shows the (111) 
and (100) facets of the NPs. (b) TEM images showing synthesized magnetite NPs (c) 

XRD analysis confirming the magnetite phase of the synthesized NPs. (d) 
Magnetization curve of the magnetite NPs. 
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The synthesized particles were coated with Oleic acid for improved dispersion in hexane 

solvent. Oleic acid is known to anchoring well to the surface of metal particles and is a 

representative surfactant that improves dispersion99, 100. For functionalization of NPs, put the 

same weight of magnetite NPs and oleic acid in hexane and then, mixture was sonicated for 

1h. Oleic acid coated on particles was confirmed through TEM image and FT-IR data (Figure 

2.5a,b).  

The TEM image shows the presence of amorphous structure material outside the crystal 

structure of magnetite. The amorphous structure material coats particles with a thickness of 

3 nm. FT-IR data shows graphs of magnetite and OA functionalized magnetite. Graph of OA 

functionalized magnetite shows C-H, C=O, and C-O peaks, which are oleic acid’s 

characteristic peak.101 From the FT-IR data, we can confirm that OA is well binded to 

magnetite and we can speculate that the amorphous structure material observed on the TEM 

is oleic acid. Indeed, the TEM image of the magnetite without the OA coating (Figure 2.5c), 

shows that the amorphous structure material was not observed on the outside of the particles. 
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Figure 2.5. Comparison of truncated octahedral magnetite NPs with and without oleic acid. 
(a-i) TEM images showing synthesized magnetite NPs with oleic acid, (a-i,ii) an 

enlarged view of the oleic acid layer coated over the surface with a thickness of 3 nm. 
(b) XRD analysis confirming the magnetite phase of the synthesized NPs. (c-i) TEM 
images showing synthesized magnetite NPs without oleic acid and (c-ii) an enlarged 

view of the surface of a NP. 
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The TEM image of Figure 2.6 shows that OA is coated about 3 nm and has a thickness of about 2 nm 

when NPs bonded each other. This phenomenon means that the nanoparticles attract each other by 

dipole-dipole force, and the oleic acid is compressed to 2 nm because the particles have a remanence 

magnetization even without an external magnetic field. 

 

Figure 2.6. Functionalized NP analysis. (a-i) TEM images showing synthesized magnetite 
NPs with oleic acid, (a-ii) an enlarged view of the oleic acid layer coated over the 

surface with a thickness of 3 nm, and (a-iii) the interface between two assembled NPs 
where the thickness of the oleic acid was reduced to 2 nm. 

As the microparticles, commercial iron (Fe) particles with ferrimagnetic characteristics were used. It 

was confirmed that the microparticles had an average size of 2 microns and a spherical shape through 

SEM image. Hysteresis curve shows iron microparticles had a high saturation value of magnetization 

(208 emu/g). This value is twice as high as the nanoparticles, which is consistent with previous studies 

with a very high degree of magnetization of iron102  

 

Figure 2.7. Magnetic properties of the magnetic particle. (a) SEM images of the spherical 
Fe MPs (diameter: 2 µm). (b) Magnetization properties of the Fe3O4 NPs and Fe MPs. 
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2-2-2. Fabrication of Ni islands 

A schematic diagram in Figure 2.8 shows the fabrication process of Ni island. The detailed 

fabrication process of Ni island is as follows. After spin coating PMMA 671.04 on the Si 

wafer, a hole pattern is formed through E-beam lithography. Afterwards, Ni is deposited to a 

thickness of 200 nm on the surface through the E-beam evaporator equipment, and then the 

PMMA list is lift-off to form Ni only in a specific area. 

 

Figure 2.8. Schematic of Ni island fabrication process 
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2-3. Summary  

In this chapter, two key mechanisms (self-assembly at vapor state, magnetic field strength control 

based on ni pattern) that differentiate from existing self-assembly were described, and a system was 

designed to handle the core mechanisms. The system consists of a volume flow rate control, liquid 

consumption rate control, and the heating tube so that the sprayed particles are self-assembled in a gas 

state. Importantly, the structure of the heating tube is designed such that the direction in which the 

magnetic particles proceed is the same as the direction of the applied magnetic field, and allows the 

magnetic particles to pass near the Ni island so that the particles are self-assembled at Ni island. In 

addition, two types of magnetic particles (magnetite nanoparticles and iron microparticles) were 

selected to be used for self-assembly. In the case of nanoparticles, a truncated octahedral shape was 

obtained through synthesis. Moreover, the characteristics of the magnetic particles were analyzed and 

a ferromagnetic Ni island was prepared to prepare for the self-assembly process. 

2-4. Experimental   

2-4-1. Synthesis and functionalization of magnetic particles 

As a first step to synthesize the truncated octahedral Fe3O4 NPs, iron(III) acetylacetonate (1.4 g) 

(Sigma Aldric, USA), benzyl ether (20.8 g) (Daejung chemical, Republic of Korea), and oleic acid (2.24 

g) (Daejung chemical, Republic of Korea) were mixed and sonicated for 10 h at 25 ℃.98 The mixture 

solution was gradually heated to 275 ℃ incrementing at a rate of 20 ℃ min-1 during which the solution 

was stirred with a magnetic bar. After 3 h heating and stirring, the solution was cooled to 25 ℃, which 

resulted in the truncated octahedral Fe3O4 NPs. The synthesized Fe3O4 NPs were collected after rinsing 

with a mixed solution of hexane, toluene, and chloroform. The spherical Fe MPs were purchased from 

US Research Nanomaterials, Inc (USA). For the functionalization of the NPs and MPs, 0.2 g of 

magnetic particles and 4 mL of oleic acid were added into the hexane solution (30 mL) and further 

sonicated for 1 h. Then, the oleic acid-coated NPs and MPs were separated from the solution using a 

permanent magnet. Finally, the NPs and MPs were dispersed in hexane with a concentration of 75 µg 

mL-1 and 300 µg mL-1, respectively. 

