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ABSTRACT 
 

Fuel free, low power, ultrasonic propulsion of nano- and microscale motors is 

currently among the leading candidates for use for biomedical applications such as drug 

delivery and holds potential for use in a variety of other applications. It does not rely on a 

finite supply of fuel, provides autonomous motion and promises to be biocompatible. In 

order to realize its potential for use in biological systems as well as other applications it 

must be, its biocompatibility demonstrated,  the assembly behaviors of the propelled 

nanomotors explored, and the factors affecting motion interrogated. This document aims 

to shed light on these various aspects of ultrasonic motor propulsion. 

 An overview of the field of nanomotors, including different propulsion 

mechanisms, types of motion and the challenges of propulsion at a low Reynolds number 

are provided in Chapter 1.  

In Chapter 2, the steering of nanorod motors in biocompatible media towards 

living cells was demonstrated.  By incorporating a magnetic nickel segment (40±5nm) 

within a gold-ruthenium rod that is 300 ± 30nm in diameter and 4.3 ± 0.2 µm long, it is 

possible to use a small external magnetic field to define the motor path. It is possible to 

suppress random motion, as quantified by the decrease in the mean displacement angle 

and rotation diffusion coefficient of the rods, and exert relatively fine control over the 

steering of acoustically propelled nanomotors using a 40milliTesla external magnetic 

field. Rods maintain autonomy and can be selectively guided toward single cells with 

micron level precision.  The effect of the exposure to ultrasonic power within the acoustic 
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chamber on living cells in the presence of metallic nanorods was evaluated, and for 

durations as long as 20 minutes biological cells remain alive.  

In Chapter 3, the assembly behavior of magnetic, steerable nanorods is explored. 

It was found  that segmented gold-ruthenium nanorods (300 ± 30 nm in diameter and 

2.0± 0.2 µm in length) with thin Ni segments at one end assemble into few particle, 

geometrically regular dimers, trimers and higher multimers while levitated in water by ~4 

MHz ultrasound at the midpoint of a cylindrical acoustic cell. The assembly of the 

nanorods into multimers is controlled by interactions between the ferromagnetic Ni 

segments.  These assemblies are propelled autonomously in fluids by excitation with 

ultrasound and exhibit several distinct modes of motion. Multimer assembly and 

disassembly are dynamic in the ultrasonic field. The relative numbers of monomers, 

dimers, trimers, and higher multimers are dependent upon the number density of particles 

in the fluid and their speed, which is in turn determined by the ultrasonic power applied. 

The magnetic binding energy of the multimers estimated from their speed-dependent 

equilibria is in agreement with the calculated strength of the magnetic dipole interactions.  

These autonomously propelled multimers can also be steered with an external magnetic 

field and remain intact after removal from the acoustic chamber for SEM imaging. 

In Chapter 4, the shape dependent motion of micromotors in the acoustic chamber 

is explored. Micromotor structures are designed to interrogate the effect of various levels 

of shape asymmetry, aspect ratio and rotational asymmetry. Structures of precise shapes 

and dimensions are fabricated using a combined photolithography and electrodeposition 

or evaporation approach  that allows for the post synthesis release of structures from the 

substrate for testing within the acoustic chamber. Structures with dimensions larger than 
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20µm were shown to not undergo random autonomous motion while structures with 

dimensions smaller than 10µm undergo rotational random autonomous motion. These 

structures show a consistent polarity of motion indicating that the shape asymmetry of the 

structure indeed has an effect on its motion. This is in support of the existing consensus 

that propulsion can be attributed to motor shape asymmetry.  

In Chapter 5, various factors that affect nanorod ultrasonic propulsion are 

explored. The effect of a bimetallic nanorod composition, nanorod size and the location 

of various acoustic behaviors and their response to changes in the electronic signal are 

studied. These observations also provide insight into the mechanism of ultrasonic 

propulsion. Bimetallic nanorod motors, exhibit similar behaviors as their monometallic 

counter parts including random autonomous motion and nodal patterns. Interestingly, 

bimetallic rods exhibit a consistent polarity of motion with one metal end leading axial 

propulsion. While propulsion has been attributed to shape asymmetry, in the presence of 

material asymmetry, the polarity of motion is determined by material asymmetry in cases 

where there is a difference in density between the two metal segments. In these cases the 

material segment with a lower density leads motion. Speed comparisons between rods of 

different densities have shown that lower density rods travel faster than higher density 

rods explaining the reason why the lower density segment within a bimetallic rod leads. 

Where only a small density difference exists between the metal segments in a bimetallic 

rod, the shape asymmetry at the ends of the rod determines the polarity of motion. Insight 

into the primary force propelling motors was gained by interrogating the length 

dependent speeds of rods by varying their lengths. As the rods got longer, their speed was 

reduced which is in support of a streaming induced drag force dominated motion. This 
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was further supported by the correlation between the sharp reduction of acoustic 

streaming, as indicated by the disappearance of spinning chains, and the sharp reduction 

in axial propulsion speed of random autonomous motors within the levitation plane. The 

locations of the various nanorod behaviors within the acoustic chamber were noted.  
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Introduction 

Artificial nanoscale and microscale motors, like their macroscale counterparts, 

convert various forms of energy to mechanical motion. The field of artificial nanoscale 

and microscale motors has been largely inspired by the desire to mimic the versatility of 

function found in biological motor systems in different contexts. As such, a number of 

artificial motors ranging in size from tens of nanometers to microns have been fabricated 

to mimic biological systems.
1
 For example the buckyball-based nanocar is in the same 

size regime as kinesin motor proteins that “walk” on microtubules within biological 

cells.
2
 Nanorods, two to three microns in length and ~300 nm wide can consume fuel 

from their environment to power motion, can exhibit chemotaxis and phototaxis like 

bacteria. 
3
These, largely bimetallic motors, also respond to external stimuli, such as light, 

that can induce collective behaviors as would be seen in swarming bacteria.
4,5

 Recently 

biological entities, such as enzymes, have been studied in the context of enhanced 

diffusion in substrate gradients and as fluid pumps when fixed to a surface giving them a 

new functionality.
6
 In addition to gaining fundamental understanding into the powering 

and motion of nano and micro objects, while mimicking biology, the field of artificial 

nano and micromotors has been strongly driven by potential applications. Most 

prominent among these applications are uses in biomedicine such as drug delivery and 

microsurgery.
7–9

 Other applications include environmental clean-up, oil recovery, and 

crack detection and repair. 
10–12

 The focus of my work has been on nanorod based motors 

that are sub-micron in diameter and 2 to 3 µm in length and hence in the same size 
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regime as bacteria. Examples of artificial motors and natural motors in the same size 

regime can be seen in Figure 1-1. 

 

 

Figure 1-1. Biological systems and some artificial motor mimics at different lengths scales. Top 

row: kinesin on a microtubule (nm), E.coli bacteria (µm), lady bug (mm), man (m) Bottom row : 

nanocar (Tour group), nanowire motors (Mallouk group), robotic flies  (Wood group)1 

[reproduced from reference 1] 

 

Nanoscale and microscale motors operate in the low Reynolds number regime 

(10
-4

). The Reynolds number describes the ratio of inertial forces to viscous forces in a 

system and is expressed using equation 1-1 below, where ρ is the particle density, v is the 

velocity of the particle, L is the characteristic length of the particle and µ is the dynamic 

viscosity of the medium. Engineering autonomous motion at a low Reynolds number 
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presents its own set of challenges.  Because viscous forces dominate motion of our rods, 

constant force is needed to keep them in motion, and sustained motion or “coasting” does 

not assist. Additionally the scallop theorem applies to our system, meaning that a 

reversible two-state (i.e., back-and-forth) motor cannot produce a net displacement. It is 

due to this theorem that most low Reynolds number motors have no moving parts.
13

 In 

these cases, asymmetry needs to be engineered into the system. Asymmetry is typically 

incorporated into the motor itself, such as material or shape asymmetry. Brownian motion 

also becomes apparent at length scales below one micron. Brownian motion tends to 

reduce the directionality of motor motion. Hence this parasitic effect must be overcome 

to enable net directional propulsion. 

𝑅𝑒 =
𝜌𝑣𝐿

𝜇
                                                             (1 − 1) 

There are two types of motion that can be engineered into our system, they are: 

autonomous motion and non-autonomous motion. Autonomous motion as the name 

suggests refers to motion in which each individual motor is propelled independently of 

motors in their vicinity, with an independent direction. As such autonomous motion 

requires the local conversion of fuel or transduction of energy to enable each motor to 

propel independently of the others. Non-autonomous motion occurs when rods are swept 

uni-directionally within an external forcing field. Autonomous motion provides the 

opportunity for the engineering of independent cooperative tasks between multiple motor 

populations to accomplish a more complex task. 1Autonomously moving motors have 

been the focus of my work. 
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Many propulsion methods have been developed for nano and microscale motors. 

Autonomous motion tends to be driven by local gradients generated due to the activity of 

the asymmetric motor, either catalytic activity or otherwise (self-generated gradients). 

Examples of autonomously driven motors include those driven by local thermal 

gradients, self-thermophoretic, those driven by local concentration gradients, self-

diffusiophoretic, and those driven by local ionic charge gradients, self-electrophoretic. 

The first nanorod-based autonomous motor system was a self-electrophoretic system 

driven by the catalytic decomposition of hydrogen peroxide fueled at the surface of a 

bimetallic rod. The system was discovered as a result of the collaboration between the 

Mallouk and Sen groups at Penn State in 2004.
3
 The nanomotors were fabricated using 

electrochemical deposition within porous anodic alumina membranes. An evaporated 

metal film on one side of the membrane served as the cathode within an electrochemical 

cell. (Figure 1-2) This is the method used for the fabrication of the majority of the motors 

in the coming chapters. 

 

Figure 1-2. Schematic diagram of the set up for electrochemical deposition of nanorods within 

porous alumina templates. Commercial porous alumina templates with a pore size of 300 nm are 

used. [reproduced from reference 33] 
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In order to fulfill their potential for uses in drug delivery and microsurgery 

nanomotors need to function within biological environments. The above mechanisms for 

autonomous motion either rely on a toxic fuel source, or they need for a temperature 

gradient of a few Kelvins that is incompatible with use in a biological system, or they 

cannot operate in a high ionic strength medium.
1
 Hence a new biologically friendly 

method is needed for the autonomous propulsion of nanomotor systems. Such a method 

was discovered in 2012 as a result of collaboration between the Mallouk group at Penn 

State and Dr. Mauricio Hoyos at ESPCI in France. Acoustic waves were used to propel 

nanomotors. The use of this type of energy is attractive due to its biocompatibility and 

controllability via the control of the nature of the actuation signal. Acoustophoretic 

motors also offer the benefit of continuous operation for long durations as they are not 

reliant on a finite supply of fuel. 

Acoustic Propulsion of Nanorods Motors  

Acoustic energy can be used to propel metallic nanorods with shape asymmetry. 

Within an acoustic cylindrical chamber approximately 180 µm in height and 5 mm in 

diameter a standing wave is set up at the cell’s resonant frequency of approximately 4 

MHz with a voltage peak to peak value of 10 V.
14

 This acoustic chamber is constructed 

by affixing a thickness mode piezoelectric transducer to the bottom of the stainless steel 

plate (or silicon wafer) and attaching 4 layers of Kapton tape with a hole punched in the 

center on the other side of the plate. A glass cover slip is used as a reflector. A function 

generator then provides the electronic wave to the piezoelectric at the frequency and 
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amplitude of choice. In the acoustic chamber, the nanorods are levitated to the 

approximate midpoint of the cell within the standing node of a vertical standing wave. 

Within the levitation plane nanorod motors exhibit several behaviors including axial 

autonomous propulsion, the formation of spinning chains and nodal aggregates. It is the 

axial autonomous propulsion of these rods that is the focus of my work. 

The acoustic manipulation of microparticles has a long history within the field of 

microfluidics due to its ability to sort and focus a variety of microparticles in a non-

destructive way without the need for labeling and other particle modification.
15–18

 

Acoustic manipulation has been used for particle separations based on size and material 

properties, as well “container-less” studies on levitated particles that enable the 

elimination of substrate and surface effects.
15,17

 Most particle manipulation studies have 

used symmetric particles, typically of soft polymer or biological materials, such as 

polystyrene spheres or cells. In contrast, recent results  have demonstrated random 

autonomous axial motion of nanorod particles, and these particles are shape asymmetric 

and made of metals.
14

 

 

The two primary forces acting on particles microns in size in an acoustic field are 

the primary acoustic radiation force and the streaming induced Stokes drag force. The 

primary acoustic radiation force dominates microparticle motion for particles larger than 

2 µm in diameter.
19,20

 In addition to its dependence on size, this force depends on the 

material properties of the microparticle, in particular the density and compressibility of 

the particle relative to that of the medium. The primary acoustic radiation force is the 

force primarily responsible for the levitation of particles within a standing wave.
18

 The 
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second force responsible for acoustophoretic motion is the streaming-induced Stokes drag 

force.
21,22

 It is the dominant force resulting in motion for spherical particles below 2 µm 

in diameter.
19,20

  

Current Research on Acoustic Nanorod Propulsion  

Since its discovery in 2012, fuel free acoustic propulsion of autonomous motors 

has seen considerable research activity.
14

 Effort has been directed at demonstrating 

acoustically propelled nanomotor biocompatibility and function in biological media 

(phosphate buffered saline, saliva and serum),
23,24

 targeting and control of their 

trajectories,
23–25

  actuation within living cells,
26

 collective behaviors and assembly, 
27–

29
functionalization as well as preliminary results into their drug delivery capabilities

30
.  In 

addition to research into the random autonomous propulsion of acoustic nanomotors, 

fundamental research and useful applications are emerging for the patterns attributed to 

nodal behavior, in particular spinning chains. The fastest rotation observed in a nanorod 

systems (at 2.5kHz) was observed within the spinning chains in an acoustic chamber 

similar to ours, and spinning chains have also been proposed for mixing functions within 

living cells.
26,31

  Figure 1-3 shows a zoomed out view of the various nanorod behaviors 

that occur within the acoustic chamber including: random autonomous motion and 

spinning chain formation. Theoretical and experimental explorations into the mechanistic 

details of ultrasonic propulsion have also been conducted, with acoustic streaming of 

fluid at the surface of asymmetric nanorod motors identified as the primary candidate for 

the cause of directional axial propulsion.
14,24,32
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Figure 1-3. Various motions within the acoustic chamber. A. A zoomed out optical micrograph 

of various motions of nanorods within the acoustic chamber including random autonomous 

motion, spinning chains and nodal aggregation. B. Optical micrograph of random autonomous 

motion with a schematic inset of the nature of the motion of the nanorods imaged. 

 

In this work, I present my contribution to this research effort. In Chapter 2, I 

present the results of work into the directional control of autonomous ultrasonic motors, 

their operation in biocompatible media and their effect on living cells while exposed to 

ultrasonic waves.
23

 Chapter 3 presents results on the magnetically mediated self-assembly 

of ultrasonic motors into “artificial molecules”, the unique modes of motion of these 

molecules and the analysis of the reaction equilibria and kinetics of the association and 

dissociation these artificial molecules in suspension.
27

 Chapter 4, the design, fabrication 

and preliminary evaluation of the structure –function performance of ultrasonically 

propelled micromotors fabricated by photolithography are presented. In Chapter 5, 

insights into mechanistic details of ultrasonic propulsion are presented in the context of 

results regarding the material dependent propulsion of metallic and bimetallic nanorods, 

the size dependent propulsion as well as details into the location of various behaviors and 

the effect of actuation signal on these behaviors. 
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Chapter 2 

 

Steering Acoustically Propelled Nanowire Motors towards Cells in a 

Biologically Compatible Environment using Magnetic Fields 

2.1 Introduction 

Research into the propulsion and control of nano- and microscale motors has 

grown steadily over the past decade. 
1-10

 Some of the most interesting potential 

applications of micromotors are in biosensing and biomedicine, but the most widely 

studied catalytic propulsion mechanism tend to involve toxic fuels or incompatible with 

media or high ionic strength.
11-16

 The recent discovery of the propulsion of nanomotors 

using acoustic energy has provided a new opportunity to explore their behavior in 

biocompatible media.
17-18 

Self-acoustophoretic nanowire motors are especially attractive 

as they allow continuous propulsion that is not limited by the supply of fuel. They are 

operated in a frequency and power range that is biologically safe.
17,19-20

 The power 

density used in the experiments described in this paper is (13 ± 1) mW/cm
2
, which is well 

below the FDA limit of 740 mW/cm
2
 for diagnostic ultrasound.

