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Abstract 

 

Rational Fabrication, Assembling and Actuation of  
Nanowire Multi-mer Nanomotors 

 

Ki-pyo Hong, M.S.E.  

The University of Texas at Austin, 2015 

 

Supervisor: Donglei Fan 

 
Direct field induced manipulations of nanowires have been recognized as a 

possible alternative to conventional chemical based assembling techniques. In particular, 

manipulation of nanowires with an external electric field allows the facile and precision 

assembly of nanowires into various nanoscale devices.  

In this study, we have rationally synthesized multisegment Au/Ni nanowires and 

assembled them into a unique type of rotary nanomotors made of nanowire multi-mers 

with designed geometric configurations by the electric tweezers. The electric tweezers are 

a recent invention developed by Prof. Fan’s group, which are based on the combined 

electrophoretic and dielectrophoretic forces to transport and align nanowires 

independently in low Reynolds number suspensions. The Au/Ni multi-segmented 

nanowires are rationally designed and fabricated by electrodeposition into nanoporous 

templates. By employing the ferromagnetic properties of the nickel segments in the 
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nanowires, we precisely transported and assembled randomly disperse nanowires into 

multi-mer nanowire devices with designed configuration and further assembled them as 

the rotors of nanomotors. The magnetic attraction between the Ni segments in the 

nanowires holds the joints of dimers, trimers and tetramers tightly. 

The rotary nanomotors made of multiple assembled nanowires with designed 

configuration are the first to the best of our knowledge. Our study of their rotation 

behaviors as functions of voltage and frequency shows that the rotational speed of the 

nanomotors linearly increases with the square of the applied AC voltages and depends on 

the AC frequencies. The voltage square dependence is highly desirable for achieving 

ultrahigh speed rotation. 

This research could generate interest and impact multiple research fields including 

nanoelectromechanical system (NEMS) devices, nanomotors, microfluidic architectures 

and single-cell biology. 
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Introduction  

 

Twenty-seven years after Richard Feynman’s groundbreaking speech that 

initiated research in nanotechnology, K. Eric Drexler, a student of Feynman, proposed a 

“bottom-up” approach with his book The Engine of Creation in 1986. In this book, 

Drexler suggested the ultimate goal of nanotechnology is to design molecular level 

devices that could assemble other devices molecule by molecule. Although such types of 

devices have not been achieved yet, the development of nanotechnology has advanced 

significantly in synthesis, characterization, and applications [1]. 

The dream devices that can conduct rational nanoscale assembling are also closer 

to reality. The most representative example was achieved by IBM researchers who 

manipulate a single xenon atom to pattern the letters “IBM” with atomic precision by 

using the tip of a scanning tunneling microscopy [2]. In different fields, there are also a 

variety of efforts of the similar nature: assembling and trapping of colloidal particles with 

holographic optical tweezers [3]; assembly of single chromatin fibers in a DNA molecule 

by magnetic tweezers [4]; and assembly of arrays of rotary nanomotors by the electrical 

tweezers which is also employed in this study [5]. 

These assembly techniques based on nanoscale building blocks provide a new 

paradigm for making functional nanodevices, which is pivotal for overcoming the 

limitations of conventional top-down nanofabrication techniques basing on lithography. 

For instance, the conventional photolithography process is largely based on layer-by-

layer deposition of thin films, which is arduous if to be used for creation of complicated 
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3D nanostructures. On the other hand, the bottom-up assembling approaches can directly 

make 3-D nanoarchitectures from designed and pre-synthesized nanoparticles. For 

instance, a 3-D tetrahedral nanoarchitecture is achieved efficiently and precisely in this 

research. Moreover, the bottom-up assembling approach is cost-effective in many 

incidences compared to that of the conventional photolithography technique [6]. 

Generally, the basic techniques for bottom-up nano-assembling follow three steps: 

(1) the preparation and characterization of nanoscale building blocks, such as nanowires 

[5], nanotubes [7], and nanodisks [5]; (2) the positioning of building blocks by precision 

manipulations; (3) the connection and integration of the as-obtained nanoentities into 

designed nanostructures.  

In this work, we prepared gold (Au) nanowires with ferromagnetic nickel (Ni) 

segments and multilayer Au/Ni/Cr nanodisks as nano-building blocks for assembling into 

rotary nanomotors. The manipulation of the nanowire was accomplished by the electric 

tweezers that can transport and rotate nanowires with high efficiency and precision 

seamlessly [8,9]. The nanowires joined to each other due to the magnetic attraction of the 

embedded Ni segments and anchored on the magnetic nanodisk bearings on the substrate. 

Unlike the nanomotors with single nanowires as rotors reported by our group previously 

[5], the devices discussed in this work having nanorotors made of nanowire multi-mers, 

which can transform electrical energy to mechanical motors and rotate with different 

dynamics owing to the different configurations and number of nanowire blades. The 

rotation speed as a function of voltage and AC frequency were characterized. Such 
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nanomotors can be applied for tunable biochemical release with diverse types of fluxes 

by controlling the rotation speed [5, 10].  

In the following chapters, I overviewed the characteristics and application of 

functional nanowires in Chapter 2. I also described the nanowire assembly techniques 

commonly used in order to create useful devices based on these functional nanowires. In 

Chapter 3, I examined the background, principle, and characteristics of the manipulation 

and assembling of nanowires by the electric tweezers. In Chapter 4, the material methods 

including multi-segmented nanowires, magnetic nanobearings, and quadrupole 

microelectrodes are discussed. The measurement system is also depicted. In Chapter 5, I 

reported the experimental details and characterizations for assembling nanowires into 

multi-mers as rotors of the nanomotors. In Chapter 6, I discussed the future research 

direction and the associated challenges. Finally, I summarized this work in Chapter 7.      
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Chapter 1: Literature Review 

1.1 NANOWIRES 

1.1.1 Background 

Various types of nanoentities such as nanospheres, nanodisks, nanowires, 

nanotubes (NTs), and nanosprings have significant potential to be used as building blocks 

for nanoscale devices. Among these nanoentities, one-dimensional (1D) anisotropic 

structures, such as nanowires, with smaller uniform cross-section compared to its 

longitudinal length, have attracted great interest owing to their special geometry, 

synthesis process, and unique properties[11]. 

The 1-D nanostructures can be the smallest possible systems for optical excitation 

and effective transport of electrons, which are advantageous for nanoscale electronic 

devices and sensors [1]. The high aspect ratio of nanowires can be efficiently 

manipulated by electric fields due to its high electric polarizability for assembling into 

functional devices[12]-[14]. Moreover, the rational synthesis process offers controlled 

size, shape, chemistry, and electronic characteristics of nanowires. In this work, we will 

exploit nanowires as building blocks for nanoelectromechanical system (NEMS) devices.  

 

1.1.2 Applications of Nanowires 

1 .1 .2 .1  Sensing Application 

Nanowires could be used as sensing probes for detecting chemical and 

biochemical traces. Owing to the unique properties, nanowires can offer much higher 

sensitivity and smaller footprint compared to conventional sensors made of bulk 

materials.  
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For instance, Favier et al. fabricated nanowire sensor systems [15] by using an 

array of mesoscopic palladium wires to detect hydrogen gases. Li et al. made In2O3 

nanowire devices for detecting NO2, NH3 gases with the field effective transistor (FET) 

effect[16]. Paltosky et al. [17] developed nanowire sensors with unique bioconjugated 

molecules for detection of disease marker proteins and viruses.  

These advances suggest great promises of nanowire sensing for applications in the 

lab-on-a-chip diagnostic devices [18]. 

 

1 .1 .2 .2  Optical Application 

Nanowires have the potential to be applied in nano-photonic devices due to their 

large surface area, high electrical conductivity, and quantum confinement effect. 

Since the density of states for a nanowire with a small diameter is highly localized 

in energy, when the incidental light intensity is increased, the quantum states can be 

rapidly filled up by electrons. The tendency to quickly occupy energy states causes 

strong optical nonlinearities in nanowires. The nonlinear behavior in a quantum-confined 

nanowire can be utilized for various optical applications such as optical switches[19].    

ZnO nanowires were applied as light-emitting diode [20] or lasers with 

advantageous low excitation threshold and tunable wavelength of lasing owing to the 

controlled geometry of nanowires [21]. ZnO nanowires can also be used as a photo-

detector due to its strong photocurrent response to ultra-violet (UV) light. The sensitivity 

of the ZnO nanowires is ultrahigh. Compared to dark states, the resistivity of ZnO 

nanowires can change dramatically for 2 to 5 orders of magnitudes when exposed to UV 

light [22]. 
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Furthermore, In Huynh et al.’s study, the hole-electron pairs generated by light 

absorption can dissociate efficiently on semiconducting nanowire-polymer composite, 

which is advantages for applications in solar cells [23].   

 
. 

1 .1 .2 .3  Magnetic Application 

One of the representative applications for magnetic nanowires is magnetic 

information storage medium. For a storage medium made of magnetic nanowires, 

magnetic nanowires’ high aspect ratio is beneficial for enhancing coercivity and 

suppressing the emergence of ‘superparamagnetic limit’, where magnetic information can 

be lost due to thermal energy in magnetic domains [24]. Also, retaining small diameter 

while increasing longitudinal length of nanowires result in smaller magnetic domain, 

which improves their spatial resolution for memory storage [25]. Nielsch et al. and Thurn 

et al. demonstrated magnetic storage system storing information for 1012 bits/in2 with 

arrays of Ni and Co single domain nanowires [26, 27]. 

 

1.2 NANOWIRE ASSEMBLY TECHNIQUES 

In order to achieve various applications and devices with nanowires as building 

blocks that we have discussed in the previous section, we need a precise and efficient 

assembling technique. In the debate on the possibility of the nanoscale universal 

assembler for molecules, Richard Smalley, a Nobel laureate in Chemistry for 

“Buckyballs,” argued that there are two fundamental issues, “fat fingers” and “sticky 

fingers.” “Fat fingers” refers that that assembler cannot manipulate the basic building 

blocks in the precision of molecular dimensions, and “sticky fingers” means that it is 

difficult to release the building blocks from gripper once they adhere to the gripper in the 
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assembling process. Even though the issues mentioned in his valuable discussion have 

yet been solved, great advances on nanoscale assembly have been reported recently.  

In the next section, we will discuss various assembling and manipulation 

techniques [28]. 

 

1.2.1 Self-assembly techniques 

Unlike the 0D quantum dots or other dimensional nanoentities, nanowires have 

distinct directionalities due to their high anisotropic geometry. Self-assembly techniques 

are to organize these building blocks into more directionally ordered, macroscopic 

structures by chemical or physical interactions, such as electrostatic attraction, hydrogen 

bonding or hydrophilic, and hydrophobic forces [29 30]. In the view of thermodynamics, 

the mechanism of self-assembly is closely related to thermodynamic equilibrium. The 

finally organized structure is configured by the lowest free energy state. This mechanism 

can be accomplished by precise control of the size and geometry of building blocks, 

medium interfaces, external fields, and modulation of thermodynamic forces in the 

assembly system[31, 32]. 

These kinds of self-assembly techniques for nanowires are controlled by non-

specific and non-covalent interaction, so it could be less structured than other methods. 

However, this still has various advantages such as relatively high speed of production due 

to non-serial fabrication process and operation environment without any external fields 

[33].  

In the following sections, we will discuss a few represented self-assembly 

techniques, including surface energy induced assembly, biomolecular recognition, 

template assisted assembly, and Langmuir Blodgett self-assembly. 
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1 .2 .1 .1  Multi-segmented Nanowires Self-Assembly  

A single nanowire can be made of multiple materials along its 1D axis in highly 

controllable manners. By having these different functional sections or blocks along the 

axis of nanowires, self-assembly can be led through block-to-block interaction between 

different building blocks [1]. 

There are some examples utilizing distinct affinities for different segments of 

nanowire blocks. Kovtyukhova et al. used gold-platinum-gold (Au-Pt-Au) segmented 

nanowires to exploit their different reactivity to thiols and isocyanides to selective 

assembly, and Park et al. used nanowire blocks consisting of gold and polymer in order 

to use their hydrophilic and hydrophobic sections in the same block to assemble into 

superstructures [34, 35]. 

Also, self-assembly by exploiting the magnetic segments and controlled geometry 

of nanowires are demonstrated by Ahmed et al. In the study, self-assembly of gold-

ruthenium-nickel (Au-Ru-Ni) segmented nanowires into combined multi-mers of 

nanowires by controlling the interaction between ferromagnetic Ni segments of 

nanowires [36]. 

Furthermore, there are configurations of self-assembled nanowires not only into 

2D structures as mentioned above, but also studies of 3D structures reported by Love et 

al. In this paper, gold-nickel-gold-nickel-gold (Au-Ni-Au-Ni-Au) segmented nanorods 

were assembled into 3D bundles with magnetic interaction of Ni segments by controlling 

the geometrical size of building blocks [37]. 
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1 .2 .1 .2  Biomolecular Recognition Self-Assembly 

Similar to the mechanism of self-assembly with selective affinity of sections in 

nano-building blocks, biomolecular recognition assembly exploits specific recognition 

nature of biomolecules, in which they recognize and attract or repel each other. These 

kinds of biomolecules can be decomposed after use and have high potential to be used in 

in-vivo applications. For this method, there are several applicable biomolecular 

candidates such as antibodies, viruses, and proteins. 

Braun et al., Mbindyo et al., and Dujardin et al. utilized self-recognizing 

properties of DNA to selectively assemble gold and silver nanorod building blocks 

hybridized with DNA strands [38]-[40].  

Protein molecules are also used for designed assembling by Chang et al. and 

Caswell et al. In the studies, they achieved end-to-end chains of Au nanorods by using 

biotin/streptavidin and anti-mouse IgG/mouse IgG pairs [41, 42]. 

 

1 .2 .1 .3  Template based Self-Assembly 

A template is predefined structure in the system that physically forces nano-

entities into it and is removed after, resulting in the assembled superstructure. Thus it 

requires post-synthesis treatment to selectively take off the template from a sample to 

harvest the assembled superstructures. A wide range of templates have been successfully 

developed such as U-shaped templates trapping nanowires by using centrifugal forces 

demonstrated by Saeedi et al. [43]. There are also other simple templates for assembling 

parallel arrays of nanowires, for example, V grooves by Jorritsma et al.; ordered channels 

on Polydimethylsiloxane (PDMS) by using capillary flow and forces by Kim et al.; and a 
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PDMS microchannel template for achieving 2D or 3D lattices of nanowires by Yang et 

al.[44]-[46]. 

These kinds of template-assisted assembly are direct, simple, usually material 

independent, and cost-effective for structures with complex topology. However, there are 

still limitations to be solved such as the limited number of structures that can be 

assembled in each run and the relatively slow fabrication speed due to the necessity of 

template removal [47]. 

 

1 .2 .1 .4  Langmuir Blodgett Self-Assembly 

Langmuir Blodgett self-assembly is a technique used to create 2D thin film arrays 

of closely packed and highly ordered nanowires at the water-air interface of solution. 

Amphiphilic nanowires, which have both hydrophilic and hydrophobic components in the 

single body, are organized at the water-air interface and form into a film of nanowire 

arrays. After that, this film-layer of nanowires is transferred onto a solid substrate [47, 

48]. 

There are several successfully demonstrated studies. Whang et al. assembled 

hierarchically patterned crossed arrays using Si/SiO2 nanowires with this technique [49]. 

Also, Kwan et al. used BaWO4 nanorods to build superstructures, which resemble 

crossed-hay stacks by Langmuir Blodgett assembly [50]. Yang et al. demonstrated 

various types of assembled superstructures by controlling the surface pressure on Au, 

BaWO4, and BaCrO4 nanorods based on this assembling technique. 

Langmuir Blodgett assembly has various advantages such as the capability of 

highly ordered large area fabrication and fine tunability on inter-particle distances. These 
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advantages led us to attain a high level of control in fabricating advanced nanoscale 

devices [51, 52].     
 

1.2.2 Manipulation Techniques for Nanowire Assembly 

Even though, the self-assembly technique is thermodynamically beneficial and 

spontaneous, there are still some drawbacks, including the lack of precision, random 

nature, weak non-covalent interaction, limited applicable structures in materials and 

geometry, and requirement of modeling for a programmable process. 

 Therefore, new techniques are required to overcome the downsides of the self-

assembly technique for bottom-up fabrication. The field induced manipulation provides 

several advantages: high precision control of nanoentities and possibility to build more 

complicated structures [53, 1]. The external fields include optics, magnetic, and electric 

fields, which can be used to align, position, assemble and integrate nanoparticles into 

functional nano-devices. 

Furthermore, due to the non-contact nature and high precision control of the 

techniques, the manipulation with external fields can be the solution for both “sticky 

fingers” and “fat fingers” which has been pointed out as major challenges of the ultimate 

nano-assembler as discussed in the section 2.2. 

 

1 .2 .2 .1  Field Based Manipulations 

 There are various kinds of field-induced manipulation techniques such as 

optoelectronic, optics, electric, and magnetic field based manipulation. They depend on 

the electric or magnetic forces to control motions of nanoentities in the suspension. 

Therefore, 1D anisotropic structures such as nanowires can be readily manipulated due to 
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the high electric polarizability, and/or large magnetic anisotropy and moments along the 

1D axial direction [54]-[56]. 

In this study, we used the electric tweezers, based on the dielectrophoresis (DEP) 

and electrophoresis (EP) for nanoparticle manipulation [57].  

1 .2 .2 .2  Electric Tweezers 

We demonstrated the transport and assembling of nanowires by using the electric 

tweezers that consist of patterned quadrupole gold electrodes on glass substrates. The 

micro-quadrupole electrodes are made up of two sets of parallel electrodes that work 

independently. By placing suspended nanoentities in the cross section of the gaps 

between electrodes, electric fields can be applied on the nanoentities. By dynamically 

applying alternating current (AC) and direct current (DC) voltages to each set of parallel 

electrodes, we can independently employ DC and AC electric fields in four directions 

that are oriented 90 degree with respect to each other. In the case of the DC voltage 

applied between parallel electrodes, suspended entities with charges experience EP force 

and can be transported due to coulomb interactions. In the AC electric field, the DEP 

force is applied on particles, which align them in the direction of the E-field and 

transports them toward the highest E-field gradient. By exploiting uniform DC and AC E-

field at the center region of quadrupole electrodes, we can control the translational and 

orientation modes independently. These versatile manipulation modes with a resolution 

of at least 150-300 nm, let us precisely assemble nanoparticles into complex nanoscale 

structures [58].  

Compared to other tweezers such as the magnetic tweezers [59], optical traps [60] 

and DEP based electric fields [61], Fan et al. identified several advantages of the system 

of electric tweezers based on combined AC and DC electric fields. The system can be 
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widely applied on nanowires made of various materials, unlike magnetic or optical 

tweezers; it can independently control the orientation and translational directions for 1D 

anisotropy entities; it can manipulate without any moving parts of the device; and it can 

transport nanoentities in opposite directions simultaneously due to the available of the 

opposite types of charges [9]. 

 

1 .2 .2 .3  Assembling by Electric Tweezers 

Several experiments on assembling metallic nanowires with the electric tweezers 

have been carried out. Scaffolds made up of gold (Au) nanowires are assembled by 

controlling the electric field distribution by using AC E-field [50]. “V-shaped” 

mechanical nano-oscillators were fabricated by bringing together two oppositely charged 

Au nanowires with ferromagnetic Ni tips tightly joining them at the ends [9]. Another 

example is to deliver cytokines with nanowires vehicles to a single cell amidst many [62]. 

Xu et al. also reported arrays of pre-fabricated plasmonic nanocapsules assembled 

 

Figure 1.1: (a) Schematic of the nanomotor system manipulated by electric tweezers 
and (b) design of the rotor and bearing for the nanomotor system [5] 
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precisely on patterned nanomagnets for location deterministic biosensing with Raman 

spectroscopy [63].  

 

1 .2 .2 .4  Nanomotor System Based on Electric Tweezers 

With the electric tweezers, rotary nanomotors have been bottom-up assembled 

with nanowires as the rotors. This system is made by using quadrupole electrodes as a 

stator, a circular disk shaped nanomagnet as the bearing and a gold-nickel-gold 

(Au/Ni/Au) multisegment nanowire as a rotor. By transporting and assembling a pre-

fabricated Au-Ni-Au nanowire on a nanobearing, a nanomotor can be formed, where the 

nanowire rotor can be anchored on the nanomagnet, while still can rotate. Applying 

successive 90-degree phase shifted ac E-field with the same magnitude and frequency on 

the quadruple electrodes, the nanomotor can be readily rotated. Another notable example 

is the nanomotors made of Si and Si composite rotors based a similar configuration as 

described above. These nanomotor systems can be used in various nano and micro eletro-

mechanical systems that convert electric energy into mechanical motions. Also the 

nanomotors have been used in tunable biochemical release by controlling the rotational 

speed [5, 8, 10, 64]. 

 

1.3 SUMMARY OF LITERATURE REVIEW 

In this chapter, we have discussed characteristics of nanowires and their 

applications. In the second part of this chapter, the state-of-the-art techniques for 

integrating nanowires into well-defined nanodevices have been reviewed. Two types of 

assembling techniques are reviewed: (1) the thermodynamic driven self-assembling 

techniques; and (2) electric field induced manipulation. Among the field-induced 
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manipulation techniques, the electric tweezers have been identified as an outstanding tool 

for nanoscale assembling due to its versatility and high precision. With the electric 

tweezers, an innovative nanomotor system have been realized and applied in tunable 

biochemical release and detection.  
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Chapter 2: Theoretical Background 

2.1 BACKGROUND FOR NANOWIRE MANIPULATION AND ASSEMBLY 

In this chapter, we will discuss the underlying physics of nanowire manipulation 

and assembly. From the basic Newton’s 2nd law, the motion of nanowires driven by an 

external force F in a fluid can be given in Eq.: 

𝑚𝑎 = 𝐹 − 𝑏𝑣,      (2.1)  

where a and v represent acceleration and velocity of the nanowire, respectively, and b is a 

constant.  

2.2 DIELECTROPHORETIC (DEP) AND ELECTROPHORETIC (EP) FORCES 

The suffix “-phoresis” is originated from the Greek word “phorēsis”, which 

means “the act of carrying” [65]. There are various types of phoretic transports such as 

electrophoresis, magnetophoresis, thermophoresis, and diffusiophoresis. In this chapter 

we will discuss electrophoresis, which is based on electric field. 

  

2.2.1 Electrokinetic Physics behind Transport of Nanowires 

Electrophoresis (EP) is the motion of electrically charged entities in the electric 

(E) field applied in liquid medium, which is distinguished carefully from the 

dielectrophoresis (DEP), which is the motion of neutral particles due to the spatial 

gradient of non-uniform E-field. For the electrophoresis, electrophoretic (EP) force exerts 

on the particle carrying charge 𝑞 under the DC E-field 𝐸 as in the following equation:  

𝐹!" = 𝑞𝐸,       ( 2.2 ) 
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which shows that EP force can transport charged particle electrostatically along the E-

field lines both for uniform and non-uniform fields. 

On the other hand, in the case of DEP, even uncharged neutral particles can be 

moved by the DEP force due to the interaction between induced electric dipole moment 

in the particles and non-uniform field. The force is given by Eq.  

𝐹!"# = (𝑝 ∙ ∇)𝐸,     ( 2.3 ) 

where 𝑝 is the electric dipole moment vector of particles, ∇ is the del vector operator, 

and 𝐸 is a time varying electric field. The effective value of the induced dipole moment 

vector 𝑝 is proportion to the external E-field, which can be given in Eq.  

𝑝 = 𝑉!"#$%&'(𝜀!𝑅𝑒(𝐾)  𝐸,    ( 2.4 ) 

where 𝑉!"#$%&'( is the volume of a particle, 𝜀! is the dielectric constant of the medium 

in which a particle is surrounded, and 𝑅𝑒(𝐾) is the real part of Clausius-Mossotti factor 

𝐾 . The Clausius-Mossotti factor is the measure of the strength of the effective 

polarization, given by:  

𝐾 = 𝜀𝑝∗−𝜀𝑚∗
𝜀𝑚∗ +𝐿𝑖(𝜀𝑝∗−𝜀𝑚∗ )

  ,     ( 2.5 ) 

where 𝜀!∗  and 𝜀!∗  are dielectric constants of the particle and medium, respectively, 

which depend on the frequency of the field. 

 By simplifying the peculiar vector operator (𝑝 ∙ ∇) using vector transformation 

and combining with Eq, the DEP force exerting on nanowire can be given as: 

𝐹!"# =
!
!
𝑉!"#$%&'(𝜀!𝑅𝑒(𝐾)  ∇𝐸!,         ( 2.6 ) 
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As shown by the above equation, the direction of the DEP force on the nanowire 

is towards the highest gradient of E-field. It also indicates there is no DEP force to 

transport the particle in a uniform E-field [66,67 ,68, 9].  

 

2.2.2 Electrokinetic Physics behind Alignment of Nanowires 

In the circumstance under the uniform AC E-field, even though there is no force 

to transport particle, the electric torque can arise to align nanowires due to its anisotropic 

structure: 

𝜏! = 𝑝×𝐸 = 𝑥𝜌 𝑥 𝑙×𝐸 𝑥 𝑑𝑥! !
!! ! = 2𝜋

3 𝑟!𝑙𝜀!𝐼𝑚 𝐾 𝐸!,    ( 2.7 ) 

This equation indicates that torque makes nanowires align in the orientation of AC 

electric field. Also, this torque depends on the electric polarizability, which associates 

with the AC frequency. Therefore, with the optimal AC frequency we can align 

nanowires with the fastest response in a highly viscous environment. By the same token, 

with a rotating electric field, a nanowire can be rotated as well [69]. 

 

2.3 PHYSICS BEHIND NANOWIRES ASSEMBLY 

So far, we have examined the theory on the manipulation of nanowires. In this 

section, we will explain how they are assembled and bound together after they are 

transported close to other nanowires. There are various kinds of near-field interactions 

derived from the electrical field. In our study, because we used a Ni magnetic segment in 

the nanowire and nanomagnet circular films as nanobearing, we need to consider 

magnetic interaction as well. Also, we will describe the basic physics about Brownian 
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motion, which may hamper assembly of nanowires and various interactions affecting the 

assembly of nanowires.  

 

2.3.1 Magnetic Interaction between Nanowires 

Since the nanowires used in this study have ferromagnetic Ni segments for joining 

with other nanowires, we will examine the magnetic interactions between the Ni 

segments of the nanowires. 

The magnetic attractive force can be calculated as: 

𝐹! = − 3𝜇𝑚1𝑚2
4𝜋𝑟4

     ( 2.8 ) 

where 𝜇 is the permittivity of DI water, r is the distance between the magnetic dipoles, 

and 𝑚! and 𝑚! are the magnetic dipole moments of the two interacting nanowires. 

When this magnetic force is larger than the drag forces from the surround medium, 

nanowires can be attached to each other by the magnetic attraction force [70]. 
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Chapter 3: Experimental Setup and Characterization 

In this chapter, we will describe the experimental procedure and setups for 

fabricating multisegment Au/Ni nanowires, nanomagnets, microchips for nano-assembly, 

and the characterization of the devices.  

3.1 EXPERIMENTAL SET-UP 

3.1.1 Quadrupole Electrodes 

 Metal quadrupole electrodes were fabricated by depositing thin films of 100nm 

thick Au and 5nm thick Cr with e-beam evaporation on glass substrates. The Cr layer was 

used for enhancing adhesion between the Au film and glass substrate. After deposition of 

thin films, photolithography process was followed to create quadrupole electrodes from 

 

Figure 3.1: Photolithography process for fabrication of quadrupole microelectrodes. 
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the thin films as shown in Figure 4.1. Firstly, we spin coated photoresist (PR) on the Au-

Cr-glass substrate and prebaked it on the heat plate. After that, we exposed the substrate 

with ultra violet (UV) light through the aligned mask to make pattern on the substrate. 

Then the UV exposed region of the positive PR is dissolved in the developer 

(Microposit™ MF 321). By etching with both the Iodine based gold etchant and chrome 

etchant, the Au/Cr layers not protected by the PR were etched away, resulting in the 

patterned quadrupole electrodes on the glass substrates. Finally, the remained PR was 

completely removed by immersion in acetone for 2 hours.  

  

3.1.2 Fabrication of Magnetic Bearings 

The magnetic nanobearings were fabricated by using poly-methyl methacrylate 

(PMMA)/Cr templates prepared via colloidal lithography. As shown in Figure 4.2, the 

fabrication consists of six steps: (a) a polystyrene (PS) nanosphere monolayer was 

uniformly dispersed on the surface of PMMA films, (b) then, a thin layer of Cr was 

deposited on top of the PMMA film; (c) after the removal of the PS nanospheres, the Cr 

thin film was used as an etch mask of the oxygen reactive ion etching (RIE) process to 

 

Figure 3.2:  Fabrication process for nanomagnet bearings on the glass substrate [71]. 
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form arrays of nanoholes on the PMMA film; (d) the PMMA template was dissolved 

selectively where Cr was not coated; (e) the Cr/Ni/Au multi-layer thin films were 

deposited through the nanoholes; (f) after dissolving PMMA, arrays of nanomagnet 

bearings were obtained . The density and size of nanomagnet can be controlled by the 

size and concentration of nanospheres [71]. 

 

3.1.3 Au-Ni-Au Multisegment Nanowires  

The Au-Ni-Au nanowires were achieved by electrodeposition into nanoporous 

membrane made of polycarbonate. The nanowires are 250 nm in diameter and 3.5µm in 

the total length (Au/Ni/Au – 150nm/300nm/3µm). 

At the tips of a nanowire, a segment made of ferromagnetic Ni (300nm) Au 

(150nm) is integrated to connect different nanowires. In order to minimize the chaining 

of nanowires, only one magnetic segment is integrated at the end of a nanowire.  

 

3 .1 .3 .1  Electrodeposition of Nanowires 

 Multi-segmented nanowires used in this thesis were synthesized by 

electrodeposition into nanoporous membranes made of polycarbonate in a three-electrode 

setup in Figure 4.4. A 500nm thick Cu film (deposited at a rate of 1~1.5Å/s via E-beam 

evaporation) at the back of the polycarbonate template (PCT) was used as a working 

electrode. The Cu layer also seals the nanopores at the bottom of the template as shown 

in Figure 4.3. A Pt mesh and Ag/AgCl electrode were applied as a counter and reference 

electrode, respectively. 
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The nanowires were grown from the copper layer deposited at the bottom of 

template. Different types of electrolytes are used for the growth of different nanowire 

segments. The total amount of electric charges passing through the circuits controls the 

 

Figure 3.3: Schematic of copper deposition on the polycarbonate template 

 

Figure 3.4:  Schematic of three-electrodes cell for electrostatic deposition 
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length of each segment. The electrical charge and time used to control the length of each 

segment in the nanowire is shown in Table 4.1 [5].  

For deposition of multi-segmented nanowires, the sacrificial Ni segment was 

deposited on the template firstly, which enhances the uniformity of the interfacial surface 

between the Au segment and Cu layer at the bottom of template. Then the deposition of 

the Au segment (3µm) was carried out.  

 

Figure 3.5:  EDS analysis of Au-Ni-Au multi-segmented nanowires on the Si substrate. 

 

Figure 3.6:  Characterization of multi-segment Gold (Au) / Nickel (Ni) / Gold(Au) 
nanowires 
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After successful deposition of the nanowires, the Cu layer at the bottom of the 

template together with the sacrificial Ni segments were etched. Then, the PC membrane 

was dissolved in methylene chloride to make nanowires freely suspended in liquids. 

Nanowires were cleaned by sonication and centrifuging twice in Deionized (DI) water 

and re-suspended in DI water. The images of fabricated nanowires were taken by 

scanning electron microscopy (SEM) are shown in Figure 4.6 [58]. 

3.2 CHARACTERIZATION 

3.2.1 SEM/EDS 

The morphology of the nanowires was characterized by using the Scanning 

Electron Microscope (SEM – FEI Quanta 650 ESEM). The composition of the multi-

segmented nanowires was shown by mapping with Energy Dispersive Spectroscopy 

(SEM-EDS) in Figure 4.5.  

       Materials 
 

Conditions 

Gold segment 
(150nm) 

Ni segment 
(300nm) 

Gold segment 
(3µm) 

Total  
Charge (C) -0.064 -0.17C -0.69 

Deposition  
Time(s) 290s 161s 

 
5000s 

Applied  
Potential 

(Ag/AgCl)(V) 
-0.92V -0.8V 

 
-0.92V 

Table 3.1:  Fabrication Conditions for electrodeposition of Au-Ni-Au Nanowires   
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3.2.2 Rotational Speed Measurement 

After rotation was recorded through CCD of inverted optical microscope, the 

speed of rotation was analyzed the each angle rotated in the video frame by frame. Based 

on this information the angular velocity is calculated with the frame rate.  
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Chapter 4: Results and Discussion 

4.1 ASSEMBLY OF NANOWIRE INTO MULTI-MERS 

In this section, I will demonstrate the assembly of nanowire multi-mers on the 

patterned nanomagnets by using the translation and rotational modes of the electric 

tweezers. There are various kinds of nanowire multi-mers, such as dimers, trimers and 

tetramers as shown in Figure 5.1. Even for the same kind of multi-mers, the device could 

have different configurations. For example, there are two different dimers in Figure 5.1, 

one with a V-shape and the other with a line shape. 

In this study, we conducted the assembling of dimers, trimers, and tetramers by 

using Ni segmented Au nanowires as building blocks. The assembling process was 

recorded with a 30 fps camera through a 50X objective. A DC voltage of 1.5V was 

applied for the manipulation.  

The structure of the as-fabricated nanowires has a ferromagnetic Ni segment only 

in one end, and it is difficult to tell which end has the magnetic segment through the 

 

Figure 4.1:  Multi-mers can be assembled from nanowire building blocks:     
          Dimers, Trimers, and Tetramers. 
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optical microscope. Therefore, if the magnetic connection did not occur at one end due to 

the absence of a magnetic segment, we used the rotational mode to switch the nanowire 

tip to make contact with the other nanowire. Also, the rotational mode, which always 

includes AC E-fields, generates induced dipole moments inside the nanowires, which 

results in nanowires attractions when they get closer. For this kind of assembly, we used 

an AC E-field at 5 to 7 V and a frequency of 40kHz to rotate the nanowires gently.   

 

4.1.1 Nano-assembly of Dimers and Trimers. 

The nanowire dimer is simply assembled by using a 1.5V DC E-field. As shown 

in Figure 5.2, two nanowires, which were initially separated from each other, are 

transported with the translation mode of the electric tweezers onto a magnetic bearing 

one by one. This assembling process was conducted very facilely and it took less than 1 

minute with the electric tweezers. The angle of the joint between the nanowires can be 

adjusted by orientating the nanowires with the rotational motion when assembled. Also, 

in the case that the non-magnetic end is contacted to a magnet bearing, the rotational 

mode can be used to orient the nanowires 180 degrees to bring the other end of magnet 

segment together with the nanomagnet. With same procedure nanowire trimer can be 

assembled on the magnet bearing as shown in Figure 5.3. The first nanowire is fixed on 

the magnet, and the second nanowire is translated and connected to the first nanowires. 

And then the third nanowire is also transported and oriented until it is bound with the first 

two nanowires and the magnet.  
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Figure 4.2:  Assembling of a nanowire dimer. (a) The trace of nanowires transport and 
(b) image of an assembled nanowire dimer. 

 

Figure 4.3:  Assembling process of a nanowire trimmer, (a) the trajectory of the 
nanowires and (b) image of a nanowire trimer. 
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4.1.2 Nano-assembly of Tetrahedral Tetramers 

I have discussed the assembling of the monomers and dimers. These assembled 

structures also can be the basic blocks of even higher dimensional multi-mers. In this 

section, I demonstrated the assembling method for fabricating the tetrahedral tetramer by 

using two assembled, V-shape dimers. As shown in Figure 5.4, two V-shape dimers were 

transported and then rotated when they got closer to each other. During the rotation, due 

to the AC E-field induced polarization, they attracted each other. While gently rotating 

with 5 ~ 7 V and 100kHz frequency, they kept attracting to each other and made contacts 

several times at different configurations. In these contacts, the magnetic segments were 

directly connected and formed into a tetrahedral tetramer. This assembled tetrahedral 

structure is 3D, which demonstrates one of the first 3D structures assembled from 1D 

anisotropy nanowires in a precisely defined fashion. 

 

Figure 4.4:  Assembling of a nanowire tetramer (a) The trajectory of nanowires and 
  (b) image of a nanowire tetrahedral tetramer. 
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4.1.3 Discussion 

The assembled nanowire structures can be used for various applications. As 

reported by Ahmed et al., the nanowire multi-mer structures joined by the magnetic 

segments can work as microswimmers [36]. Because the joint can be flexible in these 

assembled multi-mers, it could make reciprocal motion to propel their bodies in high 

viscous regime. In Ahmed’s study, they voluntarily assembled these structures by mixing 

them and used an ultrasound field and a magnetic field to propel them. This self-

assembly technique might be productive, but its random nature makes it hard to control 

the number of certain kinds of assembled products, so there is a predominance of certain 

kinds of multi-mers. However, with the reported electric-field based precision assembling 

technique, we could produce a certain kind of configurations as much as we want. Also, 

the high precision in manipulation enables this technique to configure various kinds of 

assembly in different angles and arrange them in a highly structured manner [36]. 

Moreover, the electric-field based assembling is a non-invasive technique, none-

damaging to the nanowires. Therefore, the assembled devices are durable [72]. On the 

other hand, ultrasound, which is used for the mixing of voluntarily assembled nanowires, 

could breaks nanowires into small pieces during a long processing.  

In spite of the advantages, it still requires to improve the electric-tweezers based 

manipulation. Since the fabrication process is serial, the manufacturing speed is limited 

and comparably slower than other self-assembling techniques. In order to circumvent this 

drawback, there are some possible options. First, automation of the entire manipulation 

and assembling process can enhance the fabrication speed. Also since an electric field is 

ubiquitous and almost uniform for the manipulation region of the electric tweezers, with 

arrays of nanomagnets and nanowires, we can manipulate and assemble multiple 

nanowire nanomotors in a one run process.   
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4.2  MULTI-MER ROTORS FOR NANOMOTORS 

4.2.1 EXPERIMENTAL DESIGN 

In this section, we examined the performance of nanomotors made from various 

nanowire multi-mer rotors. By using the electric tweezers, we characterized these new 

types of nanomotors depending on AC frequencies and voltages. The 200 nm diametered 

circular disks made of Au/Ni/Cr thin film stacks of 40nm/80nm/10nm are used as the 

nanomagnet bearings.  

First, we used a single nanowire as the rotor, which can be facilely assembled as a 

reference single-nanowire motor device to compare with other multi-mer nanomotors as 

shown in Fig. 5.5 and Fig. 5.6. In the test, we employed the frequency range of 30 kHz to 

100 kHz and peak-to-peak voltages of 5 to 20 V at 40 kHz. 

 

Figure 4.5:  Nanowire multi-mer (monomer, dimer, and trimer) motors rotating clock-
wise.  
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 Figure 4.6:  SEM images of nanowire multi-mer motors on the nanomagnet bearings 
after rotational operations. 

4 . 2 . 2  Experimental Results  

4 .2 .2 .1  Measurement of the Rotational Speed at Different Frequencies  

In this section, I discuss the measurement results for the rotational speed of 

different nanomotors at frequencies from 20 kHz to 100 kHz. The applied peak-to-peak  

AC voltage is 18~ 20V. 

 As given in equation 3.7, 𝜏!=𝜏!   =
!
!
𝑙3𝜂ω𝐶=

!!
!
𝑟2𝑙𝜀𝑚𝐼𝑚 𝐾 𝐸2 = 𝑎𝑉2, the frequency 

term only depends on the imaginary part of Clausius-Mossotti factor. Thus, when it 

comes to examine the relation of rotational speed and frequency, in the equation of 
!
!
𝑙3𝜂ω𝐶 = 𝑎𝑉2, the rotational speed 𝜔  and the applied voltages 𝑉! can be separated 

from the term 𝑎 and given by 
!
!
𝑙3𝜂𝐶ω/𝑉2 = 𝑎. Here a is a factor proportional to the 

Clausius-Mossotti factor that depends on the AC frequency. Thus, we can know the 

frequency dependence of rotation speed by plotting ω/𝑉! versus AC frequency. 

The characterization of multi-mer nanomotors at 20-100 kHz and 18~20V is 

shown in Figure 5.7. The rotational speeds increase monotonically with the decrease of 

the AC frequencies.  
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4 .2 .2 .2  Measurement of the Rotational Speed at Different Voltages  

The rotational speed at different voltages was measured at 40kHz. For the 

monomer nanomotor, it started to rotate at 7V, and for the trimer and dimer nanomotors, 

they started to rotate at 8V. The rotation speeds are 44.8 to 1496.6 deg/sec at 5.0V to 

19.8V (peak to peak) for the monomer motors, 169.7 to 1157.44 deg/sec at 10.2V to 

18.6V (peak to peak) for the dimer motors, and 290.9 to 1570.0 deg/sec at 5.0V to 19.8V 

(peak to peak) for the trimer motors. When the voltage is the same at the frequency of 40 

kHz, the rotational speed of monomer rotor is the highest. 

As shown in Figure 5.8, for all three kinds of multi-mer nanomotors, the rotation 

speed is linearly proportion to the square of applied electric fields, which agrees with 

equation 3.7 given by 
!
!
𝑙3𝜂ω𝐶=𝑎𝑉!. This indicates that the rotational speed of the 

multi-mer nanomotors can be precisely controlled by the applied electric fields.  

 

Figure 4.7:  Multi-mer nanomotors: rotational speed versus AC frequency  
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4.2.3  Discussion 

The nanomotor devices with different configurations of rotors can be used as a 

new type of NEMS devices for controllable biochemical release and microfluidic 

applications. In order to exploit these applications, a new model is required to analyze the 

viscous torque for these complex assembled structures. Also, since multiple nanowires 

are connected to a nanobearing in a nanomotor, various kinds of joints can be formed at 

different angles, which may result into different types of rotation modes for even the 

same type of multi-mer nanomotors. In-depth study of the assembling mechanism and 

design are desirable for further developing multi-mer nanomotors.  

 

 

 

 

Figure 4.8:  Multi-mer nanomotors: rotational speed versus voltage. 
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Chapter 5: Conclusion 

In this study, I have explored a new type of rotary NEMS device, from 

preparation and characterization of nanowires to manipulation, positioning, and 

assembling them into rotary nanomechanical devices. I have reviewed the applications of 

nanowires and the different assembling techniques. In this project, by using the electric 

tweezers based on combined dielectrophoretic force and electrophoretic force, I achieved 

rotational and translation of nanowires, independently. Moreover, I have not only 

transported nanowires, but also assembled them into well-defined structures owing to the 

high precision and controllability of this technique. I have demonstrated the assembly of 

nanowire multi-mer motors by integrating designed magnetic segments into the gold 

nanowires. Nanowires dimer, trimer and tetramer motors have been rationally achieved 

as one of the first. I examined the rotation speed as a functional of the applied electric 

voltages and frequency and determined the linear increase dependence of the rotational 

speeds with the square of the applied voltages, which is highly advantageous for 

obtaining ultrahigh speed rotation. I believe such devices could be used for various 

applications, such as nanoscale antennas that can adjust their orientations mechanically 

for enhanced signal absorption and emission, micromixers for microfluidics, as well as 

nanomotors for efficient release of molecules at tunable rates by the rotation speed. The 

results also suggest the feasibility of integrating multiple functional nanoentities into the 

same mechanical structure, which is an important step towards 3-D nanoscale robots built 

from nanoscale synthetic entities. 
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