2-4-2. Characterization of magnetic particles 

SEM images of the NPs were obtained using a Nova NanoSEM 230 (FEI, USA). TEM images of the 

NPs were acquired on a high-resolution TEM system (JEM-2100, JEOL, Japan) operated at 100 keV. 

The size distribution of the NPs was measured utilizing ImageJ software based on the TEM images. 
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FTIR spectroscopy was performed on a Cary 670 FTIR Spectrometer (Agilent Technologies, USA) by 

using the potassium bromide (KBr) pellet method, in which KBr pellets were prepared by mixing 1.48 

mg of oleic acid-coated magnetite NPs and 0.25 g of KBr powder and then applying high compressive 

pressure to the mixtures. XRD analysis was conducted with a D/MAX2500V diffractometer (Rigaku, 

Japan) using Cu-Kα radiation (λ = 1.54 Å). The magnetization of the NPs was measured at room 

temperature using a superconducting quantum interference device (SQUID) MPMS3 magnetometer 

(Quantum, USA). 

2-4-3. Fabrication of Nickel patterned substrates 

Si substrates with patterned Ni islands (diameter of 2 µm) were prepared through electron beam (e-

beam) lithography. A Si wafer was diced into a 1-cm-length square and spin-coated with a positive e-

beam resist (AR-P 671.04, MicroChem, USA) at 1000 rpm to achieve an approximately 500 nm thick 

layer of polymethyl methacrylate (PMMA). The PMMA layer was prebaked at 180 ℃ for 2 mins. Then, 

the desired pattern was drawn under conditions of 20 keV and 1 μC cm-2 using e-beam lithography 

equipment (NanoBeam NB3, Nanobeam Ltd., UK). The negative island pattern (hole pattern) was then 

developed by using a solution of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) (mixed 

in a 1:3 volume ratio) for 60 s. The wafer was then rinsed with IPA and blow-dried with nitrogen. After 

that, the patterned substrate was mounted inside an e-beam metal evaporator (WC-4000, Woosung Hi-

Vac, Korea) for Ni deposition. An adhesive layer of 10-nm-thick titanium followed by 200-nm-thick Ni 

was deposited on the patterned substrate. The substrate was immersed in acetone for 5 mins to lift off 

the PMMA layer to obtain a Ni island pattern. 
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III. Analysis of self-assembly elements 

This chapter includes the published contents: 

Kang, M.; Seong, M.; Lee, D.; Kang, S. M.; Kwak, M. K.; Jeong, H. E., Self-Assembled 

Artificial Nanocilia Actuators. Adv. Mater. 2022, 34 (24), 2200185. Copyright © 2022 

Wiley-VCH GmbH 

Kang, M.; Lee, D.; Bae, H.; Jeong, H.E., Magnetoresponsive Artificial Cilia Self-

Assembled with Magnetic Micro/Nanoparticles. ACS Appl. Mater. Interfaces 2022, 

14, 50, 55989–55996. Copyright © 2022 American Chemical Society 

3-1. Effect of Ni island on self-assembly  

Consider the size difference of the self-assembled particles, two types of metal patterns 

with different dimensions were prepared. Ni island array having a diameter of 2 μm (pitch: 

15 μm) for NPs self-assembly and a diameter of 4 μm (pitch: 20 μm) for MPs self-assembly 

was prepared, respectively. The inset of Figure 3.1a, SEM image for Ni island at the same 

magnification, shows the difference in the size of the Ni island. Figure 3.1b exhibits the Finite element 

method (FEM) simulation results of the magnetic field strength near Ni in 3D when an 0.38 T of 

magnetic flux density is applied to each Ni array. The results show that the magnetic field strength is 

strengthened near Ni island so that the magnetic field strength can be patterned in micro scale. In 

addition, it shows that the degree of amplification of the magnetic field strength is similar regardless of 

the size or spacing of the Ni pattern. The 2D simulation data shows detailed magnetic field strength of 

different diameter of Ni, which shows no difference of amplification according to Ni diameter (Figure 

3.1c). On the other hand, simulation according to the thickness of the Ni island show that it can induce 

a higher magnetic field strengths as the thickness of the Ni pattern increases (Figure 3.1d). However, 

research mainly conducted with a Ni pattern having a thickness of 200 nm, as Ni islands thicker than 

200 nm were prone to delaminated from the substrate due to residual stress accumulated during 

deposition. The Ni island having a thickness of 200 nm intensify a magnetic field strength when an 

external magnetic force is applied, and magnetic particles are induced to the Ni island by a magnetic 

packing force (𝐹 = ∇(𝑚𝐵) ), when monodispersed magnetic particles are nearby. Here, m is the 

magnetic dipole moment and B is the magnetic flux density. 
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Figure 3.1. Magnetic properties of the patterned Ni pad array. (a) 3D FEM models of the 
patterned Ni pad arrays of (i) 2 µm diameter and 15 µm pitch and (ii) 4 µm diameter 
and 20 µm pitch. (b) 3D Simulated magnetic field strengths on the Ni arrays of (i) 2 
µm diameter and (ii) 4 µm diameter. (c) Simulated magnetic field strengths on single 
Ni pads of different diameters (2 µm and 4 µm). (d) simulated magnetic field strength 

on a single Ni island with different thicknesses. 
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We also performed FEM simulation according to magnetic nanoparticles were assembled 

at Ni island (Figure 3.2a). Simulation results show that the magnetic field strength is the 

highest at the top of the self-assembled particle, which means that there is a high probability 

that the later induced particle is stacked on the top of the assembled particle. In addition to 

the magnetic packing force, the dipole-dipole interaction between magnetic particles attracts 

each other. 73, 76, 103 In case the direction of magnetization of each particle is the same due to 

external magnetic field, the dipole-dipole interaction is represented as follows74 