19-20
  The self-

acoustophoretic mechanism also allows one to change the motor speed easily by 

adjusting the applied power.
21-26 

However, in order to take full advantage of 

ultrasonically propelled motors one must be able to direct and guide their motion towards 

targets of interest such as cells and tissues. Here we demonstrate that remote steering and 

targeting of acoustically powered motors is possible by using externally applied magnetic 

fields.  As in previous reports of magnetically oriented autonomous nanomotors, a 
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magnetic segment was incorporated into the nanowires.
27-29

 A ferromagnetic nickel stripe 

was electrochemically grown between diamagnetic Au and Ru segments, as shown in 

Figure 1, and it responded to a weak external magnetic field that could be oriented to 

define the motor’s path in two dimensions.  

 

Figure 1-1. A representative FE-SEM image of the Au-Ni-Ru nanowire motors. 

2.2 Results and Discussion 

2.2.1. Behavior of Nanomotors in Static Magnetic Fields. 

When excited by ultrasonic standing waves near the resonant frequency of the 

cylindrical cell (3.77 ± 0.01 MHz), nanowires with (40 ± 5) nm thick magnetic stripes 

exhibited the same behavior as their non-magnetic counterparts, including levitation to 

the midpoint of the cell, pattern formation into concentric nanowire circles, alignment 

into spinning chains, and autonomous axial motion.
17  

The polar alignment of Au-Ni-Ru 

wires in spinning chains at the acoustic nodal lines, with the ruthenium end leading, was 

also consistent with earlier observations with non-magnetic Au-Ru nanorods. The 

average speed of the wires did not change with the application of a static magnetic field: 

speeds of (26 ± 12) µm/s and (26 ± 18) µm/s were observed, without and with the field, 
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respectively (the resulting Reynolds number is approximately (1 ± 0.8) × 10
-4

). These 

values are based on 46 measurements of wires with an applied magnetic field and 120 

measurements of wires with no applied field. The positional measurement error was less 

than 0.3 µm and thus the distribution in speed derives primarily from wire-to-wire speed 

variation. However, the pattern of movement changed markedly, as shown in Figure 2. In 

the absence of magnetic field, wire trajectories followed loops (possibly from slight 

bending of the wires and asymmetry in the wire end shape) and also contained random 

turns, but in the magnetic field they followed straight line trajectories. In the static field 

(applied parallel to the y axis in Figure 2-2) the majority of the wires oriented with their 

long axis within 25 degrees of the direction perpendicular to the field (the x axis in Figure 

2-2). This is as expected since the thickness of the magnetic stripe (40±5) nm is smaller 

than its diameter (300±30) nm; thus, the easy axis of magnetization should lie in the 

plane of the stripe.
27,30

 The range of angles observed between the direction of movement 

and the applied field can be explained by the fact that the Ni stripes in the wires in 

general were only approximately perpendicular to the wire axis (Figure 2-1). These static 

field experiments were conducted at a constant field of (40 ± 1) mT by placing a Nd-Fe-B 

magnet (6.60 ± 0.03) cm from the active area and in the two dimensional plane of the 

acoustic cell. 
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Figure 2-2. Representative nanowire tracks plotted from the x and y coordinates obtained from 

tracking nanowires, the bottom left of the screen is defined as the origin. Arrows on the tracks 

indicate direction of motion. (A) Representative tracks in the absence and (B) in the presence of a 

magnetic field; field direction is indicated by the large arrow. 

 

This field strength applied a maximum torque of (2 ± 0.5) × 10
-16

 𝑁 ∙ 𝑚 on the 

nanowires within the cell as calculated from equation (1): 

𝜏 = 𝜇 × 𝐵       (1) 

where 𝜏 is the torque,  𝜇 is the magnetic dipole moment of the wire (6.5 ± 0.5) × 10-15 A. m2 as 

determined by ensemble superconducting quantum interference device (SQUID) magnetometry 

measurements (Figure 2-3), and 𝐵 is the field strength of the aligning magnet. From this value, 

the energy required to turn the nanowire through 90o (i.e. to align the long axis parallel to the 

field) is approximately 2 × 10-16 J, which is orders of magnitude larger than the thermal energy 

kBT ≈ 4 × 10-21 J. 
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Figure 2-3. SQUID magnetometry measurements. (a) The hysteresis curve of a Au-Ni-Ru 

nanowire sample from -5 to 5T showing the saturation magnetization used to calculate the dipole 

of the wires. (b) Zoomed in hysteresis curve from -0.25 to 0.25 T showing the ferromagnetism of 

the nanowires. 

 

In the low Reynolds number limit, the acoustic propulsion force on the wires is 

equal to the drag force experienced by the wires. The axial propulsion force was 

determined from the Stokes drag equation (2-2) to be (2 ± 0.1) pN for wires traveling at 

25 µm/s. 

 

𝐹𝑑𝑟𝑎𝑔 =
2𝜋𝜂𝐿

ln(
𝐿

𝑅
)−0.72

𝜐     (2-2) 

 

Here 𝜂 is the dynamic viscosity of water at 293 K, 𝐿 is the length of the wire, 𝑅 is its 

radius and 𝜐 its velocity.
31,32

 In contrast, the axial propulsion force on the nanowires due 

to the magnetic field was negligible as evidenced by the fact that there is no change in the 

speed of the wires before and after the application of the field.  In order to quantify the 

axial magnetic force, the magnetic field profile was measured as a function of distance 

(experimental details section) and the gradient at the distance (6.60 ± 0.03) cm between 
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the sample and the magnet was found to be (-4.02 ± 0.02) mT/cm. From this value the 

axial magnetic force was calculated to be (2.6 ± 0.1) x 10
-15

 N. This is approximately 

three orders of magnitude smaller than the acoustic propulsion force of (2.0 ± 0.1) pN. 

     

The movement of acoustically propelled wires in the presence and absence of a 

magnetic field was quantified using two parameters: the rotational diffusion coefficient 

and the mean displacement angle of the wires. The rotational diffusion coefficient, which 

is a measure of the random rotation of the wire axis during propulsion, was determined 

by tracking the location of the head and tail of the wire over 1 s for wires undergoing 

random autonomous motion both before and after the application of the field.
33

 A 

decrease in the rotational diffusion coefficient from (2.6 ± 1.1) to (0.5 ± 0.2) degrees
2
/sec 

was observed, indicating that the magnetic field suppressed rotational diffusion. The 

mean displacement angle is the angular deviation in a wire path, which quantifies how 

straight the movement of the wire is.
34

 This angle was measured at 0.2 sec intervals over 

a minimum of 3 s for each wire. The mean displacement angle in the absence of the 

magnetic field was 31.8º ± 9.1 and decreased to 4.4º ± 1.5 in the field. 

2.2.2 Magnetic Steering. 

 

Using handheld magnets at a distance of 2.5 ± 0.1 cm, which apply a (45 ± 1) mT 

field at the sample location, (and hence a gradient of (-3.80 ± 0.01) mT/cm and an 

insignificant axial force of 2.4 x 10
-15

 N), it was possible to reversibly disrupt patterns, 
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such as spinning chains that are formed in the acoustic field, by reorienting the wires 

perpendicular to the chain. The disruption of pattern formation can be seen in Figure 2-4. 

 
 

 

 

 

Figure 2-4. Nanowire motors within an acoustic cell can be confined within acoustic nodal 

locations eventually forming patterns such as spinning chains.  (a) Multiple magnetic nanowire 

motors forming dynamic spinning chains within nodal lines. (b) Upon the application of an 

oscillating magnetic field the chain is rapidly disrupted and the nanowire motors follow varying 

trajectories not confined to the nodal lines. (c, d) Upon the removal of the field the chain re-

organizes. Times of frames (a-d) are indicated. The scale bars represent 10µm. 

Acoustically propelled motors can travel at axial speeds up to 200 µm/sec.
17

 

Magnetic steering was demonstrated on acoustically propelled nanowire motors moving 

at axial speeds ranging from (8 ± 3) µm/s to (170 ± 10) µm/s (experimental details 

section Figure 2-9). This is illustrated by the ensemble motion of wires, which could be 

directed to move in concert as shown in Figure 2-5. The autonomous nature of the 

acoustically propelled motion was retained when the magnetic field was applied. The top 

panel of Figure 2-5 illustrates the magnetic steering of groups of motors that were 

initially traveling in approximately the same direction and then taken through a series of 

turns by re-orienting the external field. The bottom panel of Figure 2-5 shows the effect 

of the field on wires traveling in opposite directions.  These wires are also re-oriented in 

the field, but in opposite directions, and were also made to take multiple sharp U-turns. 
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Figure 2-5.  Top panel:  Steered ensemble motion of wires moving at (25 ± 5) µm/s, showing (a) 

earlier and (b) later times in the trajectory. Yellow tracking lines are superimposed on the final 

frame of the video. The wires undergo multiple guided U-turns. Times of frames (a-d) are 

indicated. Bottom panel:  Autonomous steering of motors moving at (8 ± 3) µm/s. Times of 

frames (e-h) are indicated and arrows show initial direction of motion in (e) and consequent 

guided sharp U-turns (f-h).  

2.2.3. Cell Targeting Experiments.   

 For possible bioanalytical and biomedical applications, it is important to 

show that acoustically powered nanomotors can be steered in a biocompatible 

environment. Here we demonstrate the magnetic steering of nanomotors towards live 

HeLa cells in an aqueous phosphate buffer.  Nanomotors were mixed with HeLa cells and 

placed into the acoustic cell. Cell viability tests showed no significant degradation in the 

presence of nanowires after 20 min exposure to acoustic excitation at the power levels 

used in the steering experiments (see experimental details section). In Figure 2-6 top 

panel, one nanomotor was selected and guided towards a cell. At the start to demonstrate 

directional control, the wire was taken through multiple 180º turns before guiding it 
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towards the targeted cell. It was possible to steer nanowire motors towards cells that were 

adjacent in aggregates and hence only microns apart. Targeting of a single nanowire 

towards an individual cell, and an approximately 90º turn of a group of nanowires into a 

group of cells, are illustrated in Figure 2- 6.  Nanowire targeting toward cells was 

successfully repeated multiple times to ensure the robustness of the technique. 

 

Figure 2-6. Top panel:  (a-c) Nanomotor targeting towards a HeLa cell. Nanowires were guided 

to make multiple U-turns to demonstrate control before being steered towards the live cell. (see 

Video S5 of Supporting Information).  Bottom panel:  (d) Nanowires are moving parallel to a 

group of cells, with their direction indicated by the arrow. (e) By turning the external field, 

nanowires are magnetically steered through an approximately 90º turn towards the cells.  

These experiments have demonstrated that it is possible to suppress random 

motion and exert relatively fine control over the steering of acoustically propelled 

nanomotors using a weak external magnetic field.  Both the propulsion and steering of 

these motors can be carried out in biocompatible buffers, as evidenced by steering of 

motors towards live cells in these media. 
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2.3 Experimental Details.   

2.3.1. Nanowire Growth and Characterization.   

Bimetallic and trimetallic nanowires were grown electrochemically using 

commercial anodic aluminum oxide (AAO) membranes (Whatman Inc., nominal pore 

diameter 200 nm) as templates.
 
 Segmented gold-nickel-ruthenium wires were made by 

sequentially changing the plating solution within an electrochemical cell. A two-electrode 

electrochemical cell was used for the plating of silver, nickel and gold.
 35

 A silver layer 

evaporated onto the AAO membrane served as the cathode and a platinum wire as the 

anode. Ruthenium was plated in a three electrode cell with an additional Ag/AgCl 

electrode serving as the reference electrode. A thin gold adhesion layer was deposited 

between the nickel and ruthenium segments to prevent nanowire fragmentation during 

release. Gold and ruthenium deposition was conducted under conditions identical to those 

used previously in order to yield wires with similar morphological and shape 

asymmetry.
17

 Nickel was deposited at a constant current density of 0.7 mA/cm
2 

for 3 min.  

 The lengths of the nickel segments were (40 ± 5) nm, smaller than a single 

magnetic domain which is typically ≈150 nm, and also smaller than the diameter of the 

nanorod. This ensured that the easy axis and hence the direction of magnetization was 

approximately perpendicular to the nanowire long axis.
27,30,36

 In this arrangement the 

motors can be steered with a magnetic field in the plane of the acoustic cell; the field 

applies substantial torque but minimal axial force to the nanowire.  
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2.3.2. Magnetic Field Characterization.   

The magnetic properties of the nanowires were characterized using SQUID 

magnetometry. The magnetic susceptibility of a 7 mm
2
 portion of the template with 

embedded wires was measured at 5 K from 5 T to -5 T.  A background measurement of a 

control sample containing gold-ruthenium wires grown under identical conditions, but 

without the nickel segment, was made for subtraction from the sample measurement. The 

magnetic dipole moment per wire (μ) was determined by dividing the total saturation 

magnetization of the sample by the number of wires contained within it and was 

determined to be approximately (6.5 ± 0.5) × 10
-15

 A
. 
m

2
. This value was used to 

determine the torque on the wires in the applied magnetic fields (Eqn. 1) above. 

The magnetic field strength applied to the rods was measured as a function of 

distance to determine the magnetic field gradient at 6.60 ± 0.3cm and hence the static 

field magnetic force on the wires. (Figure 2-7 A) The field strength at this distance was 

(40 ± 1) mT. The derivative of the best fit polynomial of the points was evaluated at 

6.60cm to determine the gradient for magnetic force determination. The gradient was 

determined to be (-4.02 ± 0.02) mT/cm. The force was evaluated using equation 3:
1
 

𝐹𝑚 =  ∇ ( 𝑚 ∙ 𝐵)                                                              (3) 

where m is the magnetic dipole moment of the wire and B is the magnetic field.  

The magnetic force on the wire was thus determined to be (2.6 ± 0.1 x 10
-15

) N. The same 

measurement was conducted to determine magnetic field gradient and axial magnetic 

force on the wires using the mobile magnets (Figure 2-7 B).   The magnetic field strength 
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at  (2.50 ± 0.05) cm was (45 ± 1) mT, the gradient was (-3.80  ± 0.01) mT/cm at (2.50 ± 

0.05) cm and the axial magnetic force on the wires was (2.4 ± 0.1x10
-15 

) N. 

 

 

 

 

 

 

 

Figure 2-7. Magnetic field strength as a function of distance from the active area of the acoustic 

chamber for (A) the static field and (b) the handheld magnet used in steering experiments.  

Values shown are the average of three measurements.  Error bars shown (in cases where they are 

visible outside the plot symbols) represent one standard deviation. 

2.3.3. Acoustic propulsion experiments. 

The cylindrical acoustic cell with a height of (180 ± 10) µm and a diameter of (5.0 

± 0.1) mm has been described in an earlier work, and was used in all experiments.
17

 The 

solution in the cell was excited by a piezoelectric disc transducer (1 mm thick) affixed to 

the center of a stainless steel plate (4.2 cm × 4.2 cm × 1 mm). Kapton tape was applied to 

the opposite side of the steel plate, and a hole punched in the center of the tape defined 

the cell. A glass microscope cover slip was placed on the cell during the experiments as a 

reflector to set up a standing wave. The resonant frequency of the cell center was (3.77 ± 

0.01) MHz. Experiments were conducted on wires in the levitation plane at the midpoint 
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of the cell at frequencies close to the resonance frequency. The voltage had a peak to 

peak value of 10 V and was applied using a waveform generator. 

The behavior of the acoustically propelled nanowire motors in the presence of a 

static magnetic field was studied and compared to their behavior in the absence of a 

magnetic field. A cylindrical Nd-Fe-B magnet (2.50 ± 0.01) cm in diameter and (7.60 ± 

0.01) cm in length was held in the plane of the cell at a fixed distance to maintain a 

constant field strength at the sample. The strength of the applied magnetic field was 

measured using a digital DC gaussmeter.  The average speed for 46 and 120 wires was 

determined with the magnetic field on and off, respectively. For steering experiments, 

hand held magnets were used. The external magnetic field was applied using six 

rectangular Nd-Fe-B magnets (2.5 cm × 2.5 cm × 0.625 cm) in the plane of the cell, at a 

distance of 1 cm to 1.5 cm from the wires. The strength of the applied magnetic field was 

measured using a digital DC gaussmeter. A schematic of the set up can be seen in Figure 

2-8. 

 

 

 

 

 

 

 

 

Figure 2-8. Acoustic Chamber. The acoustic chamber was defined as a hole punched into layers 

of Kapton tape supported on a steel plate. A piezoelectric transducer was affixed to the steel plate 

on the opposite side. A glass cover slip was placed on top of the acoustic chamber during 

experiments. The levitation plane is at the midpoint of the height of the cell as shown in the 

schematic. A stack of magnets is moved in the plane of the microscope stage for steering within 

the levitation plane. 
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Nanomotors traveling at speeds as high as (170±10) µm/s were steered. This can 

be seen in Figure 2-9. 

 

 

Figure 2-9. A frame sequence of wires (a-e) traveling at 170 µm/sec being collectively steered to 

trace an arch. Scale bar represents 10 µm. 

2.3.4. HeLa Cell Growth and Viability Testing. 

For cell targeting experiments, living human cervical cancer cells (HeLa cells) 

were used. The cells were used within one day of culture and stored refrigerated in a 

phosphate buffer solution that is 0.1 M phosphate, 0.15 M NaCl at a pH of 7.2.  

HeLa cells were grown in a cellular nutrient mixture, supplemented with 10 % 

fetal bovine serum, penicillin (used at an enzyme unit, U, density of 100 mL
-1

), and 100 

µg/mL streptomycin. They were grown to approximately 50 % confluence. The cells 

were mixed with gold nanorods, incubated for 24 h, trypsinized, counted with a 

hemocytometer, and suspended in fresh medium to a cell density of approximately 8 × 

10
6
 mL

-1
.  

Cell viability testing was conducted using WST-1 (water soluble tetrazolium-1) 

cell viability reagent
37

 (Roche Applied Science) to evaluate the effect of acoustic 

exposure. We added 20 µL of the HeLa cell suspensions into the acoustic chamber and 

treated them under six different conditions: 1) Acoustic power off for 5 min; 2) Acoustic 

power off for 10 min; 3) Acoustic power off for 20 min; 4) Acoustic power on for 5 min; 
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5) Acoustic power on for 10 min; and 6) Acoustic power on for 20 min After treatment, 

the cell suspensions were collected, counted again with a hemocytometer, and diluted to a 

cell density of approximately 2 × 10
5
 mL

-1
 with fresh medium. For each of the six 

conditions, 100 µL of HeLa cell suspension was then seeded into a 96-well black clear-

bottom plate (approximately 2 × 10
4
 cells/well) with five repeat wells. After seeding, 

HeLa cells were cultured for 24 h after which we added 10 µL tetrazolium salt WST-1 to 

each well and incubated for another 2 h. In the case of living cells, the tetrazolium salt 

WST-1 is cleaved by cellular enzymes to form formazan dye with an absorbance between 

420 nm and 480 nm. Thus the level of enzymatic activity results in the formation of 

formazan dye, the absorbance of which is proportional to the total number of viable 

(metabolically active) cells in each well.
38

 Therefore, the cell viability was evaluated by 

measuring the absorbance of each well at 450 nm and 690 nm (reference wavelength to 

subtract interference by precipitated proteins, cell debris, or well-to-well variance) with a 

microplate reader. Similar absorbance levels without and with exposure to acoustic 

excitation as can be in Figure 2-10, indicating that cell viability is not significantly 

affected by exposure to acoustic energy at the powers applied in the nanowire propulsion 
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experiments.

 

Figure 2-10. Experimental results of the cell viability test. HeLa cells without or with acoustic 

exposure for 5, 10, or 20 min were cultured for 24 h and their viability was assessed with the 

WST-1 cell viability test. 

 

2.3.5. Nanowire Motion Tracking. 

Nanowire motion was tracked using the open access program Video Spot Tracker 

(http://cismm.cs.unc.edu/downloads/?dl_cat=3) both in the presence and absence of a 

magnetic field. Videos of nanomotor motion were taken at 500 × magnification at a 

frame rate of 30 s
-1

. 
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2.4 Conclusion 

 

The recent discovery of fuel-free propulsion of nanomotors using acoustic energy 

has provided a new avenue for using nanomotors in biocompatible media. Crucial to the 

application of nanomotors in biosensing and biomedical applications is the ability to 

remotely control and steer them towards targets of interest such as specific cells and 

tissues. In this work we demonstrate in vitro magnetic steering of acoustically powered 

nanorod motors in a biologically compatible environment. Steering was accomplished by 

incorporating (40 ± 5) nm thick nickel stripes into the electrochemically grown 

nanowires. An external magnetic field of 40 to 45 mT was used to orient the motors, 

which were acoustically propelled along their long axes. In the absence of a magnetic 

field, (300 ± 30) nm diameter, (4.3 ± 0.2) µm long nanowires with (40 ± 5) nm thick 

magnetic stripes exhibit the same self-acoustophoretic behavior, including pattern 

formation into concentric nanowire circles, aligned spinning chains and autonomous axial 

motion, as their non-magnetic counterparts. In a magnetic field these wires and their 

paths are oriented as evidenced by their relatively linear trajectories. Coordinated motion 

of multiple motors and targeting of individual motors towards HeLa cells with micron-

level precision was demonstrated.  
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Chapter 3 

Self-Assembly of Nanorod Motors into Geometrically Regular Multimers and 

their Propulsion by Ultrasound

3.1 Introduction 

The ability to controllably assemble materials with complex structures and properties 

from nanoscale building blocks is the focus of much current research.
1–6

 Controlled 

assembly of particles can yield colloid “molecules” with emergent properties that derive 

from their individual building blocks.  Particles in such assemblies are also analogous to 

atoms in crystals, and imaging their interactions provides insight into microscopic 

phenomena such as crystal nucleation. 
7,8

 Many kinds of interparticle interactions have 

been studied to control nanoparticle assembly.  These include DNA base pairing,
6,9,10

  

electrostatic,
11- 13

 hydrophilic-hydrophobic,
14,15

 and magnetic interactions,
16–28

 as well as 

shape asymmetry.
29–31

  

In parallel, research into the collective interactions of powered microscale objects 

has been growing steadily and is of interest for understanding the emergent behavior of 

active matter.
32

  Most experimental studies of this kind have focused on living 

microorganisms, or structurally simple objects such as polar nanorods, microspheres, or 

irregularly shaped colloidal particles.
33–42

  Only a few studies have explored more 

complex designed shapes such as hinged nanorods
43

 and self-assembled dimers and 

trimers.
44–46

 Deliberately assembled particles have the potential to exhibit different kinds 

of collective behavior and controllable movement, and to incorporate several different 
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kinds of materials and functions.  Here we report the spontaneous assembly of 

acoustically levitated, dynamically propelled magnetic nanorods into geometrically 

regular “molecular” dimers, trimers, and higher multimers.  The assembly and 

disassembly of these colloidal molecules occurs in water and in the absence of an applied 

magnetic field. In these experiments, ultrasonic acoustic power drives the rapid 

autonomous movement of individual nanorods and multimers.  The kinetic energy 

imparted by ultrasonic excitation is important in the assembly/disassembly process 

because it can overcome the attractive energy of magnetic and surface interactions.  Such 

interactions can otherwise dominate the assembly of nanoparticles, especially of highly 

polarizable metals, leading to irreversible aggregation and precipitation. 

3.2 Results and Discussion 

Segmented Au-Ru-Ni rods were grown by sequential electrodeposition of metals 

in porous anodic alumina templates from commercial plating solutions as previously 

described.
47

  The rods were 300 ± 30nm in diameter and 2.0 ± 0.3 µm in length. The Ni, 

Au, and Ru segments were respectively 80 ± 20 nm,  1.4 ± 0.2 µm,  and 0.55 ± 0.09 µm 

in length.   

The nanorods were placed in a cylindrical acoustic chamber, (180 ± 10) μm 

height, (5.0 ± 0.1) mm diameter, as previously described.
48

 A schematic of the 

experimental set up is shown in Figure 3-7 of the experimental section. Upon excitation 

at the resonant frequency of the cell (~4 MHz), the rods were levitated to the midplane 

underwent the behaviors previously observed with non-magnetic metallic rods: 
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autonomous axial propulsion and formation of spinning chains and concentric circles of 

rods at the lateral acoustic nodes. The autonomous axial motion within the levitation 

plane derives from acoustically-driven fluid streaming around the dense metal rods, 

which are axially asymmetric because of their concave and convex ends.
49 

Unlike 

nanorod motors that contained magnetic stripes in the center of the rods, those with Ni 

stripes at the ends spontaneously assembled into dimers, trimers, and higher multimers 

depending on the density of the rod suspensions and the speed of their axial movement 

within the levitation plane.  

Interestingly, the rods tended to assemble into regular “molecular” geometries, as 

shown in Figure 3-1.   Earlier experiments have shown that thin Ni segments in Au-Pt 

nanorods of similar dimensions to those studied here tend to be single-domain 

ferromagnets, in which the magnetic dipole is oriented in the plane of the Ni disk.
47

  The 

formation of a linear head-to-head dimer from two Ni-tipped rods can be understood as 

the minimization of magnetic energy through the interaction of these dipoles.  We show 

below that this energy is on the order of 10
-17

 J for the assembly of dimers.  The 

formation of regular multimers also clearly results from magnetic interactions, which are 

the strongest forces in the system, but the details of the orientation and arrangement of 

magnetic dipoles are not yet understood.  

These assemblies are propelled in the acoustic field and exhibit different modes of 

motion. As they are propelled in the fluid, drag forces tend to break the symmetry of the 

multimers with the magnetic segments serving as flexible hinges, as shown in Fig. 1c and 

1e. 
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Figure 3-1. Nanorod monomers and multimers imaged in the levitation plane of an acoustic 

chamber. (a) Optical image of a monomer. (b) Linear dimer with magnetic segments touching 

face-to-face. (c) Bent dimer  (d) Trigonal planar trimer. (e) Trigonal pyramidal trimer. (f) 

Tetrahedral tetramer. (g) Trigonal bipyramidal pentamer. (h) Octahedral hexamer. (i) Field 

Emission Scanning Electron Micrograph (FE-SEM) image of a representative nanorod with an 

EDS inset with red, green and blue false color representing Ni, Ru and Au.  (j) Lower 

magnification optical image of multimers in the levitation plane of the acoustic cell. Some 

multimers are pointed out with white arrows. (Density: 0.014 nanorods/µm2, Speed: 30µms-1). 

Scale bars for (a)-(h) are 5 µm. Scale bar for (j) is 20 µm. Figure 3-8 show additional low-

magnification images of multimers at low and high density of nanorods. 

3.2.1 Modes of Motion of Assemblies. 

Various modes of motion were observed for the monomers and multimers. 

Monomers exhibit axial autonomous motion with the nickel end leading. Dimers move in 

a linear conformation with the gold segment of one of the component rods leading, or in a 

bent conformation with the nickel segments leading. The direction of movement in the 
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bent conformation is consistent with the nickel end leading in the axial propulsion of rod 

monomers. Trimers have several modes of movement: translation as a trigonal planar 

structure with one gold end leading, translation with the nickel segments leading in a 

trigonal pyramidal or T-shaped conformation, in-plane rotation of the complete trigonal 

planar or trigonal pyramidal structure, and out of plane rotation of the base of the trigonal 

plane. The latter mode is typically observed within nodal lines.  Tetramers tend to 

translate axially with the gold end of one of its component nanorods leading, as a square 

pyramid with the nickel segments leading or via rotation of the square pyramidal 

structure. Within the acoustic nodal lines of the cell, tetramers form an X-shaped 

conformation with its two-wire base rotating with respect to its two-wire top. Pentamers 

and larger assemblies tend to translate axially as a whole or rotate as a whole. The most 

prevalent modes of motion are sketched in Figure 3-2.
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Figure 3-2.  Optical micrographs and schematic drawings of the most common modes of motion 

of dimers, trimers and tetramers.  (a) Linear dimer. Top: one gold end leading, Bottom: rotating 

while translating. (b) Bent dimer. Top: nickel ends leading, Middle: rotating while translating, 

Bottom: spinning while translating in a nodal line. (c) Trigonal planar trimer. Top: a gold end 

leading, Middle: rotating while translating, Bottom: base spinning relative to leading wire of 

structure.  (d) Pyramidal/T-shaped trimer: Top: nickel ends leading, Bottom: rotating while 

translating with nickel ends leading. (e)Tetrahedral tetramer. Top: a gold end leading, Middle: 

rotating while translating, Bottom: in a nodal line in an X-shaped structure with its two wire base 

rotating with respect to its two wire top. (g) Square pyramidal tetramer: Top: nickel ends leading, 

Bottom: rotating while translating nickel ends leading. The scale bars are 5 µm. Black arrows 

indicate translational motion and blue arrows represent rotations.  

3.2.2 Dynamic Equilibrium: Assembly and Disassembly of Multimers. 

The assembly of multimers tends to occur through bimolecular collisions. This 

can occur as a result of the collision of two monomers, a dimer and a monomer, a 

monomer and a trimer, or two multimers to form a larger assembly. Disassembly occurs 

spontaneously (presumably when the instantaneous shear force exceeds the magnetic 

attraction between the component nanorods) or as a result of a collision with another 

motor that causes fragmentation. Frame sequences of some examples of assembly and 

disassembly can be seen in Figure 3-3. The relative numbers of monomers, dimers, 

B C D E F A 



41 

 

trimers, and higher multimers are dependent upon the number density of particles in the 

fluid and the speed of the motors, which is determined by the ultrasonic power applied. 

Hence a dynamic equilibrium is established between multimers and the system can be 

modeled as a set of stepwise association reactions with equilibrium constants for each.  

The propulsion force is analogous to thermal excitation and thus the equilibrium 

constants depend on motor speed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. Representative assembly and disassembly frame sequences of nanorod multimers.  

(a) Assembly of a trimer from a monomer and a dimer. (b) Disassembly of a trimer into a 

monomer and a dimer. (c) Assembly of a hexamer from two trimers. (d) Disassembly of a 

hexamer. White arrows and circles indicate motors involved. Scale bars are 5µm. 

Expressions for the system of equilibria (1-5) were derived (see experimental 

section) and the number density of multimers at varying total concentrations of rods was 

measured at three different speeds (as determined from the average speeds of the 

monomers).                      𝑚𝑜𝑛𝑜𝑚𝑒𝑟 +𝑚𝑜𝑛𝑜𝑚𝑒𝑟 
𝑲𝟏
↔  𝑑𝑖𝑚𝑒𝑟                                                       (1) 

𝑑𝑖𝑚𝑒𝑟 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 
𝐾2
↔  𝑡𝑟𝑖𝑚𝑒𝑟                                                     (2) 

𝑡𝑟𝑖𝑚𝑒𝑟 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 
𝐾3
↔  𝑡𝑒𝑡𝑟𝑎𝑚𝑒𝑟                                              (3) 

𝑡𝑒𝑡𝑟𝑎𝑚𝑒𝑟 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 
𝐾4
↔  𝑝𝑒𝑛𝑡𝑎𝑚𝑒𝑟                                            (4) 

𝑝𝑒𝑛𝑡𝑎𝑚𝑒𝑟 + 𝑚𝑜𝑛𝑜𝑚𝑒𝑟 
𝑲5
↔  ℎ𝑒𝑥𝑎𝑚𝑒𝑟                                             (5) 

t= 0.00   

 0.30 0.40sec t= 0.00 0.20 0.33sec 

t= 0.00 0.33 0.77 0.84sec 

A C 

B D 
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At a given speed, equilibrium constants K1 and K2 and their standard deviations (Table 3-

1) could be obtained from global fits of the measured densities of monomers, dimers, and 

trimers (Figure 3- 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4.  Multimer density as a function of number density of particles in solution at different 

average monomer speeds. Expressions were derived for the equilibrium concentrations of 

monomers, dimer and trimers  were used to fit the experimental data points. Fit lines are drawn 

for monomers, dimers and trimers, at (a) 17±5, (b) 30±8, and (c) 55±7µm s-1. (d) van’t Hoff plot 

of the propulsion energy dependence of the equilibrium constants of dimers and trimers. 

 

Because the ultrasonic standing wave confines the nanorods within a largely 2D 

levitation plane, the number density of monomers and multimers was measured per unit 

area (as opposed to per unit volume).  At low concentration, as the number density of 
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rods in the levitation plane increases, so does the number of monomers.  The monomer 

concentration initially increases linearly with total rod density and then grows more 

slowly as dimers and higher multimers begin to form (Figure 3-4)   

The equilibrium distribution of multimers is dependent on the speed of particles, 

which provides a kind of thermal excitation that balances the attractive magnetic 

interaction between the ferromagnetic nickel segments. As the speed increases, the 

distribution shifts towards monomers, consistent with the idea that the association into 

multimers is exothermic. Pentamers and hexamers appear at lower speeds, and multimers 

higher than trimers are not present at all at the highest speed sampled in these 

experiments (55µm s
-1

).  Equilibrium constants for the dimer and trimer assembly 

reactions at the three speeds tested are given in Table 3-1. 

Speed (µm s-1) K1 K2 

17 (5) 36 (13) 63 (22) 

30 (7) 16 (6) 50 (16) 

55 (8) 13 (6) 38 (11) 

Table 3-1. Equilibrium constants (µm2) for dimer and trimer (reactions 1 and 2) at three different 

monomer speeds. Standard deviations are indicated in parentheses. 

The assembly energy is the attractive magnetic energy of association of the nickel 

segments of the monomers, plus smaller contributions from van der Waals attractive and 

electrostatic repulsive energies between the negatively charged rods.  A previous study of 

chemically powered nanorod assembly has established that the van der Waals and 

electrostatic energies are small compared to the Brownian (thermal) energy in the 
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absence of fuel.
45

  The magnetic energy between the magnetic dipole of two rods 

suspended in water can be calculated as:
50

  

𝑬𝒎 =
µ𝒎𝟏𝒎𝟐𝐜𝐨𝐬 (𝜽)

𝟒𝝅𝒓 𝟑
     (6) 

 where Em is the magnetic potential energy, µ is the permittivity of water (1.26 x 

10
-6

 N A
-2

), and m1 and m2 are the magnetic dipole moment of the rods, which was 

determined to be 2.0 ± 0.5 x10
-15 

A.m
2
 at 298K by using SQUID magnetometry. The 

distance between the magnetic dipoles at the ends of the rods is r. For dimers moving at 

30 µm s
-1

, the most common shape was a “V” with an angle 𝜃 of approximately 100°.  

The distance r was taken as 0.15 µm, which is the center-to-center distance of the 

magnetic stripes in this geometry.  From Eqn. 6, we thus obtain Em = 2.0 ± 0.5 x10
-17 

J.  

Because propulsion provides a kind of thermal or kinetic energy that causes 

dissociation of dimers and higher multimers, the ratio of the magnetic energy Em to the 

propulsion energy Ep can be estimated from the rate of dissociation using the Arrhenius 

equation: 

 

𝑘 = 𝐴𝑒𝑥𝑝(−
𝐸𝑚

𝐸𝑝
  )                                              (7) 

The experimental dissociation rate constants were determined for dimers and 

trimers moving at speeds of 17, 30, and 55 µm s
-1

 to be 0.08, 0.2, and 0.5 s
-1

 respectively, 

with corresponding persistence times of 13, 6, and 2 s. We can estimate the attempt 

frequency A using A= f/2m, where f= Fdrag/v , Fdrag is the drag force, v is the velocity, and 
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m is the mass of the rod.
51

  The drag force Fdrag on a cylinder moving at axial velocity v is 

given by
52

: 

 

𝐹𝑑𝑟𝑎𝑔 =
2𝜋𝜂𝐿

ln (
𝐿
𝑅
) − 0.72

𝜐                                                           (8) 

 

where L is the length of the rod (2.0 µm), R is its radius (0.30 µm), and η is the 

kinematic viscosity of the water (1.0 x 10
-3

 Pa
.
s).   From this calculation we obtain A = 

1.4 x10
6
 s

-1
. Using the Em value calculated above, we then obtain propulsion energies Ep 

of 1.2, 1.3, and 1.4 x 10
-18 

J from Eqn. (7) for wires traveling at 17, 30, and 55 µm s
-1

 

respectively.  Note that this simple calculation ignores the electrostatic and van der Waals 

components of the interaction energy between rods, which are expected to be small 

compared to Em. 

Using the values of Ep derived from the Arrhenius equation, we can extract 

monomer-monomer and dimer-monomer binding energies from the velocity dependence 

of the equilibrium constant. The van’t Hoff equation relates the temperature dependence 

of the equilibrium constant to the reaction enthalpy: 

𝐿𝑛 𝐾𝑒𝑞 = −
∆𝐻

𝑘𝐵𝑇
+
∆𝑆

𝑘𝐵
                                                    (9) 

 

Here kB is Boltzmann’s constant and T is the system temperature. Because 

propulsion provides an average kinetic energy that causes dissociation, we can substitute 

Ep for kBT yielding: 
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𝐿𝑛 𝐾𝑒𝑞 = −
∆𝐻

𝐸𝑝
+
∆𝑆

𝑘𝐵
                                                                  (10) 

 

Thus a van’t Hoff plot (Fig. 4d) should have a slope of –H, from which we can 

calculate a dimer dissociation energy of 1.1 x 10
-17 

J. This value is in reasonable 

agreement with the calculated magnetic binding energy (Em = 2.0 x 10
-17 

J) and adds 

further support to the equilibrium model. From the equilibrium data (Fig. 4) and the van’t 

Hoff equation, we can also estimate an energy for the formation of a trimer.  An 

additional stability of 0.6 x 10
-17 

J is gained by forming a trimer from a monomer and a 

dimer.  

We can gain further insight into the balance of forces operating in the system by 

noting that the propulsion force equals the drag force at low Reynolds number, and is 

directly proportional to the velocity of the rods (Eqn. 8). Fdrag for monomers moving 

axially at 17, 30, and 55 µm s
-1

 is 1.1, 2.0, and 3.7 x10
-13

 N respectively.  When 

aggregates of rods dissociate spontaneously, this force must be comparable to the 

attractive force between their components.  The magnetic component of the attractive 

force between rods can be obtained by differentiating Eqn. (6) to yield Eqn. (11): 

 

𝐹𝑚 = − 
3µ𝑚1𝑚2
4𝜋𝑟 4

       (11) 

 

This force is equal to Fdrag, at r values of  1.8, 1.6, and 1.3 µm for speeds of 17, 

30, and 55 µm s
-1

, respectively.  This is consistent with our observations that rods passing 

within 1-2 µm of each other can be “captured” to form aggregates.  Rods passing within 
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this distance of aggregates can also impart sufficient force to dissociate the aggregates. 

An example of such a “fly-by” induced dissociation can be seen in Figure 3-5. 

 

 

 

 

 

 

Figure 3-5. An example of wires interacting to dissociate a dimer. (a) A dimer, with an average 

internal angle of 83±2º, upon approaching an incoming monomer is perturbed as shown in frame 

B. A slight gap is observed between the dimer rods as the internal angle decreases to 55±3º. This 

distance between the monomer and dimer, shown by the double headed arrow, is approximately 

1.4±0.1µm.  (c) The dimer dissociates to form two monomers. 

3.2.3. Magnetic Manipulation. 

Magnetic manipulation of colloidal asters has previously been studied, although 

in much larger (millimeter-scale) assemblies.
53

 
  
Here we conduct some simple 

experiments to show that nanorod multimers, like monomers containing magnetic stripes 

that we reported previously, can be steered in magnetic fields while remaining intact. 

Using the experimental set up we previously reported, 
54

 a weak magnetic field (on the 

order of 45 mT) was applied using handheld Nd-Fe-B magnets.  The magnets were held 

in the plane of the acoustic cell at a distance of about 2.5 cm from the sample under 

observation. The assemblies were reoriented  by the magnet and steered to make several 

loops as shown in Figure 3-6a. 

 

A BB CC 

t= 0 0.033 0.067sec 



48 

 

 Interestingly the mode of motion of an n-mer can also be altered by using a 

magnetic field. This is because the magnetic components behave as flexible hinges that 

can allow a variety of motions. A dimer, with application of an external magnetic field, 

can be driven to make several complete inversions in a “flapping” motion while being 

acoustically propelled in one direction. This is illustrated in Figure 3-6b 

 

 

 

 

 

 

 

 

Figure 3-6. Magnetic steering, manipulation and isolation of assemblies. (a) Optical image frame 

sequence of the deliberate steering of a dimer through sharp loops using an external magnetic 

field. Time stamps are indicated and tracking is shown as a yellow line. Scale bar is 10µm. (b) 

Optical image frame sequence for magnetic manipulation of the mode of motion of a dimer. The 

dimer is made to go through full inversions as it propels. Scale bar is 5 µm. (c-d) SEM images of 

a dimer (c) and trimer (d) pipetted out of the acoustic cell and dried on a conductive Si wafer.  

Scale bars are 1 µm.  These assemblies are pointed out with white arrows in lower magnification 

SEM image (e), scale bar 10 µm. 

3.2.4 Isolation and Imaging 

Once assembled in water, the rod multimers can be isolated by drying as shown in 

Figure 3-6. The nanorod suspension in the acoustic chamber was pipetted out, placed on a 

conductive silicon wafer and dried for FE-SEM imaging. These images show that the 

B 

t= 1.0  2.56 5.46sec 

t= 0.0 0.3 0.4sec 

A D C 

E 
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colloidal “molecules” remain largely intact, but are flattened by capillary forces and 

surface interactions in the drying process. It remains to be seen if suspensions of regular 

multimers can be reconstituted from dried samples deposited on appropriate substrates. 

3.3 Experimental Details 

3.3.1 Nanowire Synthesis and Characterization 

Nanowires were grown by electrodeposition within the pores of commercial 

anodic alumina templates (Whatman Inc., nominal pore size 0.2 µm, actual pore diameter 

~0.3 µm). Au, Ru, and Ni segments were grown sequentially by changing the deposition 

solution and electroplating conditions. Commercial electroplating solutions (Technic Inc., 

Au-Orotemp® 24 TRU, Ru-U solution and Ni-Nickel Sulfamate RTU) were used. Gold 

and nickel were deposited at constant cathodic current densities of 1.17  and 0.7 mA/cm
2
 

, for 15 and 6 min., respectively. A layer of evaporated silver on the porous anodic 

alumina membrane served as the cathode and a Pt wire was used as the anode. Ruthenium 

was deposited for 30 min. at a constant potential of -0.65 V vs. a Ag/AgCl reference 

electrode.  

The magnetic properties of nanowires were characterized using a SQUID 

magnetometer from Quantum Design, Inc. Scanning electron microscopy (SEM) images 

were collected with an FEI Nova NanoSEM 630 FESEM with EDS.  A backscatter 

detector and beam deceleration were used to obtain high elemental contrast images 

shown in Figure 1. 
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3.3.2. Acoustic Experiments 

Acoustic propulsion experiments were carried out in an acoustic chamber 

previously described
48

 and shown schematically shown in Figure 7. The chamber was 

constructed of a stainless steel plate (4.2 cm x 4.2 cm x 1 mm) with a circular 

piezoelectric transducer attached to it (1mm thickness) on one side and several layers of 

Kapton tape (height 180 ± 10 µm) on the other side.  A 5.0 ± 0.1 mm diameter hole was 

punched into the Kapton tape to define the cell. A glass cover slip was placed on top of 

the cell and served as a reflector to set up a standing acoustic wave that levitated and 

propelled the wires. The piezoelectric was actuated at ~4 MHz using a 10 volt peak-to-

peak signal from a waveform generator.  Videos and images were collected 2-3 min after 

the acoustic power was turned on in order to ensure an equilibrium distribution of 

multimers. Figure 3-8 shows low-magnification images of multimers at a low and high 

density of nanorods. 

 

 

 

 

 

 

 

 

Figure 3-7. Schematic diagram of the acoustic chamber used. (a) The full acoustic chamber. (b)  

Zoomed in schematic of the acoustic chamber, showing the bulk standing wave that is set up 

Piezoelectric 

Levitation 
Plane 
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between the base of the cell and the glass cover slip that causes the wires to levitate. Wires are not 

drawn to scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8 (a) High density solution of individual nanorods and multimers. Some multimers are 

pointed out with white arrows. The monomers are moving at an average speed of 23 µm s-1and 

A 

B 
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the density of the suspension is 0.023 rods/µm2.  (b) Low density suspension primarily composed 

of monomers and dimers. The monomers are moving at an average speed of 20 µms-1and the 

density of the suspension is 0.0056 rods/µm2. 

 

3.3.3. Equilibrium expressions for the density of multimers 

The association and dissociation of multimers establishes a dynamic equilibrium between 

various species. The equilibrium constants for the stepwise association reactions are 

expressed as: 

 

𝑀𝑜𝑛𝑜𝑚𝑒𝑟 +𝑀𝑜𝑛𝑜𝑚𝑒𝑟 ↔ 𝐷𝑖𝑚𝑒𝑟   𝐾1 
𝐷𝑖𝑚𝑒𝑟 + 𝑀𝑜𝑛𝑜𝑚𝑒𝑟 ↔ 𝑇𝑟𝑖𝑚𝑒𝑟   𝐾2 
𝑇𝑟𝑖𝑚𝑒𝑟 + 𝑀𝑜𝑛𝑜𝑚𝑒𝑟 ↔ 𝑇𝑒𝑡𝑟𝑎𝑚𝑒𝑟   𝐾3 

 

Where:      𝐾1 =
[𝐷𝑖𝑚𝑒𝑟]

[𝑀𝑜𝑛𝑜𝑚𝑒𝑟]2
         (1) 

and     𝐾2 =
[𝑇𝑟𝑖𝑚𝑒𝑟]

[𝐷𝑖𝑚𝑒𝑟][𝑀𝑜𝑛𝑜𝑚𝑒𝑟]
     (2) 

Hence:   [𝐷𝑖𝑚𝑒𝑟] = 𝐾1[𝑀𝑜𝑛𝑜𝑚𝑒𝑟]
2     (3) 

    [𝑇𝑟𝑖𝑚𝑒𝑟] = 𝐾1𝐾2[𝑀𝑜𝑛𝑜𝑚𝑒𝑟]
2    (4) 

The concentrations are expressed as areal number density (number per µm
2
) since the 

rods are largely confined to the levitation plane of the sample cell. 

 

The total density of rods in solution is: 

𝐶𝑇 = [𝑀𝑜𝑛𝑜𝑚𝑒𝑟] + 2[𝐷𝑖𝑚𝑒𝑟] + 3[𝑇𝑟𝑖𝑚𝑒𝑟] + …    (5) 

Substituting equations S-3 and S-4 into S-5 we obtain: 

𝐶𝑇 = [𝑀𝑜𝑛𝑜𝑚𝑒𝑟] + 2𝐾1[𝑀𝑜𝑛𝑜𝑚𝑒𝑟]
2 + 3𝐾1𝐾2[𝑀𝑜𝑛𝑜𝑚𝑒𝑟]

3 +⋯  (6) 
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where (…) represents terms for higher multimers (4[Tetramer], etc.).  We can eliminate 

these higher terms by defining a concentration C* that is the total number of rods found 

in monomers, dimers, and trimers: 

 

𝐶∗ = [𝑀𝑜𝑛𝑜𝑚𝑒𝑟] + 2[𝐷𝑖𝑚𝑒𝑟] + 3[𝑇𝑟𝑖𝑚𝑒𝑟]    (7) 

𝐶∗ = [𝑀𝑜𝑛𝑜𝑚𝑒𝑟] + 2𝐾1[𝑀𝑜𝑛𝑜𝑚𝑒𝑟]
2 + 3𝐾1𝐾2[𝑀𝑜𝑛𝑜𝑚𝑒𝑟]

3   (8) 

 

C* can be obtained in any video frame from Eqn. 7 by counting the numbers of 

monomers, dimers and trimers.   

In order to plot the simulation curves shown in Fig. 4, values of K1 and K2 were chosen 

and the monomer concentration was calculated for a range of C* values as the real 

positive root of cubic equation 8, using the cubic formula: 

x   =   {q + [q
2
 + (r-p

2
)
3
]
1/2

}
1/3

   +   {q - [q
2
 + (r-p

2
)

3
]
1/2

}
1/3

   +   p  (9) 

and  p = -b/(3a),   q = p
3
 + (bc-3ad)/(6a

2
),   r = c/(3a)   (10) 

 

In equations 9 and 10, x represents [monomer], b=2K1, c=3K1K2, and d=-C*.  The 

concentration of dimers and trimers was then calculated for each value of C* from 

equations 3 and 4.   

In order to obtain best fit values of K1 and K2 to the experimental data, a residual function 

was defined as the sum of the squares of the differences between the experimental and 

calculated densities of monomers, dimers, and trimers: 

𝑅 =∑(𝑚𝑖 −𝑚𝑐𝑎𝑙𝑐)
2 +∑(𝑑𝑖 − 𝑑𝑐𝑎𝑙𝑐)

2 +∑(𝑡𝑖 − 𝑡𝑐𝑎𝑙𝑐)
2               (11) 

 

where m, d and t represent monomer, dimer, and trimer densities respectively, with the 

subscripts “i” and “calc” representing experimental and calculated values. 
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This residual function was minimized for each monomer speed to give the K1 and K2 

values and their standard deviations shown in Table 1. 

3.3.4. Optical Imaging and Tracking 

Videos were recorded using an Olympus BX60 microscope at 500x magnification 

at a frame rate of 30s
-1

 using the video software Dazzle Video Creator Plus. Nanowire 

tracking was carried out using the open access Video Spot Tracker software  

(http://cismm.cs.unc.edu/downloads/?dl_cat=3). 

3.4 Conclusions 

Metal nanorods tipped with ferromagnetic segments assemble into n-mer “molecules” 

with regular geometries while levitated in a fluid acoustic cell.  Levitation with 

ultrasound allows us to eliminate surface effects and sedimentation, enabling assembly in 

the absence of an applied magnetic field and in an ordinary fluid (water). The relative 

concentrations multimers are described by a set of stepwise equilibrium constants and the 

kinetics of their dissociation obey the Arrhenius law, both of which are modulated by an 

effective temperature that is controlled by adjusting the acoustic power. These assemblies 

are dynamic motors that exhibit various modes of motion. They can be steered with a 

weak applied magnetic field, their modes of motion can be altered by the magnetic field, 

and they can be isolated while remaining intact. 

http://cismm.cs.unc.edu/downloads/?dl_cat=3
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Chapter 4 

Exploring the Shape Dependence of Acoustic Motor Propulsion 

4.1 Introduction  

Acoustic energy has recently been harnessed for the fuel free propulsion of 

autonomously propelled nano and microparticle motors.
1
 The axial directional motion of 

these particles is unique and has been attributed to the shape asymmetry of the particles.
1–

3
 Nanorod particles that undergo random autonomous motion have shape asymmetry due 

to their deposition conditions.
1
 The end that is deposited first and comes into contact with 

the sacrificial silver cathode tends to be concave while the other end tends to either be 

pointed, flat or convex depending on the material being deposited. Figure 4-1. Reports 

have attributed the axial motion of nanord particles to this shape asymmetry, where 

differential interaction of the edges with the acoustic field and the flow generated as a 

result of the acoustic field generates a net propulsive force on the particle.  Of yet little 

systematic experimental tests of this hypothesis exist. In this chapter we hope to shed 

further light on the effect of particle shape on motion within the levitation plane of an 

acoustic chamber applying a bulk acoustic wave. The chamber has a resonant frequency 

of 3.77MHz. The set up of the acoustic chamber have been described in detail in previous 

chapters. 
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Figure 4-1. Au nanowires that undergo random autonomous motion. One end is pointed and the 

other is concave. A. FE-SEM of Au nanowires grown at a current density of -2mA/cm2  showing 

the different shapes of the two ends of the wire. One end is concave and the other is pointed. B. 

Zoomed in FE-SEM image of the concave end of the wire. 

The manipulation and separation of particles using acoustic energy has a long 

history in the field of microfluidics.
4–6

 Yet despite this, little work has been done to 

evaluate the effect of particle shape on acoustophoretic motion, regardless of the overall 

size of the particle.   In the cases where shape has been studied, only particles large 

enough to neglect acoustic streaming, greater than 2µm in diameter, have studied. These 

efforts have been targeted at biological separations, such as blood fractionation based on 

the shape of different types of blood cells, such as red blood cells from other blood 

cells.
7–11

 Much work has been done to explore the effect of vessel shape on particle 

manipulation within microfluidic channels with more recent work exploring the effect of 

vessel shape on acoustic streaming patterns and hence sub-2 µm particle motion.
6
 To my 

knowledge no systematic work has looked into the effect of particle shape on particle 

motion where the streaming-induced drag force is a dominant, non-negligible force. 

In this work we take a preliminary look into the effect of motor shape on the 

motion of particles in the size range of 1 to 50µm.  In these cases both radiation forces 

1 µm 500nm 

A B 
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and streaming-induced Stokes drag force effect motion. We first present a fabrication 

method for the “mass” fabrication of thousands of motor particles of various sizes and 

shapes that are uniform. We then test the acoustophoretic behavior of these particles in an 

acoustic chamber at resonance. Hence this work begins to address a void in the literature 

by looking into the effect of shape on the acoustophoretic motion of particles, with a 

particular emphasis on random autonomous directional axial motion. 

4.2 Materials and Methods 

While electrochemical deposition into porous alumina membranes yields 

nanorods with shape asymmetry at the ends, this asymmetry tend to be difficult to control 

and varies from wire to wire. Additionally, given that the diameter of the wire is 300nm 

±30nm it is impossible to resolve the two ends of the wire optically.  In order to 

systematically test the effect of motor shape on motion in an acoustic field the shape of 

the motors must be uniform and have dimensions observable with an optical microscope 

(>0.7 µm). These two factors can be afforded using photolithography. Photolithography 

can yield precisely defined structures based on a mask with submicron resolution (0.7 

µm) in the case of  projection photolithography and 1 µm resolution , with 2 µm obtained 

more reliably; using contact photolithography. Hence an approach combining 

photolithography and electrochemical deposition or evaporation was adopted. 

Micromotors were designed in order to test the effect of various factors on motion 

within an acoustic field. Shapes of varying sizes, symmetries, expected drag “profiles”, 

aspect ratios and rotational symmetries were designed. The desired shapes were drawn in 
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the L-edit software program and exported as a GDS II file in order to be made into a 

lithographic mask. Both contact and projection photolithography masks were tried. The 

contact mask is made out of soda lime while the stepper mask is made out of Quartz. 

Projection lithography masks made from quartz can be used in both the projection 

lithography stepper tool and the contact lithography tool, but it must be noted that the size 

of the shapes on a projection mask are usually five times larger than the desired final 

shaped due to a 5x reduction lens in the stepper photolithography tool.  While both 

contact lithography and projection lithography were attempted it was found that there was 

little difference between exposure using the two methods and since projection 

lithography offers better resolution, more flexibility in density of shapes exposed on a 

wafer, more flexibility in the size of the wafer used and allows more shape designs (die) 

on a single mask it was used primarily.  

Custom made electrochemical deposition or evaporation templates were 

fabricated using electrochemical deposition-compatible photoresists or lift off resists 

respectively. Custom made templates were synthesized on conductive silicon wafers (B 

doped) after a layer of Ag (70nm) was evaporated on them. This Ag layer is a sacrificial 

layer that is dissolved after the deposition of the structures to yield free floating structures 

in the both the electrodeposition and evaporation processes. It also served as a cathode 

for the electrochemical deposition of structures in some cases. Following evaporation of 

the Ag sacrificial layer the appropriate positive photoresist was spun on to the wafer and 

baked. A dose array on the stepper projection lithography tool will be carried out to 

determine which focus and exposure time was most suitable for each shape. Post 

exposure the positive photoresist was developed. This removes the resist from the 
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solubilized regions defining the motor shape exposing the Ag sacrificial layer for 

deposition. Post deposition the resist was stripped in an organic solvent, and Ag layer was 

selectively dissolved yielding free floating structures. The structures were then re-

suspended in water and placed in the acoustic chamber for testing. The fabrication 

process is depicted schematically in Figure 4-2. 

 

 

Figure 4-2. A. Fabrication of motors using a combined photolithography and electrodeposition 

process. B. Fabrication of motors using a combined photolithography and evaporation process. 
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Electrochemical deposition was attempted first as it would yield thicker structures 

and hence a larger aspect ratio in terms of thickness to the length and width of the shape. 

4.2.1 Motor Fabrication: Combined Photolithography and Electrodeposition 

A positive electrodeposition compatible photoresist, SPR 955-2.1, was spun onto 

conductive wafers with a Ag sacrificial layer. A double layer of this resist, was used to 

allow for the electrochemical synthesis of thick structures. An HMDS adhesion layer was 

first spun to promote adhesion of the resist to the wafer. It was spun using a dynamic 

dispense procedure at 1200rpm for 35sec (using the D09 12/35 recipe as saved on the 

automated spin coaters). It was baked at 110°C for 30sec and allowed to cool to room 

temperature. The first layer of SPR 955-2.1 was then spun onto the wafer using identical 

conditions. It was baked for 2 minutes at 105°C and allowed to cool to room temperature. 

The thickness of this layer is about 3.35µm. An additional layer of SPR955-2.1 was spun 

on to the wafer (without the HMDS adhesion layer the second time) and allowed to cool 

to room temperature. The thickness of a SPR 955-2.1 double layer was measured to be 

7.1 µm. For contact photolithography attempts the MABA6 tool was used. The sample 

was exposed for 25 seconds under hard contact conditions. The sample was then 

developed in CD26 developer for 5minutes. For the use of the stepper projection 

lithography tool a dose array was done to pinpoint the exposure time and focus for the 

shape being exposed prior to each exposure. The best values for the shapes in mask 1 

(Figure 2) were found to be 0 focus offset at a 0.22sec exposure. It must be noted that 

these conditions may vary from instrument to instrument.  
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The projection lithography mask contained 16 dies each with a different shape, 

and corresponding controls, in order to test out a number of different variables including: 

level of shape asymmetry for shapes of equivalent size, surface perimeter, area, level of 

expected drag of a shape including sharpness of edges and aspect ratio. Additionally 

shapes that contain rotational asymmetry were designed in order to potentially design 

rotors. The initial size range under investigation was in the tens of microns range. This 

mask can be seen in Figure 4-3. 

 

Figure 4-3. Mask 1. A. Round “bullet” shape (Dimensions: 20x10µm; 5 µm radius of curvature) 

B. Sharp “bullet” (Dimensions: 20x10µm; 5 µm indentation) C. Bullet to test effect of 

perimeter(Dimensions: 20x10µm; 5 µm indentations, 2.5 µm thick wings) D. Bullet to test effect 

of perimeter 2 (Dimensions: 20x10µm; 2.5 µm indentations, 1.25 µm thick wings) E. Square 

arrow(Dimensions: 20x10µm; 5 µm height of arrow) F. Inverse Arrow(Dimensions: 20x10µm; 5 

µm indentation) G. Equilateral triangle (30 µm side) H. Isosceles right triangle (28 µm sides, 40 

µm hypotenuse) I. 30-60-90 right triangle (24 µm,32 µm,40 µm sides) J. 10:1 aspect ratio bullet 

(Dimensions: 10x1µm; 0.5µm radius of curvature) K. 10:1 aspect ratio bullet (Dimensions: 

20x2µm; 1µm radius of curvature) L. 10:1 aspect ratio bullet (Dimensions: 40x4µm; 2µm radius 

of curvature) M. 10:1 aspect ratio bullet (Dimensions: 50x5µm; 2.5µm radius of curvature) N. 

10:1 aspect ratio double concave control (Dimensions: 20x2µm; 1µm radius of curvature) O. 

Rotor (Dimensions: 20x25µm; 5.1µm indentations, 11 µm and 12 µm cuts on right and bottom) 

P. Rotor2 (Dimensions: 20x20µm; 5µm indentations, 11 µm and 12 µm cuts on right and bottom) 

 



69 

 

Several shapes were designed to test multiple factors. Shapes M, J,K and L are 

identical with a 10:1 aspect ratio as with our alumina membrane deposited wires with one 

end concave and the other convex but with different dimensions being 50:5 µm, 10:1 µm, 

20:2 µm and 40:4 µm respectively. It must be noted that projection lithography mask 

shapes are five times larger than the target size due to the presence of a 5x size reduction 

length in the exposure instrument. These structures were designed to determine the effect 

of size on the presence and strength of directional axial propulsion. Shape N is a 

symmetric control shape for these structures, and in particular shape K, with both ends 

being identical, concave. Shapes G,H and I are equilateral, right isosceles and 30-60-90 

triangles respectively with equal areas and approximately equal surface perimeters. 

Shapes O and P are a rotationally asymmetric shape and a rotationally symmetric shape 

that serves as a control. Shapes A and B are of similar dimensions of the same motif with 

shape A having curved edges and shape B having sharp pointed edges. Shapes B, C and 

D are of the same dimensions but have differing surface perimeters and aim to test the 

effect of scattering surface area and perimeter on motion. Shapes E and F have identical 

areas and perimeters but are of complementary shapes with E expected to experience less 

drag than F.  

A wafer with a single shape was exposed using a stepper, developed and 

assembled within an electrochemical cell. A two electrode constant current setup would 

was used where the conductive silicon wafer with the silver seed layer served as the 

cathode and a platinum wire served as the counter and pseudo-reference electrode. Gold 

was electrodeposited and
 
within seconds the resist delaminated. The photoresist rapidly 

peeled off the wafer and hence electrochemical deposition of the desired shapes was not 
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possible. It was determined that the distance between adjacent shapes was too small and 

hence adhesion of the resist to the wafer in the deposition solution and during deposition 

when there is gas production was poor. Additionally, potentially poor adhesion of the 

photoresist to the silver seed layer used as the cathode for the deposition may also be a 

factor. Hence a second mask with larger inter-motor spaces (30µm) of a selection of the 

shapes of mask 1 was made. (Figure 4-4) A contact mask of shape B of mask 2 was also 

made (with 30 µm inter-motor spaces) to determine if better results could be obtained 

with contact lithography.  It should be noted that mask 2, although designed as a 

projection lithography mask, can also be used for contact lithography but to make 

structures five times larger than those made using projection lithography with the same 

mask. 

 

 

 

 

 

 

 

 

Figure 4-4. Mask 2. A. Equilateral triangle (30 µm side) B. Isosceles right triangle (28 µm sides, 

40 µm hypotenuse) C. 30-60-90 right triangle (24 µm,32 µm,40 µm sides) D. 10:1 aspect ratio 

A B C 

D E F 

G H I 
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bullet (Dimensions: 40x4µm; 2µm radius of curvature) E. 10:1 aspect ratio bullet (Dimensions: 

20x2µm; 1µm radius of curvature) F. 10:1 aspect ratio double concave control (Dimensions: 

20x2µm; 1µm radius of curvature)  G. 10:1 aspect ratio bullet (Dimensions: 50x5µm; 2.5µm 

radius of curvature) H. Square arrow(Dimensions: 20x10µm; 5 µm height of arrow) I. Inverse 

Arrow(Dimensions: 20x10µm; 5 µm indentation) 

New samples were made with mask 2 The process was repeated and indeed there 

was better photoresist adhesion during the electrodeposition step. It was difficult to 

control the growth across the wafer and initial trials yielded much overgrowth. This can 

be seen in Figure 4-5. Electrodeposition of Au was done at a constant current density -

280µA/ cm
2
. 

 

Figure 4-5. Electrochemically deposited motor structures within lithographic resist membranes. 

Structure is a right isosceles triangle (28 µm sides, 40 µm hypotenuse) and were produced by 

carrying out contact lithography using a separate soda lime mask of shape B in mask 2. Structures 

were deposited anodically in a two electrode cell at -280µA/cm2 for 45minutes on a silicon 

substrate. A. 50x dark field optical micrograph of strucutres. Overgrowth beyond the structure’s 

boundary is clear. B. 20x dark field optical micrograph of structures. C. 5x dark field optical 

micrograph of structures showing overgrowth between structures. 

In an attempt to improve photoresist adhesion, the adhesion layer and photoresist 

were spun directly onto the conductive silicon wafer without the silver sacrificial layer. 
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This was done because these adhesion layers are primarily designed to promote resist 

adhesion to silicon. To get free structures the removal of the native oxide layer in HF acid 

would be done. The process yielded deposited structures as with a silver cathode but 

there was no measurable enhancement to the amount of time a deposition could be 

conducted before delamination. Another attempt was made to improve silver and the 

resist adhesion by using an alternate adhesion layer, Omnicoat® instead of HMDS. This 

only made a marginal impact on the adhesion time of the photoresist during depositon. 

Multiple electrochemical deposition attempts were made with several of the 

shapes, yet growth was non-uniform across the wafer and there was considerable 

variation among shapes. Better uniformity across a wafer was achieved with lower 

current density but there was a limitation on time of deposition as photoresist adhesion 

was compromised beyond 2 hours. One of the better trials can be seen in Figure 6. There 

is less overgrowth but there still isn’t any shape to shape uniformity. Electrodepositon 

was done at -5.65µA/cm
2
 for a total time of 45minutes for the samples in Figure 4-6. 
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Figure 4-6. Electrochemically deposited motor structures within lithographic resist membranes. 

Structure dimensions are 100µm x50 µm and were produced by carrying out contact lithography 

using shapes H and I of mask 2. Structures were deposited anodically in a two electrode cell at -

5.65µA/cm2 for 45minutes on a silicon cathode. A.20x optical image of inverse arrow B.50x 

optical image of inverse arrow C. 20x optical image of square arrow D. 50x optical image of 

square arrow 

Growth was fairly uneven, occurring in patches across the exposed area of the 

wafer. The photoresist was then cleanly removed using PG remover (photoresist stripper) 

after the deposition and thickness profilometer measurement was taken. It was found that 

even within a single motor structure there was variability in the structure height. For the 

structures shown in Figure 4-7, the height of the structure at the sides was taller (70nm) 

than in the center (40nm) resulted in a “winged” structure. Hence due to the non-

uniformity of the growth across a wafer and the variation of height within a single motor 

electrodeposition was abandoned as the way of synthesizing high aspect ratio motor 

structures. 
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Figure 4-7. Electrochemically deposited motor structures within lithographic resist membranes. 

Structure is a 10:1 aspect ratio bullet (Dimensions: 50x5µm; 2.5µm radius of curvature) and was 

produced by carrying out contact lithography using shape G of mask 2. Structures were deposited 

anodically in a two electrode cell at at -5.65µA/cm2 for one hour and thirty minutes on a silver 

cathode. A. 5x dark field optical micrograph of sample. B. 20x optical micrograph of sample. 

 

Evaporation in combination with photolithography was then adopted for the 

synthesis of more uniform structures. 

4.2.2 Motor Fabrication: Combined photolithography and evaporation  

We moved from electrodeposition to evaporation to get more uniform fabrication 

of motors across a wafer and more uniform and controlled height within a single motor. 

A liftoff process, which combines photolithography and metal evaporation, was used in 

order to synthesize the desired structures. As previously done for samples intended for 

photolithography followed by electrodeposition substrates with an evaporated sacrificial 

layer for post-synthesis release from the substrate were used. The same masks described 

above were used. 

A liftoff process was found to be the most successful. The resists used were LOR 

5A (Lift Off Resist 5A) which was spun using the recipe D09-40-45 yielding a thickness 

of approximately 1µm and the 3012 resist on top of that with a thickness of 0.5 µm, spun 

A B 
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under the same conditions. The resists were baked at 160 degrees and 180 degrees for 1 

min and 3 min respectively. The maximum metal thickness that could be evaporated is 

75% of the thickness of the 3012 resist which is a maximum thickness of 375nm. A dose 

array was carried out using a stepper to determine the best exposure and focus conditions 

for the particular shape being synthesized and an 11x11 matrix of the dies previously 

described was used to populate a 2 inch B doped Si wafer. Post exposure, development 

was done in the commercial solution CD-26 for one minute, and rinsed in di H2O 

followed by drying with a nitrogen gun. Approximately 150nm of Au was then 

evaporated on to the structures and lift off was done using the commercial polymer 

stripper PGremover.  The wafers were then soaked in 1:1 solution of concentrated nitric 

acid and diH2O to remove the Ag evaporated sacrificial layer and generate free floating 

structures. Repeated rinses followed by centrifugation were then done in order to suspend 

the structures in distilled water for acoustic testing. The approximate density of the 

structures was 400,000 structures/mL. Fabrication of shape B in mask 2 (Figure 4-3) of a 

right isosceles triangle (28 µm sides, 40 µm hypotenuse) was carried out. The fabrication 

was successful and the resultant structures can be seen in Figure 4-8. 

              

Figure 4-8. Au right isosceles triangles (28 µm sides, 40 µm hypotenuse) produced by a 

combined projection photolithography and evaporation approach. A. 5x optical micrograph of 

structures on wafer after resist removal. B. 20x optical micrograph of structures after release from 

the wafer. 
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4.3 Acoustic Testing 

The right isosceles triangles were placed in the acoustic chamber where, within 

the levitation plane, they rapidly aggregated into nodal locations. They did not display 

random autonomous motion and in their “focusing” to nodal regions their motion did not 

display any consistent directionality or polarity of motion. An image of the structures 

aggregated in a node can be seen in Figure 4-9. 

 

Figure 4-9. A nodal aggregate of the right isosceles triangles (28 µm sides, 40 µm hypotenuse) 

placed within the acoustic chamber and suspended in the levitation plane. 

 

These structures do not exhibit random autonomous motion as their motion is 

dominated by the acoustic radiation force. Therefore structures with only much smaller 

sizes need to be made to observe random autonomous motion. W mask containing 

structures that are smaller in size and hence closer to actual nanomotors dimensions was 

made. Figure 4-10. As projection photolithography offers better resolution and allows the  

synthesis of multiple shapes on a single mask this technique was selected and contact 

lithography abandoned. 
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Figure 4-10. A. Inverse arrow (6 x3µm, 2.6 µm indentation) B. Square arrow (6 x3µm, 2.6 µm 

protrusion) C. Arrow (6 x3µm, 2.6 µm indentation, 2.6 µm protrusion) D. Rotor (6 x4µm, 1.732 

µm height triangular cut 1 µm into the structure with 2 µm sides) E. Inverse arrow(4 x2µm, 1.732 

µm indentation) F. 1:1 aspect ratio Inverse arrow (3 x3µm, 1.5 µm indentation) G. Inverse arrow 

with a smaller indentation than A (6 x3µm, 1.5 µm indentation) H. Rectangular control (6 x3µm) 

I. Square control (3 x3µm) 

All structures on mask 3 had dimensions smaller than 8µm. Structures A and B 

are complementary shapes as previously described in Mask 1 and 2 in this case they are 

4µm by 2µm in size. C is of the same dimensions and motif as shapes A and B but has 

both an indented and pointed end. Shape D is designed to be a rotor. Shapes A and E are 

identical but of different sizes with shape E being 2µm by 1µm in size. Shapes A and G 

are similar but with different size indentations to test the effect of the level of shape 

asymmetry on directional random autonomous propulsion with shape H serving as a 

control. Shaped F and I are to test the effect of the aspect ratio of the structure with as 

well shape asymmetry as both shapes have a 1:1 aspect ratio. 
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The first experiments focused on the synthesis of shapes A and B following the 

method outlined in Figure 2B. The synthesis was successful yielding uniform structures 

across multiple wafers with little variation from shape to shape as can see in Figure 4-11 

below. 

 

Figure 4-11. A. Fabricated inverse arrow structures (6 x3µm, 2.6 µm indentation) clockwise: 20x 

bright field optical micrograph of structures on the wafer, a schematic or the structure, a dark 

field optical image of the released structure. B. Fabricated square arrow structures (6 x3µm, 2.6 

µm protrusion) clockwise: 20x bright field optical micrograph of structures on the wafer, a 

schematic or the structure, a dark field optical image of the released structure. These two shapes 

serve as controls for each other. 

Upon levitation the inverse arrow motor exhibited primarily random autonomous 

rotational motion. Approximately 50 separate microstructures were observed and their 

mode of motion noted. Interestingly, unlike what was hypothesized based on expected 

pressure differences or expected drag force profiles on each side of the structure, 

approximately 90% of structures (43 out of 48)  moved in the reverse direction as would 

be expected with the edge with the indentation leading.  Figure 4-12. 

 

 

 

 

Figure 4-12. Inverse arrow motion. 20x Optical image frame sequence of inverse arrow motion. 

Time stamps at bottom of frames. 
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In order to decipher the mechanism of motion, further experiments are needed. 

Shapes similar to the inverse arrow synthesized above but with varying indentations can 

be made and the relative speeds of these shapes determined systematically. It is assumed 

that due to level of shape asymmetry the speeds of these structures should differ, with the 

ones with larger indentations moving faster. Shape G in mask three is similar to that of a 

described above, also an inverse arrow, with a smaller indentation placing these two 

shapes simultaneously within the acoustic chamber would be informative.  

A preliminary observation of shapes with different indentations (Figure 4-

13)indeed shows that this could be true. The speed of rotation of the shape with a larger 

indentation is faster at 63 µm/sec, while the speed of rotation of the shape with a smaller 

indentation, and hence smaller shape asymmetry, is 18µm/sec. In addition to the 

movement being slower the movement is also less directional. More systematic 

experiments are due. 

 

Figure 4-13. The structure on the top is moving a clockwise manner at 63 µm/sec, indented part 

leading. The structure on the bottom is moving in a counterclockwise manner at 18µm/sec, also 

the indentation leading, but the motion is less directional. Time stamps at bottom of frames. 

 

A control structure (mask 3, shape B), a regular arrow with identical perimeter 

and surface area, was fabricated and preliminary observations made. 
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Preliminary observations seem to indicate that the orientation of motion is not as 

consistent from motor to motor as the inverse arrow. Shapes were observed to move in 3 

separate orientations. Rotation occurred with the pointed end forward, the flat end 

forward and sideways. (Figures 4-14 & 4-15) 

 

 

 

 

Figure 4-14. The motion of these two identical shapes is different. The top arrow is moving 

counterclockwise with the pointed end leading. The bottom arrow is rotating clockwise hinged on 

one of its flat edges. Time stamps at bottom of frames. 

 

Figure 4-15. The motion of this control arrow is clockwise with the flat end leading. Time stamps 

at bottom of frames. 

In addition to the level of shape asymmetry as indicated above different sizes of 

the structure can also be made.  2 different sizes of the inverse arrow can be made, one 

that is slightly larger and the other smaller. The limit on how small a shape can be made 

will depend on the resolution of the optical microscope, as the two sides of the motor 

must be distinguishable in order to determine orientation of motion.  

Hinge 
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4.4 Electron beam Lithography Trials 

The motion of the structures discussed so far have been primarily rotational 

random autonomous motion and the desired axial motion is not observed. This may be 

due to either a slight asymmetry in the motor in the axis perpendicular to the direction of 

motion or that the structures are large and hence more susceptible to deviation from the 

axial motion observed in nanorods. In order to address these two issues e-beam 

lithography was attempted. A PMMA-MMA resist double layer was used to allow for lift 

off following evaporation. The MMA resist was spun at 3000 rpm and baked at 150°C 

for 3min and allowed to cool to room temperature. The PMMA resist was spun on top of 

that at 4000 rpm and baked at180°C for 3min and allowed to cool to room temperature.  

A dose array of a selection of the shapes was tried to ensure symmetry where desired for 

larger shapes and to achieve smaller structures while keeping the size large enough for 

optical distinction of each edge. The resist was developed in a 1:1 mix of MIBK and 

isopropyl alcohol for 1 minute followed by isopropyl alcohol bath for 30 seconds and 

then rinsed with distilled water. The smallest structure targeted was an inverse arrow 

1.0µm x 0.5 µm in size. The array was developed and gold was evaporated onto it. Figure 

4-16. Optically it was possible, but fairly difficult, to distinguish the two ends of the 

small structure while still attached to the wafer. Release of these structures was attempted 

and it was found they were hard to retrieve. Hence beyond this trial it was determined 

that e-beam lithography would not yield a significant advantage over photolithography. 
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Figure 4-16. Shapes fabricated used e-beam lithography. Shapes A-C have identical dimensions 

of (6x3µm) but with varying indentations. D. Square arrow control shape (6x3µm) E. Smallest 

fabricated shape (1x0.5µm), there is some rounding of the features. All unlabeled scale bars 

represent 1 µm. Shapes were difficult to release and retrieve. 

4.5 Conclusions  

 From these experiments it seems clear that the shape of the motor does have an 

effect on polarity of acoustic propulsion. Yet the overall sizes of these structures are large 

enough such that axial random autonomous motion is not observed. Attempts were made 

at reducing the size of the structures further but there is a limit on how small structures 

can get as the ends need to be distinguished in an optical microscope. E-beam attempts 

did not prove promising. The approach they can be taken to ensure motor structure is 

large enough for optical distinction of its edges while reducing the effect of the radiation 

force a size comparable to that on the nanorod motor traveling in water, as by changing 

experimental medium. Reports have demonstrated that acoustic propulsion is possible in 

various media. Reports have also shown that it is possible to alter the characteristic 

particle length below which radiation forces no longer become dominance in the motion 

of the particle by altering the fluid medium in which a particle is suspended. 
12,13

 Hence 

500nm 
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doing these experiments with the photolithography defined structures described above, 

but in a different medium, would yield more informative results regarding axial random 

autonomous motion. 
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Chapter 5 

Experimental Insights into the Mechanism and Factors Affecting Ultrasonic 

Propulsion of Nanorod Motors 

5.1 Introduction 

Artificial nano- and micro-swimmers are of growing interest because they provide 

insight into the emergent and collective behavior of motile living systems, as well as new 

functionality and applications in biomedicine, analysis, separations, environmental 

chemistry, and materials science.
1–4

 The discovery of biocompatible, fuel free ultrasonic 

propulsion of nanomotors presents some promise for use in biomedical applications.
5
 

Recent reports of acoustic nanomotors have demonstrated their control in biocompatible 

environments, their actuation within living cells, and as their use as drug delivery 

agents.
6–8

 Their collective behavior and assembly have also been explored. 
9–11

 In order to 

design better acoustic motors that can carry out useful functions, it is important to 

understand the mechanism of their propulsion as well as the factors that affect their 

propulsion. Experimental and more recently theoretical research have proposed 

mechanisms in which the axial asymmetry of the rods results in motion perpendicular to 

the direction of acoustic excitation.
5,12,13

  A recent paper by Nadal and Lauga provides a 

coherent and detailed theoretical proposal that the propulsive force is a net hydrodynamic 

drag force arising from oscillatory fluid flow along the axis of the nanorods.  In this 

model, the rods are treated as rigid bodies, and because their density is higher than that of 

the surrounding fluid, their inertia becomes significant at high driving frequency.
13

 In this 
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work, we consider the additional effect of material asymmetry of a nanorod motor, and 

also measure the effects of size and acoustic power. We find that bimetallic rods exhibit a 

consistent and predictable polarity in their axial motion, with the lighter end leading. 

Both the length- and power-dependence of nanorod speed are consistent with an acoustic 

streaming-induced drag force dominated mechanism of propulsion, largely in agreement 

with the model proposed by Nadal and Lauga. 

5.2 Results and Discussion 

Single metal and bimetallic nanorods containing Au, Rh, Pd, Ag, Pt and Ru segments 

were fabricated by electrochemical deposition within the pores commercial porous anodic 

alumina templates (diameter 300±30nm) using commercial plating solutions. 
14

A metal 

film (typically silver) evaporated onto one side of the alumina membrane served as the 

cathode of the electrochemical cell, and a sacrificial silver segment several microns long 

was first plated into the pores. Bimetallic rods were fabricated by sequentially changing 

the deposition solution in the cell.  The silver backing layer and sacrificial segment were 

dissolved in nitric acid and the rods were then released from the membrane by dissolution 

in strong base.  The sacrificial silver segment typically has a convex tip, resulting in a 

concave end of the first metal plated.  Depending on the surface interaction between the 

second metal and the pore walls, the second metal segment can have a flat tip, or more 

typically a convex tip, as described in more detail below. 

Acoustic excitation of nanorod motors was carried out in a cylindrical acoustic 

chamber (with a height of 180µm and diameter of 5mm) operated at a resonant frequency 
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of ca. 4 MHz as previously described. 
5
 At resonance a bulk acoustic standing wave is set 

up and the rods are levitated to the midpoint plane of the chamber. In this plane, rods 

undergo random autonomous propulsion as well as aggregation within lateral nodes, 

where polar spinning chains are formed.
5
 The behavior of interest for the present study is 

the random autonomous motion that occurs far from the lateral acoustic nodes in the 

levitation plane. 

5.2.1 Locations of Nanorod Acoustic Behaviors 

Within the levitation plane of the acoustic chamber there are different regions in 

which spinning chains of rods, aggregates, and rods moving autonomously in random 

directions are observed. The location of these various behaviors can be seen in Figure 5-

1.  Random autonomous motion occurs in several regions: 1) near the cell boundary, 2) 

At the intersection of the outspray of a nodal aggregate and a spinning chain, and 3) at the 

intersection between the outspray of two or more spinning chains. The presence of 

random autonomous motion near the boundary of the cell is consistent with streaming 

induced propulsion as this propulsion is most likely a result of boundary streaming. 

Random autonomous motion on the outskirts of spinning chains is also consistent with 

streaming induced propulsion. 
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Figure 5-1. Locations for nanorod acoustic behaviors. A. Optical micrograph that points out the 

location of patterns such as spinning chains and nodal aggregates and the location of random 

autonomous motion relative to these structures. Axial motion occurs at the intersection of the 

outsprays of nodal structures. B. The location of random autonomous motion at the “outspray” of 

nodal spinning chains. C. The location of random autonomous motion near the boundary of the 

acoustic chamber. A zoomed in micrograph of rods undergoing axial motion. 

5.2.2.   Motion of Bimetallic Rods 

The bimetallic rods fabricated for this study are listed in Table 5-1. These 

particular combinations were selected because the two segments were distinguishable by 

color in the optical microscope, and hence the direction of movement could be 

determined. Bimetallic rods (AuRu, AuRh, AuPt, AuPd, AuAg and RuRh) were 

propelled with the lower density metal segment leading, those segments being Ru, Rh, 

Boundary 

200µm 

A B 

C 
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Au, Pd, Ag and Ru respectively. Figure 5-2 shows examples of polar axial propulsion of 

the bimetallic rods as frame sequences and videos, respectively.  The densities of the pure 

metals are listed in Table 5-2.  

Bimetallic 
Rod 

Lower Density 
End 

Leading End 

AuRu Ru Ru 
RuAu Ru Ru 
AuRh Rh Rh 
RhAu Rh Rh 
AuPt Au Au 
PtAu Au Pt 
AuPd Pd Pd 
AuAg Ag Ag 
RhRu Ru* Ru 
RuRh Ru* Ru 

Table 5-1. Bimetallic nanorods studied and the leading end in autonomous axial motion. The 

metal segments are listed in the order plated; hence the end of the first metal in the table is 

concave. *See SI. Due to deposition conditions Ru segments may have a lower density than Rh 

segments. 

 

 

 

 

 

 

Figure 5-2.  Top row: Frame sequence of AuRh wires propelled with Rh end leading. (Au 

segment deposited first) Time stamps are indicated. Bottom row: Frame sequence of AuPt wires 

propelled with Au end leading. (Au segment deposited first) Time stamps indicated. 

 

 

 

 

 

 

 

0.0 sec 0.8 sec 1.6 sec 

0.00 sec 1.65 sec 2.90 sec 
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Metal Density (g/cm3) 

Au 19.32 

Ru 12.41 

Rh 12.41 

Pt 21.45 

Ag 10.5 

Pd 12.02 

   

Table 5-2. Densities of pure metals. 

 

 

Bimetallic rods are asymmetric, as noted above, because the end plated first is convex.  In 

order to deconvolute the effects of material and shape asymmetry, the order of electrodeposition 

was reversed, and the shape and direction of movement were determined. AuRu, AuRh, RuRh 

and AuPt rods were fabricated in reverse order: RuAu, RhAu, RhRu and PtAu.  As shown in 

Figure 5-3, the segment plated first always has a concave end, and the second segment has a flat 

(Pt, Rh, Ru) or a convex end (Au).  The direction of motion (Table 5-1) was towards the lower 

density end, i.e., RuAu, RhAu and RhRu rods with Ru, Rh and Ru leading, respectively.  In the 

case of RhRu rods, where the densities of the two pure metals are similar, X-ray powder 

diffraction patterns show that the Ru segment consists of smaller scattering domains (details in 

experimental details section), which suggests that it may be porous.  In any case, the leading end 

of both RuRh and RhRu rods is towards the Ru end, indicating that in this case the effect of 

material asymmetry is greater than that of shape asymmetry.  In the other case (PtAu, AuPt) in 

which the densities of the two metals are very similar, the direction of motion is reversed by 

reversing the order of electrodeposition.  Thus in this case, shape asymmetry appears to determine 

the direction of motion – with the concave end leading - and in all other cases the material 

asymmetry determines the direction.  Movement towards the concave end is predicted by 

calculations on axisymmetric near-spheres that have opposing convex and concave sides,13 

consistent with our observations.  We note that our own earlier model of pressure differences 
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generated by scattering of acoustic energy from the convex and concave ends made the opposite 

prediction,5 and is thus inconsistent with the data. 

 

 

 

 

 

 

 

 

Figure 5-3. A. Schematic diagram of the shapes at ends of the bimetallic nanorods. The segment 

deposited first replicates the convex silver sacrificial segment (back dashed circle) and is 

therefore concave. At the other end Rh, Ru and Pt acquire a flat shape while Au is typically 

convex. B. FE-SEM (field emission scanning electron microscopy) micrographs of the concave 

(deposited first) nanorod ends after the dissolution of the sacrificial silver segment and release 

from the membrane.  C. FE-SEM  images of bimetallic rods. The different metal segments are 

labeled. Top row: (metals listed in the order deposited)  AuRh (2.3±0.3µm, Au: 1.3±0.2µm, Rh: 

1.0±0.2µm); RhAu r (2.1±0.4µm, Rh: 1.04±0.3µm, Au: 1.04±0.1µm); RuRh (1.6±0.2µm, Ru: 

1.3±0.1µm, Rh: 0.5±0.1µm); RhRu (2.6±0.1µm, Rh: 0.9±0.1µm, Ru:1.6±0.1µm) A short Au 

segment was grown in the center of the RhRu rod to allow for controlled Ru growth on top of Rh. 

In the absence of the Au segment, the Ru segment, deposited at a constant potential, overgrew 

within seconds on the catalytic Rh metal; Bottom row: (metals listed in the order deposited) 

AuRu (2.2±0.3µm, Au: 1.0±0.2µm, Ru: 1.0±0.1µm); RuAu (2.3±0.3µm, Ru: 1.2±0.3, Au: 

1.1±0.2); AuPt (2.2±0.2µm, Au: 1.2±0.2µm, Pt: 1.0±0.2µm); PtAu (2.0µm±0.1, Pt: 

1.0µm±0.1µm, Au: 0.9µm±0.08µm). All scale bars represent 1 µm.  
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The effect of different metals on rods speed was also evaluated. Bimetallic RhAu 

rods (2.1±0.1µm, 1.0±0.1µm Rh segment, 1.0±0.1µm Au segment) and single metal Au 

rods of the same total length (2.0±0.2µm) were mixed together in equal amounts and the 

sample was placed in the acoustic chamber. The autonomous motion of the Au and RhAu 

rods was recorded at a frequency of 3.77MHz and amplitude of 10Vpp in the same 

location of the chamber. The speed of each type of rod was determined independently. 

This was possible due to the optical contrast between Rh and Au.  Care was taken to 

ensure that the shape asymmetry was similar for the two kinds of rods used in these 

experiments.  Rh was deposited first in the case of RhAu and hence the concave shape it 

acquired was similar to that of the single element Au rods.  The other end for both 

bimetallic RhAu and the single metal Au rods was Au, which forms the same convex tip 

shape for any Au segment.  The RhAu rods were 25% faster than Au rods of the same 

length, 49±6 µm vs. 40±7 µm s
-1

. In contrast, when single metal Rh and Au rods were 

compared in the same way, their speeds were 63±14 µm s
-1

 and 31±2 µm s
-1

, 

respectively.  The speed of single element Rh rods was double that of single element Au.  

This is close to the ratio of the densities of the two metals: 19.32 g/cm
3
 for Au and 12.41 

g/cm
3
 for Rh.  The same experiment was done with a mixture of RuAu and Au rods 

yielding speeds of 29±6µm and 20±9 µm s
-1

, again with the rod containing the lower 

density metal moving at a faster speed, and leading with its lighter end. (Figure 5-4).  

These comparisons indicate that lighter metal rods move faster, and that shape 

asymmetry alone can lead to relatively fast movement.  However, the effects of shape and 

material asymmetry do not appear to be additive. 
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Figure 5-4. Speed comparison for bimetallic and monometallic nanorods of equal lengths. A.  Au 

and Rh (1.4±0.2µm) B. RhAu and Au (2.0±0.2µm)  C. RuAu and Au (2.3±0.3µm)  D. Optical 

micrograph representing the method used to obtain the data in A-B where nanorods were mixed 

and optical contrast was used to track each type separately. A mixture of Au and Rh nanorods is 

shown. 

5.2.3 Length Dependence of Nanorod Speeds. 

Two predominant forces are exerted on particles suspended in fluids an acoustic 

field. They are the primary acoustic radiation force and the acoustic streaming-induced 

drag force. Typically the primary radiation force is dominant on particles of diameters 

larger than about 2 µm, whereas the motion of smaller particles is dominated by the 

streaming-induced drag force.
15,16
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polymer (e.g., polystyrene) particles and thus the applicability of these critical diameters 

to cylindrical metal rods with concave and convex ends is unknown.  

In order to determine which force(s) dominate the motion of metallic nanorods, 

the length dependence of the speed was measured. Au nanorods 300 ± 30nm in diameter 

and 1.4 ± 0.1, 2.4 ± 0.1, and 4.7± 0.1 µm in length grown by varying the deposition time 

(14, 20, and 70 min., respectively, at a current density of -2.0 mA/cm
2
).  A 1:1:1 mixture 

of these nanorods in water was prepared and care was taken to monitor their movement at 

the same location within the acoustic chamber, in regions where the predominant mode of 

motion was random, autonomous propulsion along their axis. The axial velocity of these 

nanorods is plotted as a function of length in Figure 4.  The resulting experimental trend 

was evaluated in terms of equations describing the size-dependent streaming-induced 

force and the primary acoustic radiation force.  

Equation (5-1) describes the drag force on a cylindrical particle (approximated as 

a prolate ellipsoid) of length L and radius R moving at velocity v, and conversely 

equation (5-2) expresses the velocity as a function of the drag force. 

 

𝐹𝑑𝑟𝑎𝑔 =
2𝜋𝜂𝐿

ln (
𝐿
𝑅
) − 0.72

𝜐                                                               (5 − 1) 

𝑣 = 𝐹𝑑𝑟𝑎𝑔  
ln (
𝐿
𝑅
) − 0.72

2𝜋𝜂𝐿
                                                               (5 − 2) 

The acoustic power density at a particular frequency and amplitude should be 

roughly constant over the small observation volumes we used to compare the speeds of 

rod mixtures.  A detailed theoretical treatment of an axisymmetric near-sphere shows that 
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the streaming-induced drag force is proportional to the radius R0 of the sphere. 
13

  Here, 

we keep two dimensions of the cylindrical rod constant and vary only the length, so we 

expect the force to vary weakly with L.  Since the velocity at a given force scales roughly 

as 1/L according to Equation 2, a longer rod would move at a slower speed than a shorter 

one if the motion is driven by streaming-induced drag. This is indeed what is observed 

(see Figure 5-5B).  

The primary acoustic radiation force on a spherical particle can be described using 

equation 5-3: 

𝐹𝑟𝑎𝑑(𝑥) = 4𝜋𝑅
3𝑘𝛷𝐸𝑎𝑐 sin(2𝑘𝑥)                                                  (5 − 3) 

 

Where Frad is the primary acoustic radiation force on a particle, R is the radius of 

the particle, Eac is the acoustic energy density which is in the range of 10-100 J/m
3 

for 

operation in the MHz range at voltages less than or equal to 10 Volts peak to peak.
17

 k is 

the wavenumber, x is the distance from the node. Since the particles are at the node in the 

z direction, x represents the distance from a lateral node in the acoustic levitation plane 

(x-y plane) and 𝜱 is the acoustic contrast factor, which is related to the ratio of the 

density of the particle to that of the medium. The acoustic contrast factor is described by 

equation 5-4
17

: 

 

𝛷 =
1

3
[
5𝜌𝑝 − 2𝜌𝑚

2𝜌𝑝 + 𝜌𝑚
−
𝛽𝑝

𝛽𝑚
]                                                           (5 − 4) 
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where ρp is the density of the particle, in this case the density of a metal such as gold, and 

ρm is the density of the medium, in this case water. βp and βm are the compressibility’s of 

the particle and medium respectively expressed by equation 5-5  where 

 

𝛽𝑝 =
1

𝜌𝑝𝑐𝑝
2                                                                         (5 − 5) 

 

The corresponding size dependence of the velocity of the particle in an acoustic 

field due to the radiation force can be derived using the drag force on a spherical particle 

such that vrad= Frad/6πηR where η is the dynamic viscosity of water 1x10
-3 

kg·s
-1

m
-1

.
16

 

This is expressed by equation 5- 6: 

 

𝑣𝑝(𝑥) =
2𝜋𝛷𝑘𝑅2𝐸𝑎𝑐 sin(2𝑘𝑥)

3𝜋𝜂
                                                 (5 − 6) 

The equivalent volume sphere to nanorod cylinders of various lengths can be used to 

describe our particles. As the velocity is related to the radius of the particle squared 

(equation 5-6), as the particle size increases so would the velocity of the particle. In our 

system we observe the opposite trend. Hence it is clear that the trend in the experimental 

data is not due to the primary radiation force on the system. The data supports the 

streaming-induced drag model. 
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Figure 5-5. A. Experimental data with a fit using drag force equation (2). B. Theoretical speed 

dependence on rod length for radiation force dominated motion (red) and streaming induced force 

dominated motion (black). 

5.2.4 Controlling the Applied Forces on the Rods via Electronic Signal Manipulation 

The acoustic levitation and propulsion of nanorods results primarily from two 

forces: the acoustic radiation force and the streaming-induced drag force. The acoustic 

radiation force is responsible for the levitation of the particles, and the lateral component 

of acoustic radiation force is responsible for the formation of nodes within the levitation 

plane.
18,19

 The streaming induced drag force tends to form vortical patterns within the 

fluid and contributes to the organization of spinning chains or spindles in the system.
20–22

  

One can control the relative contribution of each type of force active in the system by 

controlling the power input.
23

 The acoustic power density can be decreased in the system 

by reducing the amplitude of the actuating wave to the piezoelectric transducer. Because 

the acoustic radiation force in the vertical direction is much stronger than the acoustic 

streaming-induced drag force, by gradually reducing the amplitude it is possible to 
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sharply reduce acoustic streaming while keeping the nanorods in the levitation plane. It is 

thus possible to monitor these forces separately by monitoring their effects. The presence 

of the acoustic radiation force can be monitored by noting the levitation of the particles as 

well as the presence of lateral nodes within the levitation plane. In the absence of 

spinning chains, acoustic streaming can be considered no longer a dominant factor in the 

particle motion in the levitation plane. Simultaneously monitoring the presence of 

random autonomous motion, speed of nanorod propulsion as well as other patterns in the 

chamber one can gain insight into the forces responsible for propulsion. 

Gold nanorod motors (1.4±0.1µm long) were placed within the acoustic chamber 

operated at resonance (3.77MHz) and at 10V peak-to-peak (pp) driving amplitude. The 

rods were suspended within the levitation plane and after 30 s, random autonomous 

motion, spinning chains and nodal aggregates were established.  While monitoring the 

levitation of the rods, the presence of spinning and random autonomous motion the 

amplitude of the driving voltage was reduced by 1Vpp every 10 seconds. By monitoring 

the speed of rods undergoing random autonomous motion and the width of a spinning 

chain, it was found that there was an approximate correspondence between the 

disappearance of spinning chains and the sharp reduction of the speed of random 

autonomous propulsion, as shown in Figure 5. This observation provides further support 

that the streaming-induced drag force is the primary driving the autonomous axial motion 

of nanorods in regions far from the lateral nodes in the cell. We found that the speed of 

the random autonomous propulsion of the wires is proportional to the square of the 

amplitude of the driving voltage. 
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Figure 5-6. A. The amplitude (voltage peak to peak) dependence of the speed of autonomous 

axial motion of nanorod motors. B. The amplitude dependence of the width of a spinning chain. 

The dashed line marks the complete disbanding of the chain, which corresponds to the plateau in 

speed of the axially propelled rods. C. Frames showing the disbanding of a spinning chain with 

decreasing amplitude. 
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5.3 Experimental Details 

5.3.1. Nanorod Fabrication, Characterization and Release. 

 

The metals Au, Rh, Pd, Ag, Pt and Ru were electrochemically deposited from 

commercial plating solutions within porous anodic alumina templates obtained from 

Whatman.  The nominal pore diameter of the membranes was 0.2 µm, but the cross-

sectional diameter through the bulk of the membrane was 300 ± 30 nm. A 350 nm layer 

of Ag evaporated on one side of the alumina template served as the cathode. A 350nm 

evaporated Cu layer was the cathode for the AuAg sample containing Ag, in order to 

selectively dissolve the cathode layer without etching away the Ag segment of the wire.  

The metals Au, Rh, Pd, Ag and Pt were deposited using a two electrode cell under 

constant current conditions with a Pt coil serving as the pseudoreference/counter 

electrode. Au was deposited from Au-Orotemp24 RTU (Technic Inc.) at a cathodic 

current of 1.24 mA/cm
2
 with a deposition time of 13 min. yielding a 1µm segment.  Rh, 

Pd, Ag and Pt were deposited from Techni Rhodium RTU, Pallaspeed VHS-RTU, 1025 

RTU and Platinum TP RTU (Technic Inc.) at constant current densities of 1.76mA/cm
2
, 

0.88mA/cm
2
,2.21 mA/cm

2
 and1.76 mA/cm

2
. Under these conditions for Rh, Pd, Ag and Pt 

deposition times of 120, 20, 8, and 40 min, respectively yielded 1µm segments of the metal. Ru 

metal was deposited at a constant potential of -0.650V in a three electrode cell with a Ag/AgCl 

reference electrode and a Pt coil counter electrode from Ru-U solution (Technic Inc.). A 25 min. 

depositon yielded a 1µm segment of Ru.  In all cases a sacrificial Ag segment (Cu segment in the 

case of electrodeposited Ag) was plated directly onto the evaporated Ag cathode (Cu cathode in 
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the case of Ag) prior to the deposition of the metal of interest.  The length of the sacrificial 

segment in all cases was approximately 10µm. Cu was deposited from a 0.1 M copper sulfate 

solution at a constant current density of 0.88 mA/cm2 with a Pt coil counter electrode for one hour 

to obtain a 10 µm sacrificial segment. Bimetallic wires were fabricated by changing the 

deposition solution within the cell. After deposition, the cathode material and sacrificial segment 

were selectively dissolved. The silver cathode and sacrificial segment were dissolved in 1:1 

water: concentrated nitric acid solution by soaking the membrane for 20 minutes. The copper 

cathode and sacrificial segment were dissolved in a proprietary copper etchant solution Copper 

Etch BTP (Technic Inc.) by soaking for one hour. The alumina membrane was then dissolved by 

soaking it in 2M aqueous NaOH overnight. Multiple rinsing steps were then done, involving 

repeated centrifugation, removal of the supernatant and filling the centrifuge tube with water, to 

suspend the wires in water. 

 FESEM images of nanorod samples were obtained to determine the length of the 

rods and the length of each metal segment. At least 21 rods were measured per sample. 

X-ray powder diffraction patterns of nanorod samples, still embedded in the membrane, 

after removal of the Ag or Cu sacrificial layer, were obtained over a range of 10 to 90 2θ 

angles. Typically a quarter of a membrane, which had an area of 0.44cm
2
, was used in X-

ray diffraction experiments. Typically a quarter of a membranes was used at an area of 

0.44cm
2
. X-Ray diffraction results reveal a AgCl phase within the Ru containing wires. 

As AgCl has a density of 5.56g/cm
3 

which is lower than the density of  Rh and Ru (12.41 

g/cm
3
) its presence in the Ru segment of the wire results in an overall reduction of 

density of that segment of the wire. Additionally scherrer analysis of the X-Ray 

diffraction patterns reveal that the average grain size within the Ru metals segments is 

4.3nm while it is 10.7nm, more than double the value for Rh, hence the packing of the Rh 
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gains within the segment is more compact than that for Ru which may result in a slight 

reduction of the density of the Ru segment relative to Rh. The X-Ray diffraction patterns 

of the samples can be seen in Figure 5-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7. X-Ray diffraction patterns of nanorods within the membrane with indexing. A. 

Diffraction pattern of AuRu rods. The wide Ru pattern of low intensity indicates the small grain 

size within the Ru segment. B. X-Ray diffraction pattern of Ru wires. Peaks are indexed. C. X-

Ray diffraction pattern of AuRh wires with peaks indexed.  
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5.3.2. Acoustic Chamber. 

 

The cylindrical acoustic chamber consists of a stainless steel plate (4.2 cm x 4.2 

cm x 1mm) , a few layers of kapton tape (180µm height) with a 5mm hole punched in the 

center defining the chamber and a thickness mode piezoelectric transducer (1mm thick, 

PZ26 Ferroperm, Kvistgard, Denmark) attached to the other side of the stainless steel 

plate (epoxy, Chemtronics, ITW, Kennesaw, GA, USA). The center of the cell has a 

resonance frequency (levitation frequency) of 3.77MHz. An amplitude of 10 volts peak to 

peak was used. To set up the standing wave within the chamber a glass coverslip was 

used as a reflector.   

5.3.3 Determining the Width of a Spinning Chain.  

The width of the spinning chain in Figure 5 was quantified by first selecting a 

frame from the frame sequences representing a particular amplitude (voltage peak to peak 

value). The image was imported into ImageJ an open access software program for image 

processing and analysis developed by the National Institutes of Health. A rectangular 

section 134 µm in width by 1 µm in length was selected and using the “Plot Profile” 

function within the “Analyze” menu the brightness intensity distribution within the 

selected area was produced. For a chain this approximated a bell curve, the spread of 

which was the width of the spinning chain. This process was repeated three times for 

each voltage peak to peak plotted. An example of the method used can be seen in Figure 

5-8. 
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Figure 5-8. The plot of the light intensity distribution of a spinning chain (10Vpp) that 

approximates a bell curve. The spread of the curve is used as the width of the chain. The inset is 

the zoomed out intensity data. 

5.3.4. Optical Imaging and Tracking. 

Optical imaging was done with an Olympus BX60 light microscope. Video 

capture was done in the range of 25 to 60 frames per second.  Open access video tracking 

software Video Spot Tracker (http://cismm.cs.unc.edu/downloads/?dl_cat=3) was used to 

track the movement of individual nanorods. 
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5.4 Conclusion 

Bimetallic rods axially propel in a polar fashion with the lower density metal segment 

leading. This can be attributed to lower density wires moving at faster speeds. When the 

densities of the two metal segments are close, shape asymmetry determines polarity with 

motion occurring towards the concave end. Nanorod speed decreases with increasing 

length, in support of a streaming induced drag force dominated motion. There is also a 

correlation between the reduction to elimination of spinning chains and random 

autonomous motion and a correspondence in their further supporting a streaming induced 

drag force dominant motion. The results help shed light on the mechanism of propulsion 

as well as provide additional detail in the material dependent behavior of ultrasonically 

propelled motors that can incorporated into existing theoretical models aiming to explain 

propulsion. 
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Chapter 6 

 

Conclusions and Future Possibilities  

6.1 Introduction 

Since their discovery in 2004, artificial nanomotors have garnered considerable 

research attention and have been studies for use in a number of potential applications.
1–5

  

In this work we have accomplished several goals  towards moving ultrasonic motors into 

the applied realm including controlling their motion, verifying their biocompatibility, 

understanding their assembly and looking into some of the factors that affect their motion 

including shape and material. In this chapter I outline some of the thrusts that could be 

explored to help move this field into a more applied realm. 

 
6.2 Future Possibilities 

6.2.1. Collective Behaviors 

Among the promise of autonomous motors is the possibility of having 

independent populations of nanomotors carrying out coordinated and collaborative tasks. 

2,6,7
 In order to achieve collective behaviors between nanomotors, whether or not they are 

identical or different, communication or signaling between motors is necessary.  

Biological organisms, such as ants, leave a chemical trace for other organisms to detect in 

order to coordinate tasks. Chemical signaling between motors that results in clusters 

larger than a few particles have been demonstrated, these motors are typically light 

powered.
8–10

  These reports have focused on collective behaviors between identical 
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particles. Only in a few cases, where passive silica particles are mixed with light 

activated AgCl and Ag 3PO4 particles, are between different populations of particles 

reported.
9,10

 Electrostatic interactions between chemically powered bimetallic rods and 

passive tracer particles has also been demonstrated as the consumption of hydrogen 

peroxide fuel leads to differential local concentrations of ions on each end of the rod.
11

 In 

all of these cases, whether the signaling method is chemical or electrostatic, it has relied 

on the presence of ions within the media. These requirements disqualify chemically 

mediated collective behaviors for a variety of applications including biomedical 

applications where there is a high ionic strength medium. 

Hence there is a need for a non-chemical method of achieving collective 

behaviors for nanomotors. Enabling the collective behaviors between fuel free 

ultrasonically propelled rods through physical interactions is desirable. Preliminary 

reports of few particle assemblies of ultrasonic motors using magnetic interactions 

presents a starting point for the engineering of collective behaviors between different 

populations of ultrasonic motors using magnetic interactions. 
12

 By varying the magnetic 

character of different populations of nanorods it should be possible to engineer specific 

inter-motor interactions. The behavior of chemical motors of different magnetic character 

including: ferromagnetic with transverse and longitudinal magnetization directions and 

paramagnetic rods have been studied when placed on a magnetic garnet film.
13

 The 

ability to selectively control magnetic nanorods within a mixture containing  

paramagnetic beads by controlling the size of the magnetic field has been demonstrated. 

Magnetic rods were steered through a mixture containing paramagnetic beads using an 
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external magnetic field and the rods attracted the beads behaving like a “vacuum 

cleaner”. 
14

 

 When traveling in groups, biological organisms thed to follow different patterns. 

Birds tend to have multiple leaders when flying in flocks whereas packs of wolves have a 

structure where there are leaders and followers. In order to achieve leader-follower 

interactions that are magnetically mediated, one set of wires (leaders) should be 

responsive to an external magnetic field, while another set of wires (followers) are not 

responsive to the external magnetic field yet responsive to the local magnetic field 

(magnetic signals) of the leader wires by virtue of their proximity to them. To achieve 

this one may control either the magnetization direction of the two populations of the 

wires or the magnetic character of the two populations of wires. Ferromagnetic wires 

with a transverse magnetization (length of magnetic segment smaller than diameter of the 

rod) are steered using magnetic fields in the plane (xy direction) of the set-up, while those 

with a longitudinal magnetization need a magnetic component in the z direction.
15–17

 This 

could be used to steer one group of wires and not the other all while magnetic interactions 

between rods can serve to coordinate their motion making for leader-follower wires. 

Alternatively, ferromagnetic wires that are steerable using small external magnetic fields 

(milliTesla) may serve as leaders while paramagnetic wires as followers. To make 

paramagnetic wires, a polymer segment with paramagnetic iron oxide nanoparticles 

incorporated into it, is grown within the gold nanorods. Schematics of the wires to be 

used can be seen in Figure 6-1. 
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Figure 6-1. Rods of different magnetic character. (yellow represents gold and green represents 

nickel) A. Gold rod with a magnetic stripe smaller than the diameter of the rod ensuring 

transverse magnetization. B. Gold rod with a magnetic stripe longer than the 300nm diameter of 

with a longitudinal magnetization. C. Gold rod containing a polypyrrole polymer segment with 

embedded Fe3O4 superparamagnetic nanoparticles (white represents polypyrrole, red represents 

5nm to 20nm Fe3O4 superparamagnetic nanoparticles) 

Ferromagnetic, nickel containing, nanorods were made with transverse 

magnetization. Ferromagnetic rods containing a single magnetic stripe 80nm in length 

and 300nm in diameter moving at approximately 17µm/sec have an interaction distance 

of 1.8 µm/sec, this is smaller than the body length of the rod. 
12

 To increase the 

interaction distance two additional nickel segments were grown within the gold rod. 

Figure 6-2   Hence three nickel segments approximately 40 nm, 100 nm and 100 nm in 

length were electrochemically deposited in a three electrode cell as previously 

described.
12

 Paramagnetic rods were also made. They were gold with a polypyrrole 

segment with embedded superparamagnetic Fe3O4 nanoparticles. Polypyrrole was 

electrodeposited at 0.75V vs Ag/AgCl  with a platinum couter electrode from distilled 

pyrrole.  Iron oxide nanoparticles were synthesized using a standard co-precipitation 

technique.
18

 The particles were  embedded into the polymer segment by mixing them in 
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the pyrrole deposition monomer solution.
13

These rods were released from the membrane 

and TEM images were captures. Figure 6-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2. A. FE-SEM image of ferromagnetic transversely magnetizable nanorods. They are 

made out of gold with three nickel segments. B. TEM image of paramagnetic nanorods. They are 

made of gold with a polypyrrole segment with iron oxide nanoparticles. C. Zoomed in TEM 

image of polypyrrole segment containing Fe3O4 nanoparticles. 

 

 

Squid magnetometry would be needed to determine the magnetic dipole moments 

of the rods and hence the maximum approach distance needed for one rod to detect the 

other at varying speeds  in order to determine the optimal nanorod density and speed for 

inter-wire interaction. Preliminary trials in the acoustic chamber show that both rods 

types propel strongly. The ferromagnetic wires are steerable using a milliTesla magnetic 

field, similar to the single magnetic stripe rods, while the paramagnetic rods are not 

responsive to the magnetic field, as desired. Further experiments are needed to determine 

the appropriate conditions for inter-wire communication and quantify these interactions. 
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6.2.2. Biomedical Applications 

Acoustic Chamber Design 

Acoustic propulsion of nanorod motors has so far been done exclusively in an 

acoustic chamber of dimensions far from those that the rod would encounter in a 

biological system. It remains to be seen how acoustic propulsion would translate in 

vessels whose dimensions and aspect ratios more closely approximate that of the arteries 

(0.1-10mm diameters), veins and capillaries (5µm diameter) in a biological body. These 

structures do not have strict 3D confinement, hence levitation would be less likely to 

occur or the attainment of a resonance frequency of a vessel. Recent reports seem to 

demonstrate that levitation at a resonance frequency, although useful for fundamental 

studies as it eliminates the occurrence of sedimentation,  is not crucial for the observation 

of acoustic propulsion as propulsion was observed at the bottom of the acoustic chamber 

while rods were not in levitation.
19,20

 It is not clear as well how the behavior of the rods 

will change, including the maximum speed they can attain, as they propel within a 

capillary of varying sizes where the effect of the boundaries is more pronounced. 

21
Acoustic streaming seems to be the crucial factor in inducing acoustic propulsion, and 

boundary streaming is always present, and its patterns will be altered. 
22–24

 Hence 

systematic experiments are called for to explore the effect of chamber design on acoustic 

propulsion and the forces that can be attained from acoustic propulsion. Additionally, as 

capillaries and arteries are usually organized into networks it would be informative for a 

variety of applications to see how they move or select their paths within a capillary 

network.
21

 (Figure 6-3) Nodal behavior at this point seems to be largely either non-
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essential or parasitic, further study into this may be useful. Exploring fluids of varying 

viscosities or fluids that are biologically relevant, as well as capillary walls that may be 

more accurate mimics of biological blood vessels in terms of softness are also crucial for 

applications in biological systems. 

 

Figure 6-3. Chemical motor motion within a PDMS microchannel network. Panels A-C show 

nanomotor tracks through the channel, with (a-d) in panel B showing the paths of 4 different 

nanomotors. [Reproduced from reference 15.] 

 

Biological Cells 

The interaction of acoustically propelled motors and biological cells has been the 

topic of several recent reports. The use of red blood cells as ultrasonically propelled 

motors, targeting and delivery of drugs towards cells, incorporation and actuation of 

acoustic motors within cells and the evaluation of the biocompatibility of cells mixed 

with motors for varying amount of time have been reported.
15,25–28

 The motivation behind 

the majority of these reports has been the elimination of cancerous or diseased cells. Yet 

in all of the above examples there has been no attempt to mechanically puncture the cell 

wall either to deliver cargo or to attempt to kill the cell. Reports of drug delivery using 

acoustically powered rods have only talked about the release of cargo in the vicinity of 

cells, not within them .
27

  Hence the ability of motors to "enter” a cell is important as it 
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would allow drug delivery or microsurgery within the cell. Magnetic mircodrillers have 

been demonstrated and provide a road map of what can potentially be achieved with 

acoustic motors.
29

 The rapid rotation of rods within spinning chains provides another 

avenue for using them as microdrillers.
30

It would also be interesting to determine the 

viability of the cell after puncture. Once inside a cell, the ability to target the motor to 

different organelles or to interrogate the conditions within the cell is crucial. In order to 

do this, one must stain separate organelles in order to explore the effect of the presence 

and motion of the motor on them. Mitochondrial staining and targeting would be a good 

place to start as it is the energy producing center of the cell and its function may be 

indicative of disease. 
31

 Full organismal studies would also be useful to more closely 

evaluate the effect of the presence of motors on the organism’s health and life 

expectancy. Although initial reports have been made on nanomotors inside full organisms 

(rat), the rats were sacrificed within hours and there is no discussion of the effect of the 

motors on the liver or if there was any immune response. 
32

 

6.3 Conclusions 

Much progress has been made in the field of nanomotors in the past decades 

including the discovery of a variety of propulsion mechanisms and much effort geared 

towards applications. Ultrasonic motors in particular have shown promise for biomedical 

applications. In this work we are hopeful we contributed this field forward towards 

applications. 
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