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SUMMARY

This thesis presents new paradigms for a particular clasemfprehensile manipulators of
nanoscale objects that are limited to modelling accurdtedyrelative motion of objects us-
ing continuous mechanics where the contact area is notrgegkeThis restrictions results

in models which have low accuracy and a lack of understanaliogit the real motion of the
nanoscale object. The newly developed paradigms are fdause¢hree topics: characteri-
sation and analysis of forces present during motion at rea@sn two dimensional space;
characterisation and analysis of the quasi-static motioranoscale objects using tkee in-
stantaneous centre of rotatic@OR; and characterisation and analysis of the quasi-static,

impulsive and dynamic motion of nanoscale objects usingonaonstraints and th€ OR.

For characterisation and analysis of forces present orctsdpeing manipulated at nanoscale,
new models to characterise rolling and sliding motion ateduced. For the sliding case a
relation between friction load (force and torque) and slgtion (displacement and rotation)
for rigid nano-object sliding on a flat and a rough surfacegrgtihe distribution of the normal
contact forces is assumed to be known a priori and the frigi@ssumed to be independent
of slip rate is introduced. Every point of frictional contas assumed to obey Coulomb’s
friction law. A developed set of equations are solved, penfog high accuracy integration
techniques such as tiBlirsch-Stoer Method implemented on a computing programming

language such as FORTRAN.

The full relation between the frictional load and the sliptiao for a nano-object can thus
be described by itCOR. A new methodology to model the quasi-static motion of naates

objects is presented from which are derived equations #rabe used to approximate the tri-



bological parameters of the nano-objects being manipdifateknown and unknown contact
pressure distributions. The characterisation of the loioal parameters, such as the coeffi-
cient of friction ., is obtained from generated maps using the applied forckeoolbserved
iICOR location of the nano-object being manipulated. The apprtes several advantages,
including simplicity, robustness, and an ability to sintalelasses of systems that are difficult

to simulate using spatial mechanics.

The final part of this thesis introduces a novel constraageal method in combination with a
minimum force principle to locate tHEOR position for nano-objects at quasi-static motion.
Furthermore, the€COR location for impulsive and dynamic motion cases are intoedi The
results generated by modelling these cases can descrilfellthetion of the manipulated

nano-object and generate knowledge of their tribologieaameters.
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Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{n/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252€N]. Co-
efficient Friction: = 0.130000E+00 . Object mass: m= 0.623425E-18[kg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000E1Dp&¢= 0.550000E-
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3.26 Coordinates of Application Force: Xn= 0.275000E-07¥n= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m].
Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{n/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252€N]. Co-
efficient Friction: = 0.140000E+00 . Object mass: m= 0.623425E-18[kg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000E1p&¢= 0.550000E-

3.27 Coordinates of Application Force: Xn= 0.275000E-07fm= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m].
Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{dn/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252HN]. Co-
efficient Friction: y= 0.150000E+00 . Object mass: m= 0.623425E-18[kqg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000EP&¢= 0.550000E-

3.28 Coordinates of Application Force: Xn= 0.275000E-07¥n= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m].
Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{n/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252€N]. Co-
efficient Friction: = 0.160000E+00 . Object mass: m= 0.623425E-18[kg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000E1Dp&¢= 0.550000E-
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3.29 Coordinates of Application Force: Xn= 0.275000E-07¥n= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m].
Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{n/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252€N]. Co-
efficient Friction: = 0.170000E+00 . Object mass: m= 0.623425E-18[kg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000E1p&¢= 0.550000E-

3.30 Coordinates of Application Force: Xn= 0.275000E-0[7¥n= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m].
Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{dn/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252HN]. Co-
efficient Friction: x= 0.180000E+00 . Object mass: m= 0.623425E-18[kg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000EP&¢= 0.550000E-

3.31 Coordinates of Application Force: Xn= 0.275000E-07¥n= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m].
Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{n/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252€N]. Co-
efficient Friction: = 0.190000E+00 . Object mass: m= 0.623425E-18[kg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000E1Dp&¢= 0.550000E-
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3.32 Coordinates of Application Force: Xn= 0.275000E-0[7¥m= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m].
Initial orientation: Angle= 0.000000E+00[rad]. Initiaklocity in x: Vx=
0.000000E+00[m/s]. Initial velocity in y: Vy= 0.000000E8{n/s]. Initial
angular velocityw, = 0.000000E+00[rad/s]. Pulling/Pushing Force Applied:
F=0.500000E-05[N]. Adhesion Force (VdW): Fvdw= 0.400252€N]. Co-
efficient Friction: = 0.200000E+00 . Object mass: m= 0.623425E-18[kg].
Object dimensions: sa= 0.550000E-07[m] sb=0.100000E1p&¢= 0.550000E-
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Chapter 1

Introduction

1.1 Motivation

The invention and development of tools in the last two desdbat can analyse objects in
terms of their fundamental elements opened new opporégnititechniques and for the ma-
nipulation process. The ability to control and to undergtabjects at the nanoscale is a field
which at the moment provides more questions than answectadsic Newtonian mechanics,
the mass of the object (the composition of the body) playsrgortant role. At the atomic
level the mass is an important parameter which helps to @galements in a periodic ta-
ble. On the other hand, a large proportion of the research dbthe moment at the nanoscale
gives no such importance to this parameter when the motitreasbject is described. There-
fore, most of the reported equations of motion have a lack®iiano-object’s mass in their

terms.

Currently, modelling the motion of objects at the nanosalenited to models which have a
lack of analysis over the contact area as the analysis isfdo@adine of contact. On the other
hand, contact area analysis is restricted to being usedsunetie models. Discrete models
use a proposed real contact area. This real contact areaasaljg smaller than the boundary
defined by the edge of the contact zone between the nano abjgtte substrate surface. The

real contact area is analysed by multi-dynamics moleculalyais MDM ). Multi-dynamic-



molecular analysis is computationally expensive and édhito simulated small areas. In
addition, the use of different and non-standard models hvbd&fine the frictional force pro-

vide a big range of non-unified criteria and results.

Moreover, the reported manipulation of nano-objects isedmwst commonly by empirical
experimentation. Nano-objects are manipulated and thergesd motion registered in an
attempt to characterise their motion. Therefore, more @&tiforts are concentrated to model
and described the actuator dynamie.(AFM-probe) to provide a robust and efficient scheme
of control which attempts to accurately and precisely pasihano-objects into a desired lo-
cation. In addition, manipulation at the nanoscale presaidck of visual control as conven-
tional optical microscopes breakdown. Thus, during theimdation of nano-objects, it is
difficult to correct any motion in real time. As a consequertbe resulting motion is only
observed after the manipulation is completed and a teckrtiogt cope with uncertainly of

the nano-object position is requested.

Furthermore, the study of analysis of motion of manipulai@co-objects is restricted to mod-
elling quasi-static motion. This generates a gap in maughither stages of motion that the
nano-object being manipulated might experience. Anatysstudying and modelling these
phases of motion can result in a more complete view of theandhat the nano-object will

have a priori to be manipulated. Achieving controllabibiyd repetition in the experimenta-

tion will also open a new understanding of the motion at theosaale.

All of these forecasting problems mentioned in previousageaphs motivate a high interest
in developing new and simple models which can describe thelynamics of nano-objects
being manipulated by pushing operations. A pushing operasi a robust technique and an
efficient method being used at the macro-scale to accurpteifion objects. Translational
motion and rotational motion are two basic operations tatjposobjects. Therefore, transla-
tion and rotational motions can accurately be used for alslyeiasks and to analyse materials

properties at the nanoscale. Moreover, the motion of objsalirectly related to their tribo-



logical properties. Tribological properties at the nards@re not well defined and need to

be understood in order to provide accurate motion modelseobbjects being manipulated.

1.2 Aim and objectives

The aim of this research is to provide a new analysis and teldp\new equations to describe
the dynamics of nanoscale objects being manipulated wighpmint of contact by pushing

operations. The specific objectives are:
1. To precisely and accurately calculate the position obrainjects being pushed.

2. To study and to analyse Quasi-static, Impulsive and Qaysamic motion of nanoscale

objects.

3. To study and to analyse the frictional properties of tidirsl) nano-objects using their

instantaneous centre of rotatiocGOR.
4. To validate the use of Coulomb’s friction law model at tlamoscale.

5. To study and analyse different types of motion such asdhieg and sliding of nano-

objects.

1.3 Methods

For the aim and objectives proposed in this thesis and destm Section 1.2, each one will
follow the same problem solving approach to reach the désibgectives. The methods used

in this research may be summarised as follows:

Literature review: the most relevant papers for each research topic will bewed, point-
ing out the key results, advantages and disadvantages. shbidd help provide the
groundwork for the research. In addition, all selected papell be registered in a
database using an specific utility for the generation ofibgvhphic references such

asjabRef. jabRef provides visual tools to organise references by categanys Will



provide a panoramic view of the topics and categories coMeyedhe literature review.

Also, it will shows the publication houses most relevantuo iesearch.

Critical thinking: after the literature review is done, key questions for easearch topic
are generated to produce a hypothesis. Moreover, the hggstiill provide a frame-
work through which to look at things and also something tokitowards. The frame-
work analysis will derive new equations and methodologikgtvcan explain and give
answers to the nature of the selected issues. ldeas, analydidiscussions will be

recorded by hand-writing in a notebook for further refeeenc

Experiments: practical simulated experiments are also required to asithe hypotheses
and to see if the new developments really work. Each propossttiod will be tested
using different conditions or scenarios to increase thegggion of the problem under
analysis. Increasing the perception of the problem sonestican give new directions
making the hypothesis more robust. Finally, simulatiorgpaons will be provided with
tools to help to organise the generated information. Canesetty, a clear and organised

record of the experiments will be made possible for furthmelgsis.

1.4 Outline of the thesis

This thesis is organised into six chapters. The second ehisghe literature review. The next
three chapters correspond to the three core researchhedidns. The sixth and final chapter

of this thesis summarises the conclusions and possibletdins for future work. The topics

addressed in each chapter are as follows:

Chapter 2 presents the state of the art of the concepts bémenohethods and techniques
used at each stage of this research. This literature revi#womtain the most important and

recent applications related to the fields developed in thie perts of this research.



Chapter 3 develops the architecture of the equations and&fihe the geometry of the pa-
rameters involved to the develop the equations of motiore déveloped equations of mo-
tion are solved by accurate techniques implemented in apegformance programming lan-
guage. The developed programming code is used to analysdemadbe the dynamics of
nano objects being pushed. In particular, frictional faaoalysis for a contact area is carried
out for two types of motion: Rolling and Sliding. Two differeproposed models are intro-
duced to explain the differences between the forces actintdh@ nano-object when it rolls
or slides. Numerical simulations for these motions foratiint objects are presented. From
previous simulations in sliding motion the problem of stgllde takes a different perspective
according to the obtained results whereas in rolling moéorerratic static frictional force

behaviour is demostrated.

Chapter 4 describes a developed alternative and robusbdwtyy to findthe instant centre

of rotation (ICOR) of nano objects. The&COR is used to precisely characterise the nano-
object going into sliding motion at any instant of time bepwghed or pulled. The developed
methodology is derived in equations which approximateribelogical properties of the nano
objects being manipulatedd. coefficient of friction). Also, the developed equations jare-

sented to model th€€OR location in known and unknown contact pressure distritsutio

Chapter 5 reports the development of a new equation whichowes the results in the lo-
cation of theiCOR mentioned in Chapter 4 and extends an analysis to evalutiéeedit

conditions of motion. These conditions of motion corregptmthe impulsive and dynamic
cases. Then, the obtained results are critically analysddaelation between the location of

the applied force and a consisté@OR location is presented.

Chapter 6 presents the conclusions and the main contritsutibthis thesis. Suggestions for

future research in this field are also provided.



Chapter 2

Background

2.1 Introduction

This chapter starts with the state of the art regarding toipuogetion process of micro and
nanoscale objects by pushing operations. The chaptemc@stiwith a detailed description
about techniques and methodologies implemented to matgulibbjects. Finally, supported
theory and description of interactive forces that perforeween nanoscale objects is pre-

sented.

2.2 Manipulation of objects at nanoscale

The manipulation of elements down to atomic scale lengthleas related to the process of
manufacturing. Manufacturing techniques are changingaltiee characteristics of materials
in size, shape and the manner of how materials need to begsextéor the creation of new

products [1, 2].

In dealing with the manufacturing process at the nanostateapproaches are implemented:
top-down andbottom-up. Thebottom-up or self-assembly procests focused on the assem-
bly of nano devices using their atomic components and tineimical properties for assembly

into more complex and organised structures without humamemhanical intervention [3, 4].



On the other hand, thiep-down manipulation process of nanoscale elements involves me-

chanical manipulation using new, highly precise contbtiaols [5-12].

The mechanical manipulation of objects at the nanoscaleh®aed by techniques such as
non-prehensile handling.¢. pick and place operations). This is difficult to achieve as vi
sion at the nanoscale is limited to the operator and adh&sives became dominant [13—-15].
On the other hand, the non-prehensile technique deals athricertainly in the location of
the objects and reduces the amount of time required to posiind orientate objects. Non-
prehensile schemes of manipulation consist of pushing bingwperations using one point
of contact or morei(e. stable pushing). Examples of this manipulation schemes rav
troduced in [16-23]. However, there is a lack of theoretioaldels which can describe the
achieved results and only few of the cited literature refees introduce models to describe
the dynamics of the motion of the manipulated objects [24—PBerefore, this research is fo-
cused on the analysis and models to describe the maniputztan object by non-prehensile

techniques.

2.3 Scanning probe microscope SPM

Scanning probe microscopeSHMs) represent a group of tools and techniques for imaging
and manipulating objects at micro, nano and atomic levéls32]. In generalSPMs’ image
acquisition principle is based in a sharp tip/probe whiciinscthe surface at close distance
from it. Variation in the probe position due to electrostamiteraction between the probe and
surface is transformed into a profile surface topographyafi@r analysis and inspection. On
the other hand, the use 8MPsfor manipulation tasks can also be achieved by bringing the

probe into mechanical contact with a micro/nano-objecjdar



The first device to belong to this category ®PM’s is the scanning tunnelling microscope
STM. Developed in 1980 by Bining and Gerber in the IBM Zurich lediory, theSTM
gained for its inventors the Nobel Prize in 1986. The prilecgf operation of th&TM con-
sists in generating a constant tunnel current from a shatgamductive probe which interacts
very closly to a conductive surface (distances less thar).Ilffe probe control is realised by
means of piezo-drives, which expand and contract accotdiagdrive voltage applied. Val-
ues in the tunnel current between the probe and the surfacegek due to heights variations
in the surface of the sample. Thus, by monitor variation$eftunnel current, a topography

image of the sample can be obtained.

Manipulation using th&TM was first reported by Eigler’s group at the IBM Almaden labo-
ratory to move and order Xenon atoms to build the IBM logo ia &arly 1990s by using a
sliding or dragging process. In this scheme of manipulatieeSTM probe is brought suffi-
ciently close to an atom for the attractive forces to prewadr the lateral motion resistance.
The probe then moves over the surface and the atom moveswltnd. Finally, after the
desired location is achieved, the probe withdraw from thiéase leaving the atom in its new

position.

The STM has two disadvantages which breaks down in two considesgtfostly, theSTM
can only work for conductive samples; secondly one SW#® operates in ultra hight vacuum
(UHV) and in most cases at low temperature, resulting in times@aing image acquisition

process [32].

The second and most widely used instrument inSF# category is theAtomic Force Mi-
croscopg(AFM) [33]. Unlike its predecessor tH&TM, the AFM can operate in a diversity
of environments like liquid, vacuum or ambient conditiomsking it suitable for a variety of

applications at micro, nano, atomic scales and biologyiegipbns [25, 34-42].



2.3.1 AFM-based nano manipulator

The AFM operating principle is similar to its predecessor 81eM. Also, it can operate in

a range of different modes € contact, non-contact, lateral mode, etc...). InAké basic
configuration, theontact modethe AFM scans the surface with a sharp probe over a very
short distance~+ 1nm). TheAFM -probe is attached at the end of a rectangular or triangular
cantilever. The geometry of th&FM -probe apex is spherical, with a radius of less than
10nm. Interactions forces between the sample and\fid -probe are measured according
to the cantilever deflection. This deflection will changeaading to the interaction between
the AFM -probe and the surface topography. The cantilever deflecsiobtained optically

by hitting the back of it with a light beam (laser) and recaglthis deflection in a quadrant
photo detector. Thus, the output signal of the photo detdztoome in a 3-D topography
image of the sample under inspection. In addition AR can be used to image conductive

and non-conductive materials as electrostatic forcesrasept in all materials.

2.3.2 Methods for pushing of micro/nano particles.

Manipulation and assembly at the micro/nano scale has bearea of considerable research
over the past several years. Critical to the developmentiofatmano assembly is the study
of the basic modes of manipulation such as pushing, pullmj@ck and place. As a ma-
nipulation tool, theAFM -probe can be used to directly contact and position indsdigharti-
cles. Prior research demonstrated the ability to positidividual particles of spherical and
cylindrical shapes lying on planar surfaces through pugshimd pulling techniques using an
AFM -probe as a manipulator [34, 43—-48]. In all previous pushiagipulation methods, the
AFM -probe and particle come into contact and then move togeititéithe contact between
them is lost. After contact is lost, a subsequent image ertas determine the actual position

and orientation of the patrticle.

Dynamic motion modelsf the particle behaviour under manipulation are obtainsicgi

forces sensed by th&FM -probe. Then they can be used in order to predict the particle



motion. However, the accuracy of these models can be affdntehe calibration oAFM -
probe-sensing [49], ambient conditions and the natuiFdfl sensors (piezo electric mate-
rials). In addition, substrate and particle materials atated with a particular type of inter-
action affecting how the particle is manipulated and bebawethe surface. Thus, a variation
of these parameters and conditions can affect the resudirtidlp motion and particle-probe
interaction. In the latter, a contact lost can occur due ¢orthiation of the particle with ref-
erence to th\FM -probe. Furthermore, the particle aA&M -probe could also slip or roll
if a control technique is deficient to compensate this prmolsleAnother problem related to
pushing methods is sticking due to indentation (excessexpfdrce) and electrostatic charges
generated due to the friction of two surfaces in contact. [&tter can be significantly reduced
by grounding the substrate (connecting it to an electricgd) to dissipate the electrostatic

currents generated during the particle movement.

On the other hand, some results have been achieved pslingg to position spherical parti-
cles [50]. However, pulling has been only achieved by selggiarameters such as the size of
the particle, the radius of th&FM -probe, the force applied to the particle, and the tip-phati
contact angle such that the adhesion force at the tip-pamiterface exceeds the forces at the
particle-substrate interface (tangential forces) to ntheeoarticle. As a result for most cases,

adhesion forces at the particle-substrate interface atetbat pulling cannot be achieved.

Whereas a major success has been achieved thpusjtingoperations, yet a common prob-
lem is that the particle will slip or spin about the tip [51]hdrefore stablishing these particle
conditions {.e. translation and rotation) become of vital importance towessuccess in the
manipulation of objects at micro and nano scal@vercoming these problemgushingis
desirable for manipulation gsulling can only be achieved for larger particles where large
adhesion forces are possible due to the large surface ¢@m&scat the tip particle-interface.

In the next sections pushing strategies and methods wilekeribed.

10



2.3.2.1 Method I: Moving substrate with controlled constan speed while the AFM-

probe is in contact with particle.

In this method the stageposition is fixed at a constant reference height from thetsaitesus-
ing the signal coming from thieVDT (linear variable differential transformer) position sens
integrated with théAFM z-axis control stage. This signal is used to measur&fd -probe
deflection (i.e. forces during pushing). This technique assumes the stbsraery flat and

parallel to ther — y positioning stage which is not always the surface case.

For instance, this method is being used to characteriseittimhal behaviour between the
nano particle and the substrate at contact by measuringtbesf during pushing [52]. How-
ever, this technique can not compensate for errors due tsuhstrate random height or
orientation differences introducing these errors intortreasured frictional values, affecting

the control scheme efficiency.

The control scheme is shown in Figure 2.1 where the tip-g@artontact force/’ is moni-
tored at eachr — y stage(X;,Y;),i =1, -, % whereA is thex — y motion position size.

As error sourcesconsidered in this approach are:

1. The particle sticks to th&FM -probe and ther — y force offsets value adjustment.
Shortly after theAFM -probe makes contact with the particle, the applied fordkimwvi
crease the pushing force to overcome the static frictiocefaf the particle. Thus, the
transition from the static to the kinetic phase of the puglparticle will be controlled
by thex — y force offset value taking time to adjust the force applieduicing an error

source.

2. TheAFM -probe-particle contact loss. This error, despite theeddsop control, is ex-
pected due to the — y positions errors at the contact point and by the rotation/spg

of the spherical particle along theaxis duringpushing
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Figure 2.1: Control scheme for particle pushing with a cansAFM -probe height -adapted
from [53].
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Figure 2.2: Forces during pushing a nanoparticle usiniyfav -probe and nanoparticle mod-
eled as sphere -adapted from [54].
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2.3.2.2 Method Il: AFM-probe moves and pushes the targetedarticle over an immo-

bile substrate.

In this method the resultant tangential fofde-) , pushing forceacting betweeAFM -probe

and the nanoparticle is kept constant. The desired nandpartanipulation is provided by
controlling theAFM -probe load/normal forcé’, and its contact angle between théAFM -
probe and the nanoparticle. TB&M -probe and nanoparticle are modeled as spheres of ra-
dius R. TheAFM -probe angle is designed to be constant and greater thaw zerg+(+90°

for apushingtask, as shown in Figure 2.2 above.

Figure 2.2 shows the analysis of forces during the pushihgree, wheref, is the tangen-
tial/sliding frictional force between the nanoparticledaine substratel is the normal or
reactive force between the nanoparticle and substraterdhap/; is the rolling friction
moment acting on the nanoparticle and substrate as it faliss the rolling friction rolling
moment between th&FM -probe and the nanoparticle at contdétjs the normal or reactive
force between th&FM -probe nanoparticle and the nanopatrticle at contags the tangen-
tial/sliding frictional force between th&FM- probe and nanoparticléy- is the AFM -probe
lateral applied forcel/ is the substrate speed to neglect inertia effects,the AFM -probe -

nanoparticle angle in degrees, ani theAFM -probe normal deflexion.

To predict the dynamic behaviour of a spherical nanoparsiath as sliding, rolling, and spin-
ning, proposed empirical frictional models are derivediviag and plotting these equations
results in mode diagrams. Mode diagrams can related to thendig behaviour of nano par-
ticles and present and idea about the motion. However, @nabéarise if the tip slips from the
particle surface and make a contact with the substrateadstbthe particle during pushing
operation. This case becomes possible if the particle [8fl Slow pushingand careful
design of theAFM -probe-particle friction/sticking can eliminate this ptem. The proposed
control scheme in [53] for positioning spherical partickggh constant contact force control

is shown in Figure 2.3.

13
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Figure 2.3: Control scheme for particle pushing with an ApMbe constant force control
-adapted from [53].
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Figure 2.4. 1-D force analysis foAFM -probe-particle pushing interaction -adapted
from [52].
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The AFM -probe deflection measurement can be applied in two possbigtions according

to the number of forces registered. Therefore,

a) 1-D force sensing AFM-probe

Using 1-D optical or piezoresistive sensing, deflectiomadgf is measured. This
kind of simple set-up would indirectly measure the fricabforce F, by pushing
the particle in the x-direction. The normal deflection of &feM -probe is given
by:

_ F.cosa—Fysina F.sina+ Fpsina

AC = . — o (2.2)

whereA( is the only measured parameter which depends both,.and ..

For instance, assuming that is relatively very small with respect tB, by set-
ting 5 ~ 0, the bending due t&), is maximized by selecting tilt angle large and
anAFM -probe with a large probe height and short probe length dreefinz di-
rectionF,, can be extracted from the deflection data as shown in Figdred&so,
Figure 2.4 shows the analysis of forces during the pushingrse, wheref; is
the tangential/sliding frictional force between the naawdigle and the substrate,
f2 is the tangential/sliding frictional force between #hEM- probe and nanopar-
ticle, F} is the normal o reactive force between the nanoparticle abdtsate at
contact,F; is the normal o reactive force between #hEM -probe nanoparticle
and the nanoparticle at contadt, is the AFM -probe lateral applied forcey,

is the AFM -probe normal/load forcej is the angle between the— axis and
AFM -probe,«a is the AFM -probe deflexion angle) is the nanoparticle rolling
angle,¢ nanoparticle spining anglé€,is theAFM -probe normal deflexion mea-
sured according to Equation (2.1)is the identation deptl, is the radius of the
contact area between the nanoparticle (nanosphere) arsliiserate, andl” is

the substrate speed to neglect inertia effects.
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b) 2D force sensing AFM probe

In this method, the particle is pushed in the y-directiét) = 0) as shown in
Figure 2.5, and’, and F, are measured simultaneously from the torsional twist-
ing cantilever deflectiod\@d and the normal cantilever deflectiax( datas [55].
Figure 2.5 shows the analysis of forces during the pushihgree, wheref; is
the tangential/sliding frictional force between the naatigle and the substrate,
f2 is the tangential/sliding frictional force between thEM- probe and nanopar-
ticle, F is the normal o reactive force between the nanoparticle abdtsate at
contact,F; is the normal o reactive force between #iEM -probe nanoparticle
and the nanoparticle at contaét, is theAFM -probe lateral applied forcé, is
the AFM -probe normal/load forcej is the angle between the-axis andAFM -
probe,a is the AFM -probe deflexion angle) is the nanoparticle rolling angle,
¢ nanoparticle spining anglé€, is the AFM -probe normal deflexion meassured
according to Equation (2.29,is the identation depthy is the radius of the con-
tact area between the nanoparticle (nanosphere) and tsgateh and/ is the
substrate speed to neglect inertia effects. In this casenleflection equations

are defined as:

Al = — 2.2
¢ i o (2.2)
F,
Af = Sp—L 2.3
o 23
Ewt?
k= (2.4)
3
Guwt?  L?
0 ~ S
v =3~ g (2.6)
Ftw? w
b __ _ (N2
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Figure 2.5: 2-D force analysis foAFM -probe-particle pushing interaction -adapted
from [52].
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wherek., k.., kzz, andk:g are the spring constants for bending due to the normal
force, bending due to the lateral force moment, twisting duthe lateral force,
and lateral bending due to the lateral force, respectivelso, £ = 2(1 + v)G,

v~ 0331wt L = % and H are the Young’s modulus, shear modulus,
Poisson s ratio, length, width, thickness, structuralstant, and tip height of
the beam, respectively, is the sensor coefficient for the twisting measurement,
anda is the beam tilt angle from the base guaranteeing the poimtecbof the

particle with the substrate.

From Figure 2.5 measured forces to analyse the partiofpiasi-static motion

are related by equations

fi=F, = Fycos(f) — fasin(f) (2.8)
fo = f..cos(8) — Fsin(f) (2.9)
F,—F (2.10)

Thus, the empirical possible models of motion observed fwareosphere are:

« Sticking: If F,, = f1 < 7°Aandf, < 7°A,, the particle would stick to the

substrate and tip.

« Sliding: If F, = fi > A and f, < 7°A,, the particle would slide while

stuck to the tip.

« Rolling: If (fy — fo)R > f{ andf, > 75A4,,(i.e. f» = TA,), the particle
would start to roll while sliding from the tip. The same edaatcan be

written as
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[f- cos(B) — (1 +sin(B))F,|R > 1,A (2.11)

» Rotation (Spinning): If there is an offset of, along the x-axis, spinning
could occur along the z-axis whenzxz, > 7y A, wherery is the rotational

friction coefficient.

whereA = ma? and A, = wa? are the real contact areas for the particle-substrate
and tip-particle and, a, are the real contact radii of each interaction respectively
7% is the static or kineticK) shear stress of the particle and substrate contact and

the tip and particle contact points.

2.3.2.3 Method IllI: Non-contact AFM mode.

In 1998 Martin et al. [16] reported a method to manipulatengshe non-contacAFM. In
this method, particles to manipulate are metallic, of sjghéshape with a size between 10 to
100 nm on a smooth silicon dioxide substrate.(aerosol particle’s). During thRC-AFM
mode, theAFM -probe vibrate at a constant frequency near to the surfatssifgte). The
vibration amplitude diminishes as the distance decre&3eanges in the amplitude are used
to generate an image of the topography. In this modeAfd -probe is used for locating and
moving particles. Moreover, when using this technique thesbility of scanning the surface
and moving the particle at the same time became possible.op@ration avoids the sticking
problem that typically makes manipulation difficult in tA€&M contact mode. The control

scheme algorithm developed by Sitti in [52] to move paridtesummarised as

1. An image of sample deposited on the substrate is takenewdh&arget particle is se-

lected.
2. TheAFM amplitude feedback loop control is set at a very low ampétrate (.e. 2 Hz
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). Then, a linear trajectory path is selected in the desimegttion to move the chosen
particle. The length of the trajectory line scan is set to beua two or three times
the particle diameter, and its direction controlled by thgla scan parameter from the

AFM main control interface.

. TheAFM amplitude feedback control loop is then switched off to hewetrol only in

the direction of the z axis.

. The AFM probe height is increased gradually (brought close to tiface/particle)
until there is a clear change in the vibration amplitude e AlrM -probe. An offset
between the surface and particle height is calculated teptze vibratingAFM -probe
above the particle. The point which tiAd-M -probe touches the particle/substrate is
easy located as the vibration amplitude becomes zero. Tiasisagtees that the move-

ment begins in the desired location.

. Based on how th&FM -probe amplitude changes, it can be chosen either to lift or

lower theAFM -probe position to achieve a strong tip-particle intexatti

. When theAFM -probe touches the particle, it tries to push it towards the ef the
scan. The signal from the vibration amplitude is monitoredeal time to dertermine
the position of the particle. Displacements of the partiokey take place in one single

push or it may take a few scans to achieve it.

. After the particle has been moved, there is some offseiiriige scan line to continue
the movement until the final position is reached. If more thae pushing operations
are needed, the current particle position to start the mathim be located without taking
a topography image each time as the position and displangthlef particle is known

at each manipulation stage.
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2.3.3 Manipulation strategies

Manipulation strategies can be divided into two catego&m-automatic and Automatic.

2.3.3.1 Non-automatic pushing strategy

In method | and method I, the pushing manipulation strafetjpwed by theAFM was ac-

complished by the motion steps shown in Figure 2.6, where:

1. 1— 2 (auto-parking): Th&FM -probe is automatically moved in thedirection until
it detect contact with the substrate by measuring the eatildeflection (absolute tip-
substrate distance is not known initially), and retractackito a predetermined parking

heighth,.;.

2. 2 — 3 (automaticAFM -probe-particle contact detection): TiA&M -probe is moved
along the substrate until it detect the particle by the ¢tardr deflection detection, and

is then stopped.

3. 3— 4 The particle is pushed for a desired distageby moving the substrate or the

AFM -probe with constant speed.

4. 4 — 5 After completing the pushing operation, retracting bazkhe initial height

occurs.
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Figure 2.6: 1-D schematic strategy for particle pushingpaeld from [53]
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2.3.3.2 Automatic pushing control scheme

Basics steps for an automatic control scheme to move mamnohobjects can be summarised

as follows:

1. Scan the substrate with semi-fixed micro/nano-objects, @nd get the 3-D tapping

modeAFM image.

2. Detect a separate single micro/nano-object with an égdegeometry and size using

an unsupervised clustering object segmentation algorithm

3. Position théAFM -probe with a pre-determined XYZ distance to the single ofiano-

object.

4. Get a small windovAFM tapping mode scan over the micro/nano-object again to cor-

rect any positional error.

5. Automatically detect the peak height along the windowd emmpute the pushing line

passing through the object centre.

6. Move the XYZ position along the pushing-line in 1-D withnstant height and linear

speed/, push the object for a defined distance, and record the pyiftice data.

Strengths and weaknesses of these three methods and theictenistics are summarised

and presented in Table 2.1.
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Table 2.1: Strength and weakness for three different pgshiiathods. -/— included/not
included in the manipulation scheme.

Method | Method Il Method IlI
Moving sub-| (a) (b) Non-contact
strate with
Description constant speed2D AFM 1D AFM | AFM mode
while probe force probe force
sensing. sensing.
AFM probe is
in contact
with particle.

Flat substrate and
parallel to the x-y | ® o . .
position stage
Substrate random
height -
Frictional sticking | ® o .
Tip-particle
contact loss
Rotation spinning
of particles along | o . .
z axis

Close-loop . o .
control

Normal cantilever
deflection o o o
measurement
Cantilever torsion
twisting .
measurement
Acknowledge of
the particle posi- .
tion

during pushing
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2.4 Interaction forces at nanoscale

Interactive forces between particles, molecules and atamse classified in four categories.
Two of these categories correspondstmngandweakinteractions which exist among neu-
trons, protons, electrons and other elementary partidlesir influence is limited by a short
distance range (less that—> nm). The remaining categories are tlectromagnetiand the
gravitational interactions. Electromagneti@and gravitational interactions have bigger dis-
tance influence and they can affect to the totality of theterismatter in the universe (atoms,

molecules as well as between elementary particles, plegtets. ).

For instance, forces at the nanoscale correspoabtktiromagnetic interactiong hese forces
share essentially the same electrostatic origin. Moredwetwo charges the interactive force
is related with the familiar inverse-square Coulomb forgki/st if the same charges are mov-
ing, they are related by electromagnetic forces. Electgmatic forces are complex and rise
due to the fluctuating charge distributions occurring iasidd around atoms. Nevertheless, it
could be possible to obtain and derive some inter-atomidmted-molecular forces familiar

to physics, chemistry and biology.

The value of electromagnetic forces can be obtained by rsplthe Schoédinger equation.
Solving the Schrodinger equation will predict the spatiatribution of the electron clouds.
Unfortunately, solutions of this equation are not easy toedy. In fact, it is even too diffi-

cult to solve (exactly) something as simple as two hydrogema interacting in a vacuum.
For this reason, it has been found useful to classify intégmaar interactions into a number
of different categories even though they all have the samdamental electrostatic origin.
Terms such as ionic bonds, metallic bondan der Waals forces hydrophobic interactions,

hydrogen bonding and solvation forces are the result ofdaissification.
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2.4.1 Intermolecular potentials

Intermolecular potential may be defined as how one partidlaneract with others. Inter-
molecular potential has eitherrapulsive componerdnd anattractive componenor only
one component which can lagtractiveor repulsive Therepulsive componergrevents the
collapse of molecules by repelling them as them get clossr ether, whereas ttedtractive

componenwill attract them to get closer as they are far away.

On the other hand, the interactive-based potential enellggesult in an intermolecular force
between the particles. This intermolecular force can beesged as the variation of this in-
teractive energy with respect to the distance between ttielps. (.e. the derivative of the
resulted expression from the total interactive energy)rédaer, when the intermolecular po-
tential is not monotonid . not purely attractive or repulsive) the experienced intdaoular
force magnitude and direction will change according to thecgic form of the long-range
distance dependence and its particular interactive patdrgtween them. As a consequence,
the magnitude and direction of the interactive force in nozstes are difficult to predict.

Nevertheless, some interactive potential can be charseteoy experimentation [56-58].

2.4.2 Intermolecular forces effects in a short-long range

Intermolecular forces magnitudes have different valueseffects at short and long range.
Short range means at or very close to molecular contact (< }, whereagong range forces
are rarely important beyond 100 nm (OLm) as its magnitude decreases. Therefore, the
magnitude of intermolecular forces between partidles particle-particle or particle-surface)

could change its magnitude according to

1. The total interaction energy is proportional to the size fadius) of the particles, so
that the energy can be very much larger than an energy ititemazarrier ofkT?* even

a separations of 100 nm or more.

KT is the product of the Boltzmann constakitand the temperatuie
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2. The interactive energy and force decay much more slowtly thie increased separation

between the particles.

Consequently, interactions between micro/nano parteteseffective at much longer range
than those between molecules, even though the same basioftjgrce may be operating in

both cases.

2.4.3 Interaction energy difference between molecular andized parti-

cles

Different interactive potentials are shown in Figure 217 phrticular it shows the purely at-

tractive interaction potential shown in Figure 2.7-(a).entboth molecules or sized particles
experience the same type of interaction, both will be atdto each other. Thus, the ther-
modynamic properties of an assembly of molecules in the ga®mdensed phase will be

determined by the depth of the potential at contact (globalmum in the curve), as it will

be the corresponding adhesion energy of two particles.

For the energy law represented in Figure 2.7-(b), two madéscwill still attract each other
since the interaction energy barrier is negligibly smathpared tkT?, but two micro/nano
particles will effectively repel each other since the egdgrrier is now too high. Conse-
guently, if the particles are dissolved in a medium, they mgiinain dispersed even though the

ultimate thermodynamic equilibrium state is the aggregjatate.

Another important difference between molecular and partideractions is that particles can
be (and often are) trapped in some kinetic or metastable §tat equilibrium condition).

Thus, if there is a sufficiently high energy barrier over sagssonable time, which prevents
them from accessing all parts of their potential interactitere will not be any change in

their current state.

2kT is the product of the Boltzmann constaktand the temperatuie
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Figure 2.7: Typical interactive potentials encounteretiieen molecules and macroscopic
particles in a medium. (a) This potential is typical of vagumteractions but is also common
in liquids. Both molecules and particles attract each otti®rMolecules attract each other;
particles effectively repeal each other. (c) Weak minimiolecules repel, particles attract.
(d) Molecules attract strongly, particles attract wealdy.Molecules attract weakly, particles
attract strongly. (f) Molecules repel, particles repelajaigd from [59].
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2.4.4 Van der Waals Forces

TheVan der Waals forcesare present in attractions between atoms, molecules, afates
in contact. It is also sometimes used as a synonym for thétyotd intermolecular forces
that will interact at macro, micro, nano and atomic levalan der Waals forcesare rela-
tively weak compared to normal chemical bonds. They areuwdfit from covalent and ionic

bonding as they are caused by correlations in the fluctupgtieyisations of nearby particles.

The magnitude of th&an der Waals forcesis defined by the inter-molecular potential (the
energy of interaction between the two entities). Broadlyaiing, the/an der Waals forces

consist of three different elements:

1. Theelectrostatic interactiorbetween charges (in the case of molecular ions), dipoles
(in the case of molecules without inversion centre), quadiel (all molecules with
symmetry lower than cubic), and in general between perntanahi-poles. The elec-
trostatic interaction is sometimes called the Keesom aatésn or Keesom force after

Willem Hendrik Keesom.

2. The second sourceiisductive attraction(also known as polarisation), which is the in-
teraction between the permanent multi-pole on the molegiitean induced multi-pole

on another. This interaction is sometimes measured in Deaftgr Peter J.W. Debye.

3. The third interaction force is usually named after Fritmtdon who himself called it
dispersion interactionThis is the attraction experienced by non-polar atomsjthsit

operative between any pair of molecules, irrespective @f symmetry.

Dispersion forcesor London forces are the major contribution to the toteéhn der Waals

force between atoms, molecules and patrticles. Also, they areyalmaesent in all materials
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in contrast to the other two mentioned types of forces thghimor might not be present de-

pending on the properties of the molecules.

In addition, Dispersion forcesare host of important phenomena suchadbiesion surface
tension physical adsorptionwetting the properties of gasediquids and thin filmsthe
strengths of solidsthe fluctuation of particles in liquigsandthe structures of condensed

macromoleculesuch as proteins and polymers.

From the London’s theory, the interactive enevgybetween two identical atoms or molecules

is expressed as:

w(z) =S 2 %l _ (2.12)

whereC'is a constant that summarise some of the follows paramietette Planck constant,
v the orbiting frequency of the electran, is the medium dielectric constant, is the electric
polarisability or magnetic constant.is the distance between the atoms. Tivas equal to
the energy needed to ionise the atom or the first ionisatibenpi@l I. Equation 2.12 can be
used to calculate the interaction energy between partiidesd on the principle of summa-

tion. Finally,Dispersion forcesmain features are summarised as

1. They are long range forces and depending on the situai@nbe effective from large

distances (greater than 10 nm) down to inter atomic spacaigsut 0.2 nm).

2. The forces may be repulsive or attractive, and in genbeatlispersion force between

two molecules or large particles does not follow a simple @olaw.
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3. Dispersion force not only brings molecules together kg tends to mutually align or

orient them, though this orienting effect is usually weak.

4. The dispersion interaction of two bodies is affected by plhesence of other bodies

nearby (known as the non-additive of an interaction).

2.5 Vander Waals force magnitude between particles at con-
tact and short range distance

The Van der Waals force magnitude between particles canlbelated based on the total in-
teraction energy as mentioned before in Section 2.4.1.risbamce, for two particles located
a distance D apart, the summation principle (or pair-wisdita) will calculate the inter-

action energy between an elementary element of one paaticlall counterpart elementary
elements from the second particle. Carrying out the samzepsdfor all elementary elements

is done for both particles [60].

In this research, the magnitude of ti@n der Waalgorce is calculated assuming that the pair

potential between two atoms or small molecules is puretaetit’e and of the form

w(r)=-=C/r" (2.13)

wheren = 6 is the power law corresponding to the Van der Waalbe interactive distance
between th@articles C'is the constant defined in previously in Equation (2.12)wmgnotes
the interacting energy, which is in function of the distanEgamples of the principle taken

from [59] are shown below.
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2.5.1 Molecule-surface energy and interaction force

Firstly, assume that the surface is planar and made up oflidecules. Secondly, the sur-
face will be divided into infinitesimal elemental volume 8ens which are constituted by
molecules. By doing this, the total energy due to its intevagotential will be similar to
calculate to the interactive potential energy interacbhetween two molecules. Thirdly, de-
fine the geometrical parameters as shown in Figure 2.8. Thiegefine how the sum of all
its interactions of all the molecules in the body will be @drout {.e. integrating function
and integrating limits). Therefore, molecules in a circulag of cross-sectional area dx dz
and radius x, the ring volume &rzdxdz, and the number of molecules in the ring will be
2w pxdxdz, wherep is the number density of molecules in the solid. The totadriattion

energy for a molecule at a distance D away from the surfacaldsilated by

e = xdx 2rCp [ dz
w(D) = —27Cp /Z:D dz /:v:(] 222 (n=2) /D po (2.14)
2nCp
w(D) = = 2)(n = 3)D" for  n>3 (2.15)
which forn = 6 (van der Waals forces) becomes
w(D) = —7Cp/6D? (2.16)
The corresponding force is then,
F = —5w(D)/6D = —7Cp/2D* (2.17)

32



[ S

Figure 2.8: Molecule near to vertical surface or wall.

Figure 2.9: Spherical particle near to horizontal surfé&e D).
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2.5.2 Sphere-surface energy and interaction force

The above analysis can be applied to different object gegrteetalculate the adhesive force
due to the London’s Van der Waals forces. The interactiomggnef a micro/nano sphere of
radius R and flat surface is shown in Figure 2.9. Thus, fronthoed theorem is known that
for a circle:z? = (2R — 2)z, the volume of a thin circular section of area* and thickness
dz is thereforerz?dz = ©(2R — z)zdz. The number of molecules contained within this
section isrp(2R — z)zdz, wherep is the number density of molecules in the sphere. From
Equation (2.15) (interaction of a molecule or small spheitb & surface) and since all these

molecules are at a distan¢P + z) from the planar surface, the total interaction energy is

20,2 z=2R .
w(D) = — 2=Cp / (2R — z)zdz (2.18)
(n=2)(n—=3) Jomop (D+2)"73
If D < R, only small values of z (zz D) contribute to the integral, thus
212C p? > 2Rzdz
D)= — 2.1
o) =g |, Dra 219
47?Cp*R
D)=— 2.2
W) =~ Ty D — D =5 D (2.20)
which for n = 6 (Van der Waals forces) becomes
w(D) = —7*Cp*R/6D (2.21)
The corresponding force is then,
F = —6w(D)/0D = —7*Cp*R/6D? (2.22)
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Note that the interaction energy is proportional to theuadif the micro/nano sphere and it

decays as$/ D, very much slower than thig/r® dependence of intermolecular pair interaction.

If D> R, is necessary to repla¢® + z) in the denominator of Equation (2.18) by D, then

w(D) = —

2712C p? /2R (2R — 2)zdz 21Cp(4mR3p/3)
0

(n—2)(n—3) (D+2)3 ~  (n—2)(n—3)D"3 (2.23)

Sincedn R3p/3 is simply the number of molecules in the sphere, the abovatemuis essen-
tially the same as Equation (2.15) for the interaction of detwe (or small Sphere) with a
surface. Thus, for two spheres of equal radii R whose swsfaceat a small distance D a part
(R > D), their interaction energy is one half given by Equatior2(@ or Equation (2.21),
while for two spheres far apart (&> R) the energy varies as1/D" as for two molecules.
For an intermediate separation fRD) the expression for the interaction potential is more

complicated but remains analytic in [60].

2.5.3 Surface-surface energy and interaction force

To calculate the interaction energy of two planar surfacéist@ance D apartit is necessary to
consider the energy per unit surface area, otherwise foiirtfutite surfaces, the result will
be infinity. Starting with a thin sheet of molecules of ungaland thickness dz at a distance
z away from an extended surface of larger area as shown imeFgi0 from Equation (2.15)

the interaction energy of this sheet with the surface is

—21Cp(pdz)
(n—2)(n—3)z"3

Thus, for the two surfaces

92 2 2 00 2 2
w(D) = — m=Cp / dz wCp

m—2)n—-3) ), 223  (n—2)(n—23)(n—4)D"* (2.24)
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which forn = 6 becomes

7Cp?

w(D) =— 1207 per unit area. (2.25)
The corresponding force is then,
C 2
F =—6w(D)/éD = _ﬂ(-?}D/?” per unit area. (2.26)

It is important to note that Equation (2.24) and Equatio@%2are for unit area of one surface
interacting with an infinite area of another surfad¢e.practice this usually amounts to two
unit areas of both surfaces, but it is strictly applicabldyowhen D is small compared to the

lateral dimensions of the surfacds can be observed from above paragraphs:

First, the interaction energy generally decays much more slovitly gistance than it does

for two molecules. For instance, the Van der Waals intesactinergy between atoms and
molecules is of short range and has an inverse sixth-povetardie dependence. Never-
theless, the Van der Waals interaction energy between tamgdensed bodies decays more
slowly with distance 1/ D for spheres and/ D? for planar surfaces) increasing its effect over

a much longer distance range.

Second the Van der Waals interaction energy of a small moleculeiaiéterc with a flat

surface is given by Equation (2.16) as

wCp

w(D) = ~%D%

Therefore at contact the value of distanc® ~ o andp ~ v/2/0° (corresponding to a close

packed solid) that results in

w(o) ~ Vo€ 0.74C (2.27)

606 ob
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Unit Area

Figure 2.10: Interactive energy for two planar surfacesstbdce D apart.

37



which is of the same order asC/o° for two small molecules at contacin the same way,
for an atomic dimensions sphef® = o/2) at contact with a flat surface (D = o) Equa-

tion (2.21) changes to

272C 1.6C
w(o) ~ — 1956 = T8 (2.28)
while for two spheres of atomic dimensions
0.8C
w(o) & == (2.29)

which again are very close to tieolecule-molecule pair potentiatcontact However, once
the size of a sphere increases above the atomic dimensieng:(> o) and if they are in

contact 0 = o). Equation (2.21) becomes

_QWQCR

w(o) ~ o7

~ —1.6(2R/0)C/c® (2.30)

which reduces to Equation (2.28) only for small radii, of thderR ~ 0/2 ~ 0.1 — 0.2nm,
but increasing linearly with its radius for larger spheres. Then, for a diameter 2R.5 nm
a molecule must already be considered as a (small) parti¢leestrength of its interactions

will be underestimated.

Finally, while for two atoms or small molecules the contatéraction energy has no explicit
size dependence. itis quite the opposite, between largeclpa, when the contact interaction

increases linearly with their radius.
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2.5.3.1 Work of adhesion and cohesion in vacuum

This is the free energy, or reversible work done, to sepangiteareas of two medium 1 and 2

from contact to infinity in a vacuum (Figure 2.11(a) and 2} (

For two different mediumsl(=# 2), this energy can be defined as therk of adhesioiV,
, While for two identical mediumsl(= 2), it becomes th&ork of cohesio¥;;. If medium
1 is a solid and medium 2 a liquid, thé#i; is often denoted byVs;. Note that since all

mediums attract each other in a vacuury andVy, are always positive.

2.5.3.2 Surface energy for solids and surface tension forquids

Equation (2.31) can be used to calculate the surface esargselids and liquids. For solids
1 is commonly denoted by, and is given in units of energy per unit areg‘m? (the same

aserg/cm?). For liquids,~; is commonly denoted by; and is usually given in units of
tension per unit lengthV/m (the same agyn/cm), which is numerically and dimensionally

the same as the surface free energy.

1
"= §W11 (2.31)

Therefore, the free energy in solids and liquids is the ckanghe surface area of a medium
when it is increased by unit area. This is equivalent to sapay two half-unit areas from

contact (seeFigure 2.11(b) and Figure 2.11(c) ).

2.5.3.3 Inter-facial energy

When two immiscible liquids 1 and 2 are in contact, the freergym change in expanding their
'inter-facial’ area by unit area is known as theiter-facial energyor inter-facial tensiony;,.
The energies associated with this expansion process mayphtsreed by splitting it in two
hypothetical steps: first, unit areas of mediums 1 and 2 a&ed, and are then brought into

contact (Figure 2.11(d) and Figure 2.11(e)). The total &éeergy change;; is therefore
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1 1
Y12 = §W11 + §W22 — Wia =1+ v — Wi (2.32)

which is often referred to as tH2upré equation

As shown in Figure 2.11(d), this energy is formally the saméhat expected on separating
two mediums medium 1 in medium 21{,;) or, conversely, of separating two medium in

medium 1 {315). Thus, the next relation can be held

1 1
Y12 = §W121 = §W212 (2.33)

For a solid-liquid interfacey;, is commonly denoted bys;,, so that the Dupré equation may

be written as

vsL =7s + v — Wsr (2.34)

If only dispersion forces are responsible for the intematbetween medium 1 and medium

2, then an approximation could be

Wsi, =~ \/ WﬁWde A 2 7?7(21 (2.35)

wherev{ and~¢ are the dispersion force contributions to the surface é@ssiThis can pro-
vide good results for many hydrocarbon-water interfacasitibost accuracy for unsaturated

hydrocarbons and for aromatic molecules such as benzertelarde.

2.5.3.4 Work of adhesion in a third medium

Finally, the energy change arising from separating two omedil and 2 in a medium 3sge

Figure 2.11(f) ) is given by

Wisa = Wig + Wiz — Wiz — Wag = 713 + Y23 — 712 (2.36)
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2.5.4 Adhesive force in metals

The adhesion force between metallic surfaces is strongs thong adhesion could be the
result of the short-range non-additive electron exchantgactions. These interactions can
arise between conducting surfacessaparations below 0.5 nmnd give rise to so-called
metallic bondsas the mobility of electrons in conductive materials ishhig herefore, the

interaction potential energy w of two similar metallic surfacesis defined as

D — Dy)

w(D) = =2 [1 | Y ]€(DD°)/’\M per unit area. (2.37)

where \,,; is some characteristic decay length for metals [61]. Thus,minimum energy
occurs at inter-atomic distande = D, wherew(D,) = —2~. Typical measured values for

metallic contacts are shown in Table 22

Surface energies and adhesive force values of metals aserpeel by Ferrante and Smith
in [62]. Two cases were analysed: first, the case for simiketiais when their lattices are not
in perfect registry (incommensurate or mismatched lagjicas the contacting lattices are at
some time in a twist angle relative to each other due its ositSecond, when the metals
lattices match perfectly (commensurate or matched Iaftickn this case, atoms of twio-
commensurate latticennot pack together as closely as two commensurate &téod their
adhesion energy is often significantly smaller thandoemmensurate surfaceSummarised

values are showed in Table 2.3

3See at the end of this Chapter.
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w12

J

(a) Work of adhesion per unit areey» for separating to
surfaces at contact.

T ! - ii - E

(b) Solid surface: (c) Liquid surface (per unit area):
1/2w1 = v1 = s 1/2wi1 =71 =7l

1/2wyy +1/2ws) —wi2 Ut
= Loy = 1w+ 1/2um (e)  Liquid-liquid interface:
N2 = 1/2wio1 = 1/2wn +1/2wz5 = wny y12 = 1/2w11 = w1 + wag — w2

(f) Work of adhesion per unit area in a mediums, =
W12 + W3z — Wiz — W23

Figure 2.11: Work of adhesion per unit area for different med
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2.5.5 Forces between surfaces with adsorbed layers

The non-retarded Van der Waals force between two surfaced 1’avith absorbed layers 2

and 2’ across medium 3 (Figure 2.12) is derived by Israeléicind Tabor in [63] as

F(D) = 6%

A232’ o \/A121A32’3 _ \/Al’Q’l’A323 \% A1’2’1’A121
D3 (D+1T)3 (D+1T")3 (D+T+1")3

(2.38)

whenmediuml = mediuml’, medium2 = medium?2', andT = T’ (symmetrical case),

Equation (2.38) can be simplified using combining relations

FD) = 5| - (5??)3 " (DileT)?’ (2.39)
At small separations, wheh << (T + 7"), Equation (2.38) becomes
F(D) = ;fgé (2.40)
while at large separations, whéh>> (7' + T"), we obtain
F(D) = gl; o5 (2.41)

Thus,the Van der Waals interaction is dominated by the propeuiethe bulk or substrate
materials at large separations and by the properties of th&oabed layers at separations less
than the thicknesses of the layehs particular, this means that the adhesion energy isliarge
determined by the properties of any absorbed films even whiesetare only a mono-layer
thick. Note that with absorbed layers the long-range Vanwlaals forces can change sign
over certain distance regimes, depending on the properftibe medium [64]. However, for
a symmetrical system it can be shown that the interactiofwiays attractive regardless of

the number and properties of the layers.
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Figure 2.12: Non-retarded Van der Waals force between twiases 1 and 1’ with absorbed
layers 2 and 2’ across medium 3 -adapted from [59].
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2.5.6 Surface energies of materials in contact

There is always an energy change associated with tramgjearmolecule from one medium
to another for small and higly curved surfaces. This can Ipessssed in terms of surfadea?
andinter-facial energy 4ma?(v13 — 712), beinga the molecule radius. Thereforeuifis the
potential energy of two molecules in contact, then for a ptatiose-packed surface lattice
with three unsaturated bonds per surface molecule, thaciehnergy is given for one of the

derived forms of Equation (3.8) in Section 2.5.1 ( see Equai2.42))

V3w

2

v R (2.42)
o

Thus, for an isolated molecule, with 12 unsaturated bomsisffiective surface energy will be

2
12w o 1.9w
~ — | 4| = ~ 2.4

while for a cluster of 13 molecules, with seven unsaturatattls per each of the 12 surface

molecules, its effective surface energy will be

2
7 3 15
v~ 12 x 7“] [47r (—a> ] ~ (2.44)

2

It can be seen from the above analysis tin&t magnitude of theffective surface energy v
of a very small cluster or hole, or even an isolated molecsilsimilar to that of a planar
macroscopic surface. This is only true for molecules whase gotential is additive, and
when long-range forces and many-body effects are not impbrWhile this condition holds
for Van der Waals substances,dbes not apply to metallic, ionic and hydrogen-bonding

compounds.

In the case of metals, the high latent heats, melting posudace energies and electronic
conductivities are believed to depend on the correlatedpetive) interactions of many

atoms. Thus, in a very small droplet this can not occur. Asressequence, metal clusters
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with less than 15 - 30 atoms lose their bulk metallic propesrfb9]. In particular, the melting
points of small droplets of gold are significantly lower thha bulk value ofl 336 °K, falling

to 1000 °K for a cluster of diameter 4 nm and to abaadb °K for a diameter of 2.5 nm [65].
Note that these modified properties apply not only to isdldteplets but to any highly curved

surfaces such as protruding asperities on a rough surface.

2.5.7 Adhesion force between solid particlesthe JKR and Hertz theories

The adhesion force of two rigid (incompressible) spheresngly related to their work of

adhesion in a medium /3, by

F=2r <ﬂ> Wiso (2.45)

This general result is a direct consequence of the Derjaapnoximatiorf, and leads to the

following special cases in different mediums:

F = 27wRygy, (two identical spheres in liquid), (2.46)
F = 27Rys (two identical spheres in vacuum), (2.47)
F = 47Rys (sphere on flat surface in vacuum), (2.48)
F = 47Rygy (sphere on flat surface in vapour). (2.49)

However, particles are never completely rigidieftz contact theory), as at contact they will
deform elasticallyinder the influence of argxternally applied loadas well aghe attractive
inter-surface forcesthat pull the two surfaces together as shown in Figure 2)13[aus,
this creates a finite contact area even under zero extermalJ&R contact theory). Other
mechanical contact models are Badley and the Derjaguin, Muller and Toporov model or

theDMT model which are far outside the scope of this research.

4Derjaguin’s approximation express the force profile achegveen finite size bodies in terms of the force
profile between two planar semi-finite walls.
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Figure 2.13: Contact models for a sphere and a flat surfapkleféz model for elastic objects
and (b)JKR for elastic objects and considering adhesion in the coatawé.
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2.5.7.1 The Johnson, Kendal and Roberts (JKR) contact model

An analysis of adhesion of two spheres in contact which ohesithe Van der Waals force and
the deformation area is presented by 3R theory in [66]. In the case of two spheres of
radii R, and R, elastic moduli K, and surface enerfjy;» per unit area, they will flattened

when pressed together under an external load or force Fiff@ktisn circular area or contact

area has a radiusgiven by

Cl3 = % [F + 37TRW12 + \/67TRW12F + (37TRW12)2 y with R = Rle/(Rl + Rg) (250)

For a sphere of radius R on a flat surface of the same mateshloa# in Figure 2.13(b), the
value of R, is set to beR, = oo, R = R; andWi, = 2+ in the above equation, so that
under zero load” = 0 the contact radius is finite and given by

ag = (67 R*Wa/K)Y? = (127 R?y,, /K)Y/? (2.51)
Equation 2.50 further shows that undanall negative load¢§F < 0) the solids still adhere
until at some negative force theyddenly jump@part. This force is given by

FS = —37TR”}/SV (252)

and an observeskeparation occurs abruptlgnce the contact radius has fallen to

a
a32155206&m (2.53)

Thecentral displacement is given by

5:

3/2
1_ % <%> ] (2.54)

@
R
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Another useful equation gives the pressure or stresshilision within the contact circle as

1/2
3Ka 3KW,
P — 2T g2 [ 212 1 — x2)" /2 2.55
(2) = 21— a?) (m (1-2?) (2.55)

wherez = r/a.

2.5.7.2 The Hertz contact model

The Hertz equations of contact can be obtained fromJKi® equations ifw, = 0. There-

fore,

Adhesion force : F,=0 (2.56)
Contactradius : a®* = RF/K (2.57)
Displacement : d=a?’/R=F/Ka (2.58)

Presure: P(x)= 3K“(;}§2)1/2 = 3F(12;z§)1/2 (2.59)

From Equation (2.59) i = 0 (the contact’s centre) the pressurédf)) = 2 F/ra?, which

is 1.5 times the mean pressure across the contact circle.

One difficulty with theJKR theory is that it predicts an infinite stress at the edge ottre

tact circle (atr = 1) where the surfaces are expected to bend infinitely shahnplygh90°.

This non-physical situation arises because the attrafdioes between the two surfaces act

over an infinitesimally small range. However, these infastdisappear as soon as the at-

tractive force law between the surfaces is allowed to havdiaite range. Considering this

breakdown within the last few nanometres of the bifurcabionndary, most of the equations

of theJKR theory and all equations of théertz theory have been experimentally tested for

molecularly smooth surfaces and have been found to apptgraety well. The notion that
even the simplest adhesion process may not always be telegtsit involves energy dissipa-
tion, has profound effects for understanding many adhesieamomena and also provides a

link between adhesion and friction.
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2.5.8 Effect of capillary condensation on adhesion

As the relative humidity RH) increases, vapour will spontaneously condense on susrface
forming meniscuses on the material’s surface. The curgaitithese meniscuses is related to

the relative vapour pressune/ps.: (or RH for water), by the Kelvin equation

T2 g RT log(p/psat)

(2.60)

wherery, is the Kelvin radius;y is the surface tension of wateR, is the gas constant value,
andV is the molar volume. For instance, for a drop of wateR@tr, = 0.54 nm. Fig-
ure 2.14 shows the case of a sphere and a surface. If the anmeréscus is at equilibrium
(r1 = ro = 1), then its radius' is small and negative (concave) ands large and positive
(convex). For low humidityy is small, thus the onset of capillary condensation witheasr

ing RH first occurs at small values of in cracks and pores.

The effect of a liquid condensation on the adhesion forcemtage can be calculated using
the Young-Laplace pressufer a liquid A P. This describes the capillary pressure difference
sustained across the interface between two static fluidb, @siwater and air, due to the phe-
nomenon of surface tension. Therefore, if the interfaceestéd as a surface (zero thickness)
AP = V(R% - Riz) whereAP is the pressure difference across the fluid surfacis, the
surface tension, anf®; and R, are the principle radii of curvature (these measure how the

surface bends by different amounts in different directjptien

1 1
AP = — 4+ = 2.61
7(31 + RQ> (2.61)
1 1
P = <_+_> (2.62)
T
P = Z_L sincery >> r; (2.63)
1
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Figure 2.14: Sphere (2) and flat surface (3) at contact infleiei meniscus formation in a
condensed medium (13, = Rsin(®).

Figure 2.15: Sphere (2) and flat surface (3) at contact infleiei meniscus formation in a
condensed medium (1) for total surface energy derivation.
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The Laplace pressure acts on an ared ~ 27 Rd between the two surfaces, thus pulling
them together with a forcé' ~ 2w Rd(v./r1). For smallp, d ~ 2r; cos 0, this gives for the

Laplace pressure contribution to the adhesion force

F =~ 47 Ry cosf (2.64)

The additional force arising from the resolved surfaceitanaround the circumference is al-

ways small compared to the Laplace pressure contributioeptxord ~ 90° whencos 6 = 0.

An alternative derivation is to consider how the total sceféree energy of the systern,,,

changes with separation D (see Figure 2.15). For small

Wi =~ 2mR*sin®¢(vsr — vsv) + constant+ smaller terms (2.65)

= —2wR%*¢*y; cos f + constant

so that

F = —dW,y/dD = +47R%¢ry, cos 0(d¢/dD) (2.66)

If the liquid volumeV remains constant, then

V ~ wR*sin’¢(D +d) — (mR*/3)(1 — cos ¢)*(2 + cos ¢) (2.67)

~ TR’D¢* + nR*¢*/4 for small ¢

also, if thedV'/dD = 0, which gives

dp 1

5= m = 47 R%*¢yp, cos 0(dep/dD) (2.68)
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Thus, the attractive force between the sphere and the suttaeto the liquid bridge is

41 Ry, cos 6
Sl i 2.69
(1+ D/d) ( )
and the maximum attraction occursiat= 0, where
F = F,. =47 Ry, cost (2.70)

which is the same as Equation 2.64. Another important paemneust be included in the
above expression. This parameter is the direct solid-solidact adhesioforce insidethe
liquid annulus, Equation (2.45). The final result for a meuassof radius; (whereR >> ry)

is therefore

F =47 R(~yg cosO + vys1) = 4mRysy (2.71)

In the absence of any condensing vapaoer &sr; — 0) the above reduces to Equation (2.48):

F = 47 Rvs. For two spheres, R is replaced fy R1 + 1/R,)~! in all the above equations.

Sincevys > sy the adhesion force should be less in a vapour than in a vacbupnactice,
however one often has to comparg, with vsy,, depending on the relative adsorptions of
different vapours from the atmosphere, and the adhesia@e forair mayincreasewith the

relative humidity ifygy, (moist air)> gy, (dry air).

Equation (2.37) shows that the adhesion force in vapour exsteddr Ry, cos. Often

~1, cos O greatly exceedss;,, whence the adhesion force is determined solely, by thaseirf
energy of the liquidi(e. water) and is then adequately given by Equation (2.70). Equa
tion (2.70) and Equation (2.71) are independent of the ncerisadius-;. So it is of interest

to establish below what radius, or relative pressure, tegeations break down [67, 68].
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Table 2.2: Surface energies of metals -adapted from [59].

Transition  temperatures Surface energy (tension)

y(mJm=?)
Boiling point Melting point Just above Just below At
Material TB(K)b T]\J(K)b T T 300 ° K
Metals
Aluminium 2543 931 700 800 1100
Silver 2223 1233 1000 1200 1500
Coppel 2603 1356 1300 1600 2000
Iron 2773 1803 1500 1800 2400
Tungsten 5273 3653 2500 3600 4400
Semi-conductor
Silicon 2623 1683 750 ~1100 1400
Weak conductor
Ice 373 273 75 110 71

“Values for solid§7" < T),) are only approximate,
the exact value of depends on the crystallographic plane.

b At 760 mm Hg.
Table 2.3: Surface energies of metals for commensuratenandimensurate lattices -adapted
from [62]

Surface energy

v(J/m?)
Type of metal-metal Lattices in register Lattices out ofisegy
interface (Commensurate) (Incommensurate)

Similar materials

Al(111) - Al(111) 0.715 0.490

Zn(001) - Zn(001) 0.545 0.505

Al(111) - Al(111) 0.550 0.460
Dissimilar materials

Al(111) - Zn(0001) 0.520
Zn(001) - Mg(0001) 0.490

0.505

Al(111) - Mg(0001)
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2.6 Summary

This chapter concentrated on a review of techniques degdlaping an atomic force micro-
scope AFM) for the manipulation of objects at the nanoscale. Alss @hapter introduced
the concept of manipulation at the nanoscale and exploret sveas of current research
using theAFM as a robotic manipulator. Moreover, a description of Alf’s principle of
operation and its capabilities for force analysis involaethe nanoscale was presented. The
description summarises methodologies and protocols uset€urate control of the position
and orientation of nanoparticles on a surface by means dfipg®perations at nanoscale.
Finally, supported theory and description of interactiorcés that exist at the nanoscale was

reviewed.
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Chapter 3

Analysis of rolling and sliding motion for

pushed objects at the nanoscale

3.1 Introduction

This chapter presents the state of the art of the developaatieqs of motion of nanoscale
objects being pushed for manipulation tasks. The deriveadfsequations is solved using
high accuracy integration techniques. The programmingpeaimg language chosen was
FORTRAN 77. FORTRAN 77 is one of the most popular languagethénarea of high-
performance computing. It was also chosen because of ilisyatoi perform in a double
precision arithmetic offering robust and high speed caltoihs. These characteristics are es-
sential and necessary to model object’s motions at the waf@sThe shapes of the analysed
nano-objects correspond to nanotubes’ and nanobars’ ggema&wo motions of nanoscale
objects are characterised. They are sliding and rollingalii, the supported theory is en-
hanced when correction on adhesion parameters valuestewduoed to calculate contact

areas on the above mentioned nano-objects.
During the first part of this research presented in this aragite case of rolling motion on

nanotubes is studied. The proposed analysis will provid@gim on answer to the question

why should nanotubes roll? and what determines whethengadr sliding will occur in any
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given translation? These are two questions that were pealdmg Falvo et al. in [69].

The second part of this chapter presents the analysis obmdttat corresponds to sliding

motion. Sliding motion is a combination of in-plane traiglas (pure sliding) and in-plane

rotations. The sliding motion of nanoscale objects is esldb their contact area. The con-
tact area is assumed to be the geometrical region betweerattzeobject and the surface at
contact. The analysis of sliding motion is divided into twargs. The first part corresponds
to an object sliding over an smooth surfate.(zero frictional force). In the second part, the
analysis will introduce derived expressions of frictionctraracterise sliding motion over a

rough surfacei(e. motion characterised by friction).

3.1.1 Surface energy and adhesion force

Surface energies of materiajsare determined from the intermolecular forces between two
molecules or atoms in contact that constitute them. Foants, the interaction energy be-
tween two identical objects (surface-surface interagtatrtained by the pairwise summation
method is defined as Equation (2.25). On the other hand, guhanation method includes
the interactive energy due to atoms in the inner objects, éimeadditional energy term needs

to be added

w=—U+ A/12xD} (3.1

whereA is given in terms of the conventional Hamaker constant( 72Cp, p,) andU is the
molar lattice energyr the bulk cohesive energf a Van der Waalsolid of the atoms with

their immediate neighbours &t = D, as shown in Figure (3.1) and defined as

(3.2)

2
Uz7.22N0l 3aghv }

4(4meg)?ob
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whereo is now the equilibrium inter-atomic distance in the solidlan, /, v, ande, are the

same parameters as defined previously in Equation (2.12).

From Equation (3.1), the second (positive) term arises fiteerunsaturated bonds at the two
surfaces. This term is always positive and shows that a ige&d| will always tend to min-
imise its surface energy by minimising its surface area. rd&foee, the total energy of two
planar surfaces using the pairwise summation of the Londspedsion energies between all

atoms at a distande apart (seeFigure 3.1.(a) ) is

A1 1 A D} :
w= oo <D_S — ﬁ) = 57D <1 - ﬁ) per unit area. (3.3)

From Equation (3.3), iD = D, (two surfaces in contact or for a thin film), then the total
surface energy may therefore be written as
w=2~(1— D3/D? (3.4)

whereas forD = oo (case of two isolated surfaces), the term D2/ D? ~ 1 and the surface

energyw become

A
_ -9 3.5
12702 7 59
or in terms of surface energy
A
- 3.6
7T 24nD? 59
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Figure 3.1: (a) Two planar surfaces or half-spaces at arttist®. (b) Two surfaces are close
togetherD = 0 or for a thin film. -adapted from [59].
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With reference to Equation (3.5he surface energy equals half the energy needed to sep-
arate two flat surfaces from contact to infinity= w/2, Equation (3.5) and Equation (3.6)
can provide the value of if and only if the inter-facial contact separatidh is chosen cor-
rectly. However, there are two problems: Firstly, while garting the Hamaker constants by
the Hamaker summation method the structured surfaces varsfdrmed into two smooth
surfaces, and thisivalidatesthe use of Equation (3.6) and Equation (3.5) at inter-atalise
tances [60]. Secondly, the continuum Lifshitz theory, vihpzedicts similar values fok as
does the Hamaker summation method, is alsibexpected to apply to atomic-scale distances
Therefore, ifD, = o values might be wrong and the problem then arises how tordeter

Dy correctly.

3.1.2 Molecular approach to calculate the inter-facial cotact distance

or cut-off distance D,

The molecular approach will use the pairwise additivity rdividual atoms or molecules.
Therefore, for an idealised planar close packed solid eadhce atom (of diameter) will
have only nine nearest neighbours instead of 12when it comes into contact with a second
surface each surfacatom will gain3w = 3C'/o% in binding energy. For a closed-packed
solid, each surface atom occupies an area’sfin(60°), and the bulk density of atoms is
p = V/2/0%. Thus, the surface energy in terms of the Hamaker constaatr?Cp?, should

be approximately

Nl 3w N \/gww\/§0p2fv V3A (3.7)
TEo\ o2 sin(60°) | 02 T 202 27202 '
A
gl (3.8)

~ 2dn(0/2.5)2
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3.1.3 Corrected surface energy values

Equation (3.8) can be used to approach surface energies @uthoff distance D, is less
than the inter-atomic or intermolecular centre-to-cedistances . On the other hand, it has
been reported that i ~ 0.4nm, and therefore theut-off distanceD, ~ ¢/2.5 ~ 0.16nm,
the predicted surface and adhesion energies of a varietgropounds are similar to those
obtained experimentally. So, if the constant value e¢ 0.4nm is placed on Equation (3.8)

the resulted equation is

A 1.9302210 By (3.9)

wherey can be expressed ifym?, dyn/cm or erg/cm? units andA is giving in joules [J].

Equation (3.9) is a corrected equation of that obtained gelachvili [see 59, chap. 11],
where the reported constant factozisz10~2!. As a consequence, values for surface energies
~ need to be re-calculated. These newalues are presented in Table 3.1 which also shows

the previous values.
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Table 3.1: Corrected surface energies values.

Surface energy, y(mJm=2)
Material €) TheoreticalA A/247 D3 Experimental®
in order to increase (10720.7) (Do = 0.165nm) (20°)
old values - corrected values
Liquid helium(1.057) 0.057 0.28 - 0.2953 0.12-0.35(4-1)6 K
n-Pentane(1.8) 3.750 18.3-19.4280 16.1
n-Octane(1.9) 4.50 21.9-23.3313 21.6
Cyclohexane(2.0) 5.20 25.3 - 26.9402 25.5
n-Dodecane(2.0) 5.00 24.4 - 25.9041 25.4
n-Hexadecane(2.1) 5.20 25.3 - 26.9402 27.5
PTFE(2.1) 3.80 18.5-19.6871 18.3
CClL(2.2) 5.5 26.8 - 28.4945 29.7
Benzene(2.3) 5.00 24.4 - 25.9041 28.8
Polystyrene(2.6) 6.60 32.1-34.1934 33
Polyvinyl chlorde(3.2) 7.80 38.0-40.4104 39
Acetone(21) 4.10 20.0-21.2413 23.7
Ethanol(26) 4.20 20.5-21.7594 22.8
Methanol(33) 3.60 18 -18.6509 23
Glycol(37) 5.60 28 - 29.0126 48
Water(80) 3.70 18 -19.1690 73
H,0,(84) 5.40 26 - 27.9764 76
Formamide(109) 6.10 30-31.6030 58
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3.2 Rolling motion

When the position of the force is not through the object’'stieenf mass the force will pro-
duce a moment on the nano-object. This moment could prodtrer eolling or sliding mo-
tion. During experimental manipulation at the nanoscalai observed that the manipulated
nano-objects were rolling or sliding. In addition, the gextm of the nano-object could also
play an important role influencing the resulted motion. Efi@re, objects with cylindrical or

spherical shape have more tendency to roll and objects egtmgular shape can easily slide.

3.2.1 Equations of rolling motion of nanotubes on a rough suace

Cylinder geometry is found in nanoscale elements sucbNis, MWCNT , nanowires and
nanorods Rolling resistance is directly related with contact defation of the surface un-
der a rolling load. In contact deformation, two differenesarios are possible: nanotube
deformation over a rigid surface and rigid nanotube overfardeed surfaceStatic frictional
force f, is assumed to keep the nano-object in rolling motion. If iegymtude is higher than
the pushing/pulling magnitude force, then the moment achbseit will turn the nanotube

following the moment’s laws.

3.2.1.1 CNT, MWCNT and Nanorod rolling motion in a rough horizontal plane

For instance, the analysis of rolling motion for a multi vealicarbon nanotubdWCNT is
shown in Figure 3.2. In general, the analysis of forces igp#frad assuming a rigid and ho-
mogeneoudIWCNT of radiusr with massm. It also represents a resultant fofegarallel
to the plane of motion acting upon it to cause the nano-objexition. Force moments due to
the friction and pulling/pushing force are taken about theatube centre of ma§€sM.. Oth-
erwise, accuracy in the analysis is compromised. A furtherugsion about how to choose

the reference point of the moments in rolling motion can hatbin [70].
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In particular to the diagram of forces shown in Figure 3.2 eAaf dynamic equations and its

parameters definitions to describe M&/CNT for rolling motion are

NP = F— — ma, (3.10)
EF’N = N-— (mg + FVdW + Fadhesion) =0 (311)
YMc.y. = Fxh+ foxr = Ilcmap (3.12)

whereF is the resultant force being applied to the nano-object ait@Q, f, is the static
frictional force,mis the mass of the nano-cylinder which is calculated fromréhationship

p = m/V, wherep is the material density and is its geometric volumeg, is the linear ac-
celeration of theVWCNT centre of masd\ is the normal force at the contact point between
the plane and theIWCNT , g represents the constant of gravity of Earth takef&s[m /s,
Fyaw is the Van der Waals interaction force between M&CNT object and the plane of
motion, h is the distance between thMNVCNT centre of mas€.M., r is theMWCNT ra-

dius, I ). is its inertia moment equal tt/2mr anda.. is its rolling angular acceleration.

Solving previous set of equations ftire static friction forcef, will provide the true motion
of theMWCNT . To start the analysis described by the above equations,rpliing motion
is first assumed. Thus, the moment magnitude due to the Biational force is bigger than
the moment magnitude of the applied force. Also, the lineaekeration of its centre of mass

a, is related to the rolling angular accelerationby a, = ra,.
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Then, substituting this relation into Equation (3.12)

1
Fxh+ foxr= §mrax (3.13)
and simplifying,
2F
2 + 2f, = ma, (3.14)
”

Equating the left-hand sides of Equation (3.14) and EqudB8al0),

2F
EL A (3.15)
;

Thus, solving for thestatic frictional forcef,,

1 h

(3.16)

The relationship expressed by Equation (3.16) is analysel®iail assuming three possible
conditions about the position of the pushing force (p&@rinh Figure 3.2). Figure 3.3 shows
the graphic generated by Equation (3.16) showing diffgpbases of the static frictional force

fs described below.
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Figure 3.2: Free-body diagram for a rig@MWCNT resting on a horizontal plane.
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Firstly, in the case when the pushing foff€es applied at the point located in the middle of
the MWCNT object’s centre of mass to half-tdgWCNT ’s circumferencei(e. h = %r ~
0.675[nm]). Substituting the value df in Equation (3.16) will result in a magnitude of the
static frictional forcef, equal to zero. From Equation (3.10) and Equation (3.12) aevaf

fs = 0 indicates that the tangential and rolling acceleration$ ehiange according to the
force and moment magnitude of the pushing foFceespectively. As a consequence, the

MWCNT will experience a combination of rolling and sliding motion

Secondly, the case when the pushing force is located at phaf theMWCNT (i.e. h =r =
13.5[nm]). In this case, replacing = r in Equation (3.16) will give the value of th&atic

frictional forceequal to

The static frictional forcef, has now reversed itself and acts to the right. To determiae th

resultedMWCNT ’s motion, thef, value is then replaced in Equation (3.12)

F= <—) ma, (3.17)

Equation (3.17) is satisfied if and onlydf. is positive, as the applied parallel forEeshould

be in the same direction as the nano-object's movementi{eige rollingsee force diagram
on Figure 3.3. Therefore, theMWCNT will keep rolling to the right. Thus, the effect of
the reversed static frictional force is to change the sfattional moment direction (anti-
clockwise), decreasing tidWCNT ’s acceleration and favouring the conditions to start slid-

ing motion.
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MWCNT of length 590 [nm] and average radius of 13.5 [nm].



Finally, assuming that the locatidnof the applied forcé is applied through thMWCNT ’s

centre of mass.e. h = 0) and eplacing this value in Equation (3.16)

fs = 3(F) (3.18)

From Equation (3.18)f, is a function of the pushing forde by one third of its magnitude
acting to the left direction. Thus, as soon as the maximursiptesvalue of the static friction
force is exceeded, ttHdWCNT will slip. A new assumption then must be made, namely, that
the static frictional forcef, will achieve the next phase, thknetic phasgsliding motion).
Moreover, pushing below theIWCNT ’s mass centre the static frictional force magnitude

will have a tendency to increase favouring the motiopa rolling.

The kinetic frictional forcef;, is the opposite force to that acting when a nanotube slides. T
kinetic frictional forceis defined by Coulomb’s friction law. For Coulomb’s frictidew, the
magnitude of thef, is equal to the product of the coefficient of frictiprand the normal force
N. The normal forceV is now a function only of nanotube’s weight and attractive \der
Waals forcely 4. This is because there is no detachment involved on thecasfa contact.

Therefore, the dynamic equations of sliding motion neecetddveloped separately.

Generally speaking, substituting in the rolling equations of motion Equation (3.10) and
Equation (3.12) can be used to provide an idea about the mofinanotubes. It should be
noted that no detachment is involved during sliding. Thiae,rhodified equations of motion

are re-written in terms of;, as:

YFr = F—uN = ma, (3.19)
SMeay. = Fxh+uNxr =la, (3.21)
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Equation (3.19), Equation (3.20) and Equation (3.21) iatis the existence of both sliding
displacements (linear acceleratiof) and in-plane rotations (angular acceleration). Sliding
motion and in-plane rotations can be defined about a staitit jpathe plane of motion called

theinstantaneous centre of rotatiocBOR.

3.3 Determining the dimensions of the contact area

The contact area between cylindrical nano-partiales MWCNTS) is assumed to be a finite
rectangle of widtht and length L i(e. nanotube length), wheré >> k. The value of

k is closely related to the surface adeshion energy the involved materials at contact.
Therefore, by combining the corrected values @ind the continuum models for mechanical
contacts, the deformation value b{width) can be obtained. On the other hand, the contact

dimensions for the nanobar corresponds to their given medgqarameters.

3.3.1 Analysis of the static frictional force using different frictional rolling

coefficients

Figure 3.4 shows the static frictional force for differertfional coefficientk. Using dif-
ferent values ok, the frictional force behaviour is consistent with the dramshown in Fig-
ure 3.3. The minimum magnitude of the pushing/pulling foiceletermined by using the
model of rolling frictional force when th&AWCNT is deformed. Therefore, the relation
fs = Wk/r will provide the minimum value of the force to be applied tongeate the nan-
otube roll over the surface, wheévécorresponds to the total load acting betweerMWéCNT
and the surface, is the radius of the MWCNT anklis the half length of the deformed cylin-

der width contact.
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In particular to the proposed analysis, the total load taksconsideration the total inter-
molecular interaction forces during rolling of the nanawdyer the plane. So, the proposed
total load of the nanotube is defined(@sg + F,qw + Fadnesion)- The adhesion forc€, csion

is due to the surface energy generated as rolling motiorivagdhe separation of surfaces in
contact. The Van der Waals forcés,, is the force due to the nanotube interaction with the
surface and the nanotube weighy represents the interaction that the gravitational for¢g ac

over it.

The value of the rolling deformatidiis obtained using th&KR theory of contact defined by
a cylinder and a surface [71] . Thus, using equafion= [(37rKa?*l/8R — P)|*/(67Kal?)
described in [72] wher&/ is the adhesion energy of the two solids|s the elastic modulus
at contactg is half length of the width deformation,is half length of the nanotube length,
R is the nanotube radiug; is the pressed contact force per unit length normal to theepla
of contact ¢ direction). Thus, the length of the deformation value= 2a (width) of ap-
proximatly 3 [nm]. Using this value as a maximum width defatman, the minimum pushing
force is calculated as: £ f, + 1% f,, which can provide a value of its magnitude at different

deformation values varing from zero (zero deformationh@rmaximum of 3 [nm].

The values obtained shown in Figure 3.4 related to a defeomaalue ofk with a static
frictional force It can be seen that for a big deformatibnthe value of thestatic frictional
force increases. The increment in this value is due to that in theacb area where the
adhesive forces became dominant. Therefore, this incsgasesurface energy in order to
separate the surfaces in contact by increasing the workhesaoin favouring the motion as

sliding.
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Figure 3.4: Magnitude of the static frictional for¢e versus locations of the pushing force
F for different values of its rolling frictional coefficietfor aMWCNT of length 590 [nm]

and average radius of 13.5 [nm].
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3.4 Sliding motion

Sliding motion is the relative motion between two surfacé neference to one fixed point.
The motion could occur when one surface is fixed while therathm motion or when both
are moving in opposite directions. Therefore, the work dfesilon is minimised to have no
influence on motion. In this research, the case of a mobifasemoving over a fixed surface
is investigated. The analysis is for a nanobar using a pexpo®del where the adhesion force
is excluded from the total load. As previously mentionede@angular shape (nanobar) has
a more stable sliding movement than nanotubes. In additienyork of adhesion is minimal
due to the non-separation of surfaces. Furthermore, tHgsamaefines the area of contact
between the nanobar and the surface by accurate integhedsnddel can be used to describe
the motion of nanotubes going into sliding motion by modifysome of its parameters such

as the moment of inertia and pressure distribution.

3.4.1 Equations of motion of nano-objects sliding on a smobtsurface

This section derives the equation of motion for a rectangudaobar sliding on a smooth flat
surface under the action of a constant pushing férddsing the coordinate system as shown
in Figure 3.5 to re-solve for motions in and y directions and taking moments about the
nanobar centre of mas€.(M.) its in-plane motion is characterised. So, the obtainedgad

second order differential equations absent of frictionatés are

mi = Fcos(p) (3.22)
my = Fsin(f) (3.23)
I6 = Fxdcos(d— B+ ¢) (3.24)

wherem is the mass of the nanobaris the inertia moment of the nanobar about it's centre
of mass,F is the applied forced, 3, ¢ andd are the geometrical parameters as defined in

Figure 3.5.
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Figure 3.5: Geometrical parameters definition to model §r@achic of the nanobar being
pushing at coordinatgs,, y,) by a forceF.
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The group of second order differential equations (Equat®a3) to Equation (3.24) ) is a

non-linear system of equations and has to be solved nurtigttigaintegration techniques.

3.4.2 Numerical integration routine

The numerical solution of one or more high-oraedinary differential equation$ODE) is
obtained by reducing it's order. Thus, the system of equataan be represented in the form
of one set oh simultaneous first-order differential equations of thexfor

5 i\ ;
y(SZ(L' ) - fi(xaylay%y?n 7yn) t= 1’2’3’ o T (325)

Equation (3.25) is called the canonical form of the difféi@requation system. The canonical
form is achieved using a series of intermediate variablesr. ifstance, the second order

equation

i+ q(x)y=r(z)

can be written as two first order equations

wherez is a new variable (intermediate variable). Solving a groigecond order differential
equations using this technique, the problem is then redtecedlving a group of first order
differential equations. The problem of solving first orddfestential equation belongs to the
category ofinitial value problem For anlinitial Value Problem(IVP) all they;’s are given as
the starting value:;, (system’s initial conditions), wherg = 0.0[sec.] and it is required to

find they;’s at some point finat;,, wheret; = final time.
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Thus, using the technique described above the reductidmedddt of Equation (3.23) into a

first order set of coupled equations are

mV, =F cos(3)
i =V,

mV, =F sin(p3)
y =F cos(p)

I =F x dcos(f — 5+ ¢)

(3.26)

0 =w
/

whereV,,V, andw are the new variables introduced to reduce@i2E order. The values of
the new introduced variables are the components of the @aisdimear speed in the andy

directions and it's angular velocity, respectively.

To solve the reduced set of first ord®@DE equations (Group of Equations (3.26)) a fast,
robust and high accuracy numerical technique is needed.thifee major numerical tech-
niques to solve initial value problembB/P) for a set of ordinary differential equations are:
Runge-Kutta, Richardson extrapolation and predictoreztar methods. In this research, the
Richardson extrapolation method was used to produce a thagioeiracy method called the

Bulirsch-Stoer Method [73].

The Bulirsch-Stoer method is the result of combined a Richardson extrapolation method
with a particular way of taking individual steps (the modifimidpoint method) and a par-
ticular kind of extrapolation (rational function extraptibn). TheBulirsch-Stoer methodis

coded using the FORTRAN programming language.
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3.4.2.1 Results from simulation

This section summarises the results of simulation whendhneloar is pushed under different
conditions. Simulated nanobar dimensions are taken froreWet al. [74]. Smooth surface
motion is similar to having the nanobar moving at space. kstance, the simulated nanobar
dimension’s are: 100[nm] x 55[nm] x 50[nm] length, width aneight, respectively. Eight
different cases are simulated for a different initial nagrobrientation sliding on a smooth
surface. The cases corresponds to a initial orientatiordof= —0.5[rad], 6, = 0.0[rad],

03 = 0.5[rad], 8, = 0.75[rad], 05 = 1.25 [rad], 65 = 1.50 [rad], #; = 1.02 [rad], andds = 0.0

[rad], respectively as described below.

Figure 3.6 shows the eight cases simulated for differetdli@nglesd; , « = 1,2,3...8.
The set of parameters for all simulations arg;= 27.5000E-09[m]y,,= 45.0000E-09[m],
¢m,= 0.00E+00[m]cm,= 0.00E+00[m],V,, = 0.00E+00[m/s],V,,= 0.00E+00[m/s]w,=
0.00E+00[rad/s], m= 0.623425E-18[kg]. Whereis the nanobar mass:,, y, are the co-
ordinates of the application forde. cm, andcm, are the coordinates of the nanol@aM..
Vs Vyo are the initial conditions of velocity im, initial velocity iny, andw, the initial angular

velocity of the nano-object.

In addition, Figure 3.6 shows an oscillating behaviour @f tlanobar. Oscillating behaviour
could be explained in terms of rotational enedgy = 1/2 Isw? and the nano-objects sym-
metry. The rotational energly,, is the energy generated as the force turn the nano-object and
it will gain angular speed. However, the nano-object wilkgaero rotation when the resulted
applied force is going through the object’s centre of nad4. (translation). The Energy due
to the sliding motion (translation) is defined Bs = 1/2 mV2. Therefore, at the instant that
the applied force goes trough the centre of madd. its initial speed is zero and its final

linear speed is more likely to be an impulse response.
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Figure 3.6: Simulated cases for a nanobar being pushed.
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This impulse response is directly related to the linearagis¢ achieved, which is generally
very small. Also, this implies that forwards translatiorlwmnove the application force loca-
tion at the point which the object will be rotating one momaéi As a result, there is still
enough rotational energy that will keep the nano-objecdisimatational motion. On the other
hand, the only resistance that the body can experience tineee conditions is due to its
mass, which in terms of rotational motion is the moment oftind~ ,; of the nanobar. The
nano-object's moment of inertia produces the only rotatioasistance. When the mass and
the inertial moment values are calculated for the nanobautioreed above, it was observed
that both translational and rotational energy are functibtheir linear and angular speed
respectively. Comparing these values results in greataesdor angular speed than linear
speed. As a consequence, the energy to keep the nanobarionnsotonsistent with the

main energy supplier which corresponds to the rotationatgn¥,, .

In terms of the objects symmetry, if the action line of theleggpforce passes over ti@@M.
the force will try a different point of application this time inverse mode. Then, as the en-
ergy stored has to be the same as that consumed. The namtisofjetion will not stop until
the same amount of energy will is applied, in other wordsil trdgchieves the same induced
moment. This could explain the constants amplitudes shbvaugh the different simulations

and also, their different magnitudes.

In Figure 3.6(a) the nanobar was initially at a negative aagld, the amplitude of oscillation
is greatest. This is due to the fact that the nanobar has mnoe¢d accelerate and thus achieve
a higher angular momentum. In Figure 3.6(b) the nanobar mitally at zero angle (vertical
position). A decrease in magnitude of the amplitude of tsoiin was observed. Following
decreases in this amplitude are shown in Figures 3.6 (c).- Td)is can be explained in
terms of the nanobar oscillation period. Thus, the nanolihtake less time to achieve its

oscillating period as the initial angle is bigger.
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3.4.2.2 Special case: Action line of the pushed force pasgithrough the nanobar’s

centre of mass

Figure 3.6(g) shows the special case when during the maatipalof the nanobar the line of
action of the pushing force passes through the nanoBa¥is This special angle corresponds
to the values 00,4, sation = 7/2 — arctan(z, /y,) = 1.022246[rad]. Thus, the nanobar will
slide keeping the same angle (orientation) as there is noenbwhich provides rotation. A
second case of zero moment is illustrated on Figure 3.6(tg.0btained graphic results arise
from applying a force through the nanoba€sM.. To achieve this graphic, the simulation
parameters of the pushing force are set:itQ= 27.50E-09[m] and;, = 0 with an initial
nanobar orientation df, = 0 [rad]. The rest of the parameters have the same valuesses th

previously defined.

3.4.3 Equations of sliding motion of nano-objects on a rougbkurface

The kinetic frictional force is the tangential resistivede that the nano-object will experi-
ence when it slides over a rough surface. The kinetic fiaidorce direction is opposed
to the direction of the movement. Therefore, expressiomkeseribe their influence need to
be derived and added in Equations (3.26) for full modellihghe dynamics of the sliding
nanobar. The total load (weight) is equal ta(mg + Fy 4w ). To calculate the attraction force
due to the Van der Waals forcés ;y an equation which models the interaction between a
rectangular nanobar and a plane has been developed usipgitheise summation method
described in Israelachvili [59]. The developed equatiobased on an attractive potential.
Also, the applied pushing fordeis calculated to be the enough to keep the sliding motion of

the nano-object.
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3.4.3.1 Expressions for frictional force and moment

This section describes the derivation of expressions fatidn force f and friction moment
my experienced by the manipulated nano-object (nanobar)foevan support during its
motion. The expressions of friction are defined over a cardega in a regiorit. These
expressions are based on expressions developed by Cheliigd. iAssuming the nanobar is

in in-plane motion on a planar supporting surface and let

S be the contact region defined by the edge of the contact Z0ng(p) between the nano-
object and surface,

Z be the position vector of an element of ark@defined in the regiory,

m be the position vector of the nanobar’s centre of mass,

p(Z) be the pressure at and

v(Z) be the velocity of the nanobar relative to the supportindeser.

Moreover, using Coulomb frictional law model with coefficteof friction 1, the frictional

forceat Z is given by
) 0
f(Z) = —pu—=—=p(¥)0A (3.27)
(Z) M@ (7)

andthe frictional moment m; about C.M. is

(£)5A (3.28)

The total frictional force over the area which belongs tordggon S is

@
= /S (A (3.29)

and the total friction moment aboGtM. is

B I . G I
my = [ [~ =) % e Sep(aoa (3.30)
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3.4.3.2 Expression for contact area defined in a regioiR for a nanobar with even sup-

port

Figure 3.7 shows the reference planes to characterise themus the nano-object in coor-
dinate space. The plarf@XY is the fixed reference frame. The plah&X'Y” is a frame of
reference associated with the nanobar and hence with thengheame. The origin of the
moving frame is at the instantaneous centre of rotatdR of the nanobar. Also the mov-
ing frame’s axis is parallel to the sides of the nanolbais the distance between theOR
location and the object’s centre of maS3W. The coordinatesz.., y.) and(x,,, y,,) refer to

the location of thaCOR and object’'sC.M.. These coordinates are defined with respect to
the fixed or reference plarte X'Y'. V, andV,, are the components of velocity resolved along
OX andOY. V., andV,, are the components of velocity resolved al@nd’ andO'Y". In

Figure 3.8, where only the moving frami#X'Y" is represented, the following relations hold

hy = Rsin(a) — b (3.31)
hy = Rcos(a) + a (3.32)
hs = Rsin(a) + b (3.33)
hs = Rcos(a) — a (3.34)

Let the follows angles be defined by

B = £CO'X' = arctan(hy /h2) (3.35)
By = £4BO'X" = arctan(h, /h4) (3.36)
B3 = 4DO'X' = arctan(hs/h2) (3.37)
By = LAO'X" = arctan(hs/h4) (3.38)
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As 7(%) is the velocity atr,

(3.39)

is the unit vector direction of the frictional forcef at x.

For the nanobar/nanotube area of contact shown in Figurat3sBpossible to express the

direction of frictional force using a re-defined signum ftioo as in [75]. Therefore

. +1 if0>0
sgn(0) = (3.40)
1 ifd<0

the area of contact for the nanobar is a rectangular basen&diona x 2b, the pressure

function is given by

() = (mg + Fyaw)

3.41
4ab ( )

If .- andf, are the components of the frictional force along the moviig @' X’ andO’Y”’

respectively. Thus,

fo = N(mg + FVdW sign // sm Td?“d7 (3.42)
4ab
[, 2lmg 4 Foaw) / / cos(y)rdrdy (3.43)
4ab s
_ F :
my — M(mi:b de)sign(g) //(Rcos(a — ) — r)rdrdy (3.44)
S
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After integrating (see Appendix B for details)

ﬁﬂzumwgfwwkwmﬁkm(¢@+h?—Jﬁ+4£)+m(¢ﬁ+h}—¢@+hﬂ

—ﬁhﬁw%+@—myww+@—@ﬂ+@hﬂwﬁ+@—myW@+@—mﬂ]

(3.45)

@_zumwgfmwhmmakh(¢%+ha—¢ﬁ+f@)+m(¢@+h§-¢@+h@

+@m%%@w%&@%%%&%&ﬂ—hﬂﬂW@+@+@WW%+ﬁ+mﬂ

(3.46)

F C Cy, C3 C
my = u(mg;;b vaw) Rcos(oz)é + Rsin(a)— — =2 — 4 (3.47)
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Figure 3.7: Characterisation of the motion of the nano-cthjeferenced to the static frame
OXY (reference frame) and its moving frark&’Y’ (dynamic frame).
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Figure 3.8: Geometrical parameters definitions referemdlee mobile frameC’O’Y’ .
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where

01:h1<\/h%+h3— \/h%+h§> +h3<\/h%+h§— \/h§+hi)
03[ (/034 08 + o) /(4 34 )]
— [ (/03 4 A ) /(2 )]

CQ:hz(\/h%+h§—\/h%+h%>+h4(\/h§+h§—\/h§+hg)

3 In| (VB3 + B3 — ) /(13 + 03— o)

\/7
2 m[(,/h%hi—m /(2 +nE — ]
C3 = —hyihgy/h? + h3 + hahgy/h3 + h3 — hshyy/h3 + h3 + hihay/h3 + b3

4_h21n[

(/7 2)/ (/P

+ hiln (\/h§+h2 hs)/(\/ i+ h3+ h
[ (
[ (

+ 3 In|(\/hE+h3—hy)/
+ ki In|(\/h?+ h3+hi)/(\/ B3+ h3 +h3
(3.48)
the component of the friction force in tlieX direction is
fo = fur cos(8) — f, sin(0) (3.49)
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the component of the friction force in tli2Y” direction is
fy = forsin(0) — f, cos(6) (3.50)

The total frictional force magnitud¢ = /f2 + f; = /f2 + f2. Therefore, for a given

coefficient of friction;; and nano object mass, the frictional forcef and its moment: ; are

both functions of the geometrical paramet&randa as in [76].

3.4.3.3 Variation of frictional force and moment with R

The frictional forcef and its frictional momentr; are normalised to study their behaviour
during the nanobar motion. Figure 3.9 plots the normalisddes of the friction force and
moment of friction for different values ok anda = 0 for the analysed case of a rectan-
gular contact area with uniform pressure distribution. i&invariations were observed with

different values ofx.

Firstly, at R = 0 the case when the nanobar was rotating about its centre cf@isls (pure
rotation) the frictional moment magnitude was maximum, kghs the frictional force was

zero (no sliding at all).

Secondly, it may be seen that as the valu&a@fpproaches its maximum (infinity), the nano-
bar undergoes pure translation. In pure translation, tbednal force magnitude approaches
its maximum and the frictional moment magnitude to zero @tatron at all). This is because

all of its components have cancelled out one another and the&wo net friction force.

Finally, it may be seen that when the valuefis between its minimum and its maximum,
the motion of the nanobar is a combination of in-plane tish and in-plane rotation, so
the frictional force increase and the frictional momentrdases. Thereforéhe curves pre-

sented in Figure 3.9 explicity demostrate the coupling afde and moments in sliding as the
magnitude of force required for sliding decreases as thdiappnoment increases, and vice

versa
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Variation of Normalised Friction Moment with R
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Figure 3.9: Normalised frictional forcg’, and frictional moment\/ f,, versus locations of

its COR for nanobar of dimensiong)0 x 50 x 55[nm]. The nanobar is assumed to be made

from carbon sliding over a graphite surface.
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3.4.3.4 Variation of the friction force and moment over the ontact area with location

of ICOR in inplane-rotation motion

The magnitude of the normalised frictional force and fanotmoment extended over the con-
tact are shown in Figure 3.10 and Figure 3.11 respectivetingun-plane sliding motion.
The centre of pressure of the contact area is located atataegeical centre which coincides
with the centre of mass of the nanobar. For instance, Figli@ shows that the contribution
of the frictional force at contacts near to the centre of guies are less in magnitude than for

those contacts near the contact edge.

On the other hand, Figure