𝐹 = 3𝑚 (1 − 3𝑐𝑜𝑠 𝜃)/(𝑠 + 2𝑎)                    (1) 

where θ is the angle between the magnetic field direction and the line connecting the center of the 

NPs, s is the separation (surface-to-surface distance between magnetic particles), and a is the radius of 

the particle. This equation indicates that the dipole-dipole interaction is attractive along the direction of 

the magnetic field. In addition, the magnetic field strength and magnetic field (white line) according to 

the particle size were confirmed through simulation (Figure 3.2b). Simulations showed the same 

tendency regardless of particle size, and it could be seen that magnetic force is aligned along the 

particles. This alignment shows the lowest state of magnetostatic energy.87 In order to lower the energy 

level as described above, the induced particles are likely to come to the top of the existing ordered 

particles. 
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Figure 3.2. Simulation of self-assembly of NP cilia and MP cilia. (a) Simulated magnetic 
field strengths for (a-i) one, (a-ii) five, and (a-iii) ten NPs assembled on a Ni island. 
(b) Simulated magnetic field strengths around assembled (b-i) NP cilia and (b-ii) MP 

cilia. 

3-2. Effect of vapor state on self-assembly  

The magnetic particles are sprayed while being dispersed in the hexane solution, and it is necessary 

to control the amount of solvent sprayed per unit time so that the solvent may be sufficiently vaporized. 

We checked the self-assembly morphology according to the liquid consumption rate when spray 

condition is set as air pressure 12.5 psi and volume flow rate 250 mL s-1. Figure 3.3a shows self-

assembly results by spraying liquid consumption rates into 115, 230, 500, and 1000 μLs-1, respectively. 

The results show that when the droplet consumption is 500 or more, the induction of particles into Ni 

decreases. In addition, the SEM image of the liquid consumption rate 115, 1000 mL s-1 shows the 

phenomenon that the particles are not well induced, and the substrate is contaminated by the residue 

(Figure 3.3b). 
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Figure 3.3. (a) Self-assembly of magnetic NPs on the patterned Ni array depending on 
different liquid consumption rates of (a-i) 115 μL s-1, (a-ii) 230 μL s-1, (a-iii) 500 μL s-

1, and (a-iv) 1000 μL s-1. (b) SEM images of the self-assembled NPs sprayed in  
(b-i) 115 μL s-1 and (b-ii) 1000 μL s-1 liquid consumption rate. 
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The SEM image shows the self-assembly morphology according to the particle size under the 1000 

μL s-1 liquid consumption rate condition (Figure 3.4). It shows not only a phenomenon in which particles 

are not induced but also a shape in which particles are aggregated. It is due to the capillary force to act 

strongly between particles or between particle and substrate when the solvent evaporates, resulting in 

particle aggregation or bottom collapse, which hinders vertical self-assembly of particles. These results 

show that the vapor state is a critical factor in self-assembly, and why it is difficult to make a high aspect 

ratio structure when self-assembly is performed in an existing liquid phase.57, 68, 75, 104, 105 

 

Figure 3.4. Self-assembly of magnetic particles in a liquid state. SEM images of the 
assembled (a i,ii) Fe3O4 NPs and (b i,ii) Fe MPs in the liquid state. 
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3-3. Summary  

In summary, we demonstrate that the mechanisms, control of the magnetic field strength with Ni 

island and self-assembly in the vapor state, play a major role in the new self-assembly procedure. FEM 

simulation shows that magnetic field strength is enhanced about 5 times near the Ni island when the 

external magnetic field is applied. In addition, the magnetic field strength of the self-assembled cilia 

shows that the uppermost part of the cilia had a high magnetic force, which means the additional induced 

magnetic particles were likely to be vertically stacked above the cilia. In addition, the magnetic field 

strength of the self-assembled cilia was checked, and it was confirmed that the uppermost part of the 

cilia had a high magnetic force, so that the additional induced magnetic particles were likely to be 

vertically stacked above the cilia. The liquid consumption rate was controlled from 100 μL s-1 to a 

maximum of 1000 μL s-1, and self-assembly was performed. It was confirmed that, under the 1000 μL 

s-1 liquid consumption rate condition, in which solvent evaporation is insufficient, particle induction 

probability to ni island is significantly reduced. Furthermore, assembled morphology has horizontal and 

aggregated shapes, not vertically stacked cilia shapes. 

3-4. Experimental  

3-4-1. Characterization of synthesized NPs 

SEM images of the magnetic particles were obtained using a Nova NanoSEM 230 (FEI, USA).  

3-4-2. Finite element analysis (FEA) 

FEA was conducted to investigate the local magnetic field distribution around Ni patterns and 

assembled magnetite NPs using COMSOL Multiphysics software (COMSOL Multiphysics 5.4, 

COMSOL Inc., Sweden). The actual geometry of the system was reflected in the numerical analysis 

with over 30,000,000 free tetrahedral elements for 3D simulation and over 350,000 free triangular 

elements for 2D simulation. 
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IV. Analysis of self-assembled cilia actuator  

This chapter includes the published contents: 

Kang, M.; Seong, M.; Lee, D.; Kang, S. M.; Kwak, M. K.; Jeong, H. E., Self-Assembled 

Artificial Nanocilia Actuators. Adv. Mater. 2022, 34 (24), 2200185. Copyright © 2022 

Wiley-VCH GmbH 

Kang, M.; Lee, D.; Bae, H.; Jeong, H.E., Magnetoresponsive Artificial Cilia Self-

Assembled with Magnetic Micro/Nanoparticles. ACS Appl. Mater. Interfaces 2022, 

14, 50, 55989–55996. Copyright © 2022 American Chemical Society 

4-1. Self-assembled magnetic cilia 

Figure 4.1 shows the result of a new self-assembly process consisting of vapor state based 

self-assembly and Magnetic field strength control using a Ni pattern. Self-assembled 

nanoparticles were attracted to prepositioned Ni islands and vertically stacked. 

Approximately 1–4 NPs (average: 2.82) were selectively attracted onto the Ni islands due to 

the intensified magnetic field after the two-times spraying process (Figure 4.1a-d). With an 

increasing number of NP spray cycles, more NPs were sequentially assembled on the 

previously stacked NPs in a layer-by-layer fashion, resulting in a highly ordered artificial 

nanocilia array with higher AR (Figure 4.1e). The resulting cilia array exhibited high 

uniformity in the 2D horizontal plane. Most of the Ni islands were filled with NPs, while 

NPs were barely observed on the remaining empty region of the substrate. In the vertical 

direction, the array had less uniformity than the 2D horizontal arrangement. Relative 

frequency of the number of assembled NPs shows that the assembled particle number is 

increased from 2.8 to 25.9 according to spray time (Figure 4.1f). The relationship between 

number of assembled NPs and spray time was analyzed through the Kruskal-wallis test 

(***p<0.001) (Figure 4.1g). The number or height of the assembled NPs on each Ni island 

showed relatively large deviations, and the deviation increased with increasing number of 

spray cycles. This was presumed to be caused by the different numbers of arriving NPs for 

each island. Nonetheless, these highly ordered 3D artificial cilia arrays with nanometer 

diameter of single NP resolution, extremely high number of stacked NP layers (maximum 
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over 50), and precise positioning cannot be easily constructed with existing techniques, such 

as conventional top-down techniques or bottom-up assembly of NPs. 

 

Figure 4.1. Self-assembled magnetic nanocilia. SEM images of a self-assembled NP cilia 
array after (a) two-, (b) six-, (c) twelve-, and (d) twenty-times spraying processes. (e) 
Enlarged SEM image showing a single magnetic cilium assembled from 42 magnetite 
NPs in the cilia array shown in (d). (f) Relative frequency of the number of assembled 
NPs after different numbers of spraying processes. (g) The number of assembled NPs 
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after different numbers of spraying processes (n = 100; ***P < 0.001; data were 
analyzed by Kruskal-Wallis test with Bonferroni correction. Bonferroni-adjusted P 

value were used). 

Microscale cilia could also be constructed with our approach using spherical Fe MPs of a 

2 µm diameter (Figure 4.2a). Similar to NPs, MPs could be selectively induced on the Ni 

island and the length of the assembled MP cilia increases with the increase of the spraying 

cycles. Microscale cilia with a diameter of 2 µm and a height of 2–50 µm can be constructed 

using magnetic MPs by controlling the number of spraying cycles (Figure 4.2b). These 

results show that artificial ciliary architectures with varying diameters and heights, ranging 

from nanometers to micrometers, can be generated with our proposed approach using various 

magnetic particles of different sizes and shapes. 

 

Figure 4.2. Self-assembled magnetic MP cilia. SEM images of a self-assembled MP cilia 
array after (a-i) one, (a-ii) three-, (a-iii) six-times spraying processes. (b) The average 

number of assembled Fe MPs as a function of spraying cycles. 
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Number of assembled particles can be controlled by different pitches of Ni island (Figure 

4.3a). The average numbers of NPs assembled on the Ni islands with pitches of 10, 15, and 

20 μm after eight spraying processes were 5, 9.8, and 15.1, respectively (Figure 4.3b). This 

is because the denser the Ni islands, the fewer the NPs that can be obtained on a single Ni 

island under the same spraying conditions. Therefore, more spraying cycles are required to 

obtain higher-density cilia with high AR. 

 

Figure 4.3. Self-assembly of magnetic NPs on the patterned Ni arrays with different 
pitches. (a) Optical microcopy and SEM images of self-assembled nanocilia on Ni 

arrays with different pitches of 10, 15, and 20 μm. (b) The number of assembled NPs 
on Ni arrays with different pitches (n = 50; ***P < 0.001, **P < 0.01; data were 

analyzed by Kruskal-Wallis test with Bonferroni correction. Bonferroni-adjusted P 
value were used). 

In addition, NPs with diameters of 270 nm and 130 nm were successfully assembled into 

a well-defined nanocilia array using this approach. In other words, the developed self-

assembly process can be applied to magnetic particles ranging from a minimum diameter of 

130 nm to a maximum diameter of 2 μm (Figure 4.4). Furthermore, nano-scale cilia can be 

manufactured for a large area such as Figure 4.5 and can be stacked to a maximum of 54 

particles (Figure 4.6), enabling an ultra-high aspect ratio of 50 or more. 
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Figure 4.4. Self-assembled magnetic nanocilia of smaller NPs. SEM images of self-
assembled nanocilia composed of truncated octahedral NPs with diameters of a) 130 

nm and b) 270 nm. 

 

Figure 4.5. Large-area SEM image of a self-assembled NP cilia array after a fifteen-times 
spraying process. 



 

39 

 

 

 

Figure 4.6. Enlarged SEM image showing a single magnetic cilium assembled from 54 
magnetite NPs. 
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4-2. Analysis of assembled morphology and particle binding 

The truncated octahedral magnetite NPs have easy axes along the (111) crystallographic direction.) 

Thus, when the NPs are exposed to the intensified magnetic field on the Ni pattern, the easy axes of the 

NPs are aligned along the field direction. However, the final NP assembly configuration is determined 

by the delicate competition between the magnetocrystalline anisotropy and shape anisotropy (favoring 

face-to-face interactions). Note that the truncated octahedral magnetite NPs have 8 (111) facets and 6 

(100) facets. We analyzed which facets of the NPs mainly came into contact with each other in the self-

assembled cilia by examining high-resolution scanning electron microscopy (SEM) images of the 

assembled cilia (Figure 4.7 a,b). As depicted in Figure 4.7 c,d, (111)-(111) facet assembly was dominant 

(87.5%) in most of the assembled cilia, while (111)-(100) and (100)-(100) assembly accounted for 10.4% 

and 2.1%, respectively (Figure 4.7d). Occasionally, truncated cubic NPs, which were unintentionally 

synthesized during the synthesis of truncated octahedral NPs, were interposed in the NP assembly. The 

(100)-(100) facet contact was dominant in the truncated cube-cube assembly, while the (111)-(100) 

facet contact was dominant in the truncated octahedron-cube assembly. 
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Figure 4.7. (a-i) SEM image of two truncated octahedral NPs assembled on a Ni island and 
(a-ii) enlarged SEM image showing the contact facets between the assembled NPs. (b-

i) SEM image of ten truncated octahedral NPs assembled on a Ni island and (b-ii) 
enlarged SEM image showing the contact facets between the assembled NPs. 

(c) Representative illustrations showing the (111) and (100) facets of the truncated 
octahedral and truncated cubic NPs. (d) Count analysis of contact facets in truncated 



 

42 

 

octahedron-truncated octahedron assembly (case 1), truncated cube-truncated cube 
assembly (case 2), and truncated octahedron-truncated cube assembly (case 3). 

Self-assembled structures of para- or superparamagnetic NPs can only maintain their structures under 

an external magnetic field.52, 88, 106 Thus, binding between the assembled NPs using silica or polymer 

coatings is a prerequisite to maintain their structures without a field gradient. In contrast, our nanocilia 

made of ferrimagnetic NPs can maintain their structural integrity through an interplay of interparticle 

interactions even without an external magnetic field. The total interaction potential between two 

ferrimagnetic NPs with tethered oleic acid can be expressed as the summation of the van der Waals 

attractive potential (Uvdw), magnetic dipole-dipole potential (Udd), and elastic repulsive potential (Uel), 

𝑈 = 𝑈 + 𝑈 + 𝑈                         (2) 
For two spherical NPs of the same radius and separation, each of the interaction energies can be 

approximated by 107-109 

𝑈 = −  (𝑖𝑓 𝑠 ≪ 𝑎)       (3)  

𝑈 = −
( )

( )
                (4) 

𝑈 =
∅

ln − 6 ln + 3 1 −  (𝑓𝑜𝑟 0 < 𝑠 < 𝛿)   (5) 

Here, A is the Hamaker coefficient, µ0 is the vacuum permeability, kB is the Boltzmann constant, T is 

the temperature, δ is the thickness of the ligand layer, Φl is the volume fraction of the ligand, ρl is the 

density of the ligand, and Ml is the molecular weight of the ligand. The calculated total interaction 

potentials of the ferrimagnetic NPs in the assembled state (separation distance of 2 nm) were -7.61 × 

105 kBT and -8.87 × 104 kBT, respectively, with and without an external magnetic field (Figure 4.8), 

confirming that the assembled NP cilia can maintain their structural integrity only with the interparticle 

interactions. 
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Figure 4.8. Interaction potentials between two ferrimagnetic NPs with tethered oleic acid 
bearings as a function of separation distance a) in the absence and b) in the presence 

of an external magnetic field. 

4-3. Analysis of magnetic cilia performance 

Artificial cilia arrays that can generate stimuli-responsive dynamic shape changes have a 

wide range of potential applications in fluid and droplet control, microfluidics, actuation, 

and soft robotics. We investigated the structural change of the NP cilia in response to an 

external magnetic field. The schematic shows experimental setup of for artificial cilia 

actuation (Figure 4.9). Neodymium permanent magnets are located on linear actuators. The 

stroke was set to 1 cm, and a permanent magnet with a diameter of 7 mm, a height of 6 mm, 

and a magnetic force of 100 mT was used. 

 

Figure 4.9. A schematic illustration showing the experimental setup of actuation test. 
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Figure 4.10 shows the field-responsive actuation motion of a single cilium with different 

numbers of NP layers (6 - 43 NPs) and MPs. Upon application of a magnetic field in the left 

or right direction, the cilium showed an immediate actuation motion along the field direction 

while maintaining its structural stability. Very interestingly, we observed that the actuation 

motion of the cilium was achieved through rolling and sliding between two specific 

neighboring particles of the cilium. Figure 4.10a-d clearly shows that the cilium rotates at a 

specific interface of the particles as if the interface has a bearing, rather than undergoing 

whole structural bending. This rolling and sliding-based actuation mechanism was confirmed 

by observations of multiple NP cilia and MP cilia. 

We speculate that the rolling and sliding between two NPs was enabled by the oleic acid 

tethered to the NPs with a thickness of 3 nm (Figure 2.6). Figure 4.11a shows an SEM image 

of a single cilium with 19 NP layers that we observed its shape morphing in Figure 4.10b. 

While oleic acid is widely utilized for dispersion of NPs through steric repulsion, it is also 

used as a hydrocarbon lubricant due to its low-friction property. Based on our friction test, 

oleic acid exhibited a low friction coefficient of 0.085 (Figure 4.11b). When two magnetite 

NPs were assembled together, the thickness of the oleic acid between the two NPs was 

reduced to 2 nm by the local contact pressure (Figure 2.6).110, 111 A previous study showed that 

oleic acid between two sliding surfaces forms a dense lubricating passivation layer with a 

low friction coefficient comparable to that of glycerol.112 Thus, in our NP cilia, the low-

friction oleic acid acts as a fatty acid nanobearing between the assembled NPs and enables 

rolling/sliding-based dynamic actuation with the application of an external magnetic field 

while the two NPs stably hold each other via the attractive van der Waals and dipole-dipole 

interactions (Figure 4.11b). Note that such a rolling/sliding-based actuation mechanism at 

the interface between self-assembled NPs has not been demonstrated before and is totally 

different from the bending-based actuations reported in previous polymer- or nanocomposite-

based actuators. 
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Figure 4.10. A Field-responsive dynamic motions of nanocilia. (a-i) 3D modeling and (a-ii) 
timelapse optical microscopy images showing the dynamic motion of the 6 NPs cilium 

in response to changes in the direction of the external magnetic field. (b-i) 3D 
modeling and (b-ii) timelapse optical microscopy images showing the dynamic motion 
of the 19 NPs cilium in response to changes in the direction of the external magnetic 
field. (c-i) 3D modeling and (c-ii) timelapse optical microscopy images showing the 
dynamic motion of the 43 NPs cilium in response to changes in the direction of the 

external magnetic field. (d-i) 3D modeling and (d-ii) time-lapse confocal microscopy 
images showing the responsive motion of the assembled MP cilia (MP numbers: 23) in 

response to the changes in the field direction. 
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Actuation of the cilium typically occurred at the interface between the 4th and 5th NPs 

from the bottom of the cilium (Figure 4.11a). Based on our FEM simulations, as the direction 

of the external magnetic field became horizontal (vertical to the cilium), the difference in the 

magnetic field strength between the left and right sides of the cilium became more significant 

(Figure 4.11c). In this state, the magnetic field gradient around the bottom 1st–4th NPs is 

relatively small compared to the gradient around the upper NPs (Figure 4.11c-iii). 

Additionally, the magnetic field strength around the bottom 1st–4th NPs is relatively low 

compared to the upper region due to the Ni island. Accordingly, actuation can occur at the 

interface between the 4th and 5th NPs from the bottom of the cilium, as observed in the 

experiments. 

To verify the role of oleic acid in the actuation of the NP cilia, we compared the actuation 

motions of NP cilia with and without oleic acid (Figure 4.12a-f). Optical microscopy 

observations showed that the NP cilia with oleic acid exhibited noticeable field-responsive 

actuation motions with large deformations (dx), whereas the NP cilia without oleic acid only 

showed slight wriggling motions with minimal structural deformations (Figure 4.12e-f). 
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Figure 4.11. (a-i) SEM and 3D modeling images of the 19 NPs cilium used for analysis of 
the actuation motion of nanocilia in Figure 4.10b, (a-ii) schematic illustrations 

showing vertically aligned cilia assembled from truncated octahedral NPs coated with 
lubricating bearings of oleic acid, and (a-iii) schematic illustrations showing the 

actuation motion of the nanocilia through rolling and sliding with the aid of an oleic 
acid nanobearing. (b) coefficient of friction of oleic acid utilized as a lubricating layer 
of the synthesized NPs as a function of test time. (e) FEM simulation of the magnetic 
field strengths around ten NPs assembled on a Ni island under (e-i) vertical (↑), (e-ii) 

45°-tilted, and (e-iii) horizontal (→) external magnetic fields. 
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Figure 4.12. Responsive dynamic motions of nanocilia with and without oleic acid 
bearings. (a) 3D modeling and (b) TEM image of truncated octahedral magnetite NPs 

coated with oleic acid and enlarged view. (c) top-view optical microscope images 
showing the field-responsive left-right directional motions with large deformations of 

the nanocilia with oleic acid bearings. (d) 3D modeling and (e) TEM image of 
truncated octahedral magnetite NPs without oleic acid and enlarged view. (f) top-view 
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optical microscopy images showing the limited field-responsive motions of the 
nanocilia without oleic acid bearings. 

 

Figure 4.13a shows the shape of 33 NPs assembled cilia. An optical microscope was 

observed with identical cilia, observed by SEM. It shows that the cilia can be actuate in all 

directions depending on the magnetic field strength. Furthermore, it was confirmed that cilia 

can be dynamically actuated with the full 3D as well as linear operation in four directions 

(Figure 4.13b). The schematic shows the coordination over time based on the observed tip 

of the cilium and shows that the cilium was actuated in full 3D directions for 20 seconds 

(Figure 4.13c). 

 

Figure 4.13. (a) SEM image of a single cilium with an oleic acid bearing used for analysis 
of 3D actuation motions of the nanocilia, (b) optical microscopy images showing the 
full 3D actuation motions of the nanocilia in response to different direction external 
magnetic fields, and (c) 3D trajectories of the actuating nanocilia reconstructed from 

the optical microscopy observations. 

To further investigate the actuating behaviors of artificial nanocilia and microcilia, we estimate 

working area, force, repeatability, and reactivity of assembled artificial cilia. The 3D actuating motions 

of the NP and MP cilia, reconstructed from optical microscopy observations, showed that the working 

range of the NP cilia is 0.37–15 µm while that of MP cilia covered 2–50 µm range depending on the 

numbers of assembled particles (Figure 4.14a). The NP and MP cilia also exerted different levels of 

actuation torque (T), which can be expressed as113,  
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𝑇 = 𝑉𝑴 × 𝑩                        (6) 

Here, V is the magnetic cilia volume, M is the magnetization of the magnetic cilia, and B is the flux 

density of the external magnetic field. Considering the geometry of the cilia, the magnitude of the 

torque is given by  

𝑇 = 𝜋𝑟 𝑛𝜇 𝑀𝐻𝑠𝑖𝑛(𝜑 − 𝜃)                         (7) 

where r is the radius of the cilia, n is the number of assembled particles, M is the magnitude of 

magnetization, H is the magnitude of the external field, and φ is the angle of the external field relative 

to the vertical direction. The estimated torque exerted by the NP cilia under an external magnetic field 

strength of 45000 A·m-1 is in the level of ~10-15–10-14 N·m depending on the angle difference between 

φ and θ. In case of MP cilia, the torque is in the level of ~10-12–10-11 N·m, which is about three orders 

of magnitude higher than that of the NP cilia (Figure 4.14 b,c). Therefore, NP or MP cilia can be utilized 

for different applications depending on the required cilia size, working range, and actuation torque. 

We also performed mechanical durability tests for the NP and MP cilia (Figure 4.14d). Both the 

assembled NP and MP cilia can generate field-responsive dynamic beating motions continuously 

without structural collapse or instability even after 900 cycles of actuations. Moreover, we also estimate 

the reactivity of cilia. NP cilia shows dynamic actuation up to 2 Hz. The cilia react to the magnetic field 

at a higher Hz, but the driving distance decreases. 
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Figure 4.14. Actuating motions of synthetic magnetic cilia. (a) 3D modeling image 
showing different working ranges of the NP and MP cilia. (b) 3D modeling image 

showing actuation torque at external magnetic field. (c) Actuation torque of the NP 
and MP cilia as a function of (φ-θ). (d) Cyclic durability test of the NP and MP cilia. 
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4-4. Summary 

The assembled cilia show that the intensified magnetic field can selectively and strongly attract 

sprayed magnetic particles onto the metal pads. The additional spraying of magnetic particles resulted 

in linear vertical growth. We have analyzed that the assembled nanocilia has mainly assembled 111-111 

facets, which coincide with the easy axis of magnetite. Moreover, we have analyzed the intermolecular 

potential between two magnetic particles and confirmed that the assembled cilia can maintain their 

structural integrity only with interparticle interactions. Consequently, we have analyzed the actuating 

performance of magnetic field-responsive cilia. Most important thing is, assembled cilia shows rolling 

and sliding-based actuation mechanism rather than undergoing whole structural bending. Based on 

rolling and sliding-based actuation, cilia exhibited immediate and dynamic actuating motions along the 

modulated field directions and cilia could generate full 3D actuation motions. Also, cilia show they can 

actuate up to 2 Hz and can maintain their structure after 1800 times actuation.   

4-5-1. Fabrication of self-assembled magnetic cilia 

The NP or MP /hexane solution was sonicated for 10 min immediately before spray coating to achieve 

sufficient dispersion. For the spray coating process, a nozzle with an output diameter of 0.6 mm was 

installed on a spray gun. The air pressure, volume flow rate, and liquid consumption rate of the spray 

gun were set to 86.2 kPa (12.5 psi), 250 mL s-1, and 0.23 mL s-1, respectively (Figure S17). A custom-

built heating tube (inner diameter: 5 cm) was placed in front of the spray nozzle. The temperature inside 

the heating tube was maintained at 70 °C via Joule heating to evaporate the hexane solvent released 

from the nozzle. Subsequently, the individual magnetic particles in the vapor state were spread over the 

NI patterned substrate placed on a center of the neodymium permanent magnet with a magnetic flux 

density of 0.38 T. The distance between the Ni-patterned substrate and the heating tube outlet was set 

to 3 cm. This spraying process can be repeated multiple times to obtain high-AR nanocilia. 

4-5-2. Measurement of the coefficient of friction 

A ball-on-plate friction test was carried out by using a universal mechanical tester (UMT TriboLab, 

Bruker, USA). The experiments were run for 1 h at 25 ℃ with a stroke length of 2 mm at 10 Hz. The 

steel ball specimen (10 mm diameter) with oleic acid was mounted to the surface, and a 50 N load was 

applied during the test cycle. 

4-5-3. Analysis of self-assembled magnetic nanocilia 
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High-resolution SEM images of both arrayed and individual nanocilia were obtained with 

a Nova NanoSEM 230 (FEI, USA). A neodymium magnet (diameter: 10 mm, height: 5 mm, 

cylindrical shape, magnetic flux density: 100 mT, JL Magnet, Republic of Korea) was fixed 

on a linear actuator (mightyZAP, IRROBOT, Republic of Korea) to investigate the actuation 

motion of nanocilia in response to an external magnetic field (Figure S18). The nanocilia 

array sample was placed immediately above the magnet. The horizontal translation of the 

magnet attached to the linear actuator induced field-responsive actuation motion of the 

magnetic nanocilia. The actuation motion of the nanocilia was recorded as high-resolution 

videos using a confocal microscope (LEXT OLS 3100 Laser, Olympus, Japan). 

4-5-4. Statistical Analysis 

Datasets were analyzed using Kruskal-Wallis test with Bonferroni correction. In all cases, P values 

less than 0.05 were considered statistically significant. Calculations were carried out using SPSS 

version 28.0.1.1. The means ± standard deviation for each dataset was calculated from at least three 

experiments.  
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V. Conclusion and perspectives 

In this dissertation, we presented a novel 3D self-assembly strategy that directed magnetic 

particles into highly ordered, non-close-packed synthetic nano- and micro-cilia arrays in a 

programmable fashion. The proposed self-assembly technique combined three elements 

(self-assembly in the vapor state, using the magnetic field as a driving force, and controlling 

the magnetic field) that enable the formation of a high aspect ratio anisotropic structure. The 

developed assembly technique offers cilia with submicron or few-micron diameters, high AR, 

and controlled pitches, which are highly challenging to prepare with conventional top-down 

or colloidal self-assembly techniques. In particular, our cilia were constructed solely with 

vapor-phase magnetic particles, which overcome many of the limitations of previous 

magnetic cilia made of a composite solution (magnetic particles in prepolymers), such as a 

limited resolution, structural collapse during solvent evaporation, and low field 

responsiveness caused by low magnetic-particle content in the polymer matrix. 

We performed sequential studies to develop nanoscale and microscale cilia actuators. In 

Chapter 1, we presented the background and existing fabrication technologies for cilia 

actuators. We also discussed how development has progressed recently and the limitations 

of current technology.  

In Chapter 2, we described the mechanisms of new self-assembly techniques and explain 

the design and specific setting of the proposed self-assembly process to carry out the 

mechanism. In addition, magnetic particles were synthesized and analyzed to be used for 

self-assembly, and a Ni pattern was formed for self-assembly. 

In Chapter 3, we confirmed that the mechanisms of the proposed self-assembly works 

effectively through simulation. More specifically, we confirmed that the magnetic field was 

locally intensified near the Ni island through simulation. In addition, it was confirmed that 

particles can be vertically stacked through the magnetic-field strength simulation of self-

assembled cilia. Moreover, we investigated how self-assembly is affected when conducted 

in a liquid or vapor state. 

  



 

55 

 

In Chapter 4, we manufactured a cilia actuator array under established self-assembly 

conditions. The assembled nanocilia and microcilia showed that magnetic particles ranging 

from nanometers to micrometers in size are applicable to the process. Moreover, this chapter 

shows that our self-assembly process has overcome the previous limitations of manufacturing 

nanoscale cilia actuators or high aspect ratio (>20) microcilia. Importantly, the cilia exhibited 

field-responsive actuation motions in a reversible and repeatable manner via rolling and 

sliding between assembled particles with the aid of oleic-acid bearings tethered to each 

particle. Additionally, each particle attracted each other through interparticle interactions; 

thus, the assembled cilia structure was maintained without an additional binding agent. The 

cilia exhibited structural integrity even after being actuated more than 1800 times. In addition, 

the torque that the cilia exerted could be adjusted up to several thousands of times, depending 

on the number and size of the assembled particles. Therefore, customized cilia could be 

utilized for different applications, depending on the required torque. 

This study is meaningful because a programmable nanocilia array was fabricated using the 

self-assembly approach for the first time. However, further research is needed on areas such 

as optimization, unknown phenomena, and applications. More specifically, under the 

developed system conditions, the height deviation of the self-assembled cilia is large. Further 

research is needed to reduce this, and one of the ways to solve this problem is an approach 

using an ultrasonic spray. We expect to use the ultrasonic spray to reduce the height deviation 

of self-assembled cilia by allowing particles to be well dispersed in the gas phase. In addition, 

regarding the rolling/sliding phenomena, it is unclear whether the actuating phenomenon of 

cilia is exactly rolling or sliding, and further research is required to clarify this. In addition, 

additional research is needed to investigate how rolling/sliding phenomena vary depending 

on the particle's shape element and the friction coefficient of the material coated on the 

particle. Lastly, additional research is required to apply the developed actuator to other fields. 

More specifically, micro-robots or microfluidics, which have been actively researched in 

recent years, are suitable for applying the developed actuator. The developed cilia actuator 

has excellent driving performance, so it is advantageous to micro-robot and microfluidic 

control platforms. Such an application requires research to lift off the actuator with the 

desired shape and increase stability through a binder of particles to actuate in various harsh 

environments. 

Cilia are observed on the surfaces of various living organisms; therefore, nano/micro 

actuators play a major role in various fields, such as laboratories on a chip, microfluids, 
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microrobots, microgrippers, cell activation, and sensing. Hence, we believe that the self-

assembly approach and cilia actuator that we have developed can serve as the basis for next-

generation research in the aforementioned fields and a new self-assembly system that can 

build desired shapes. 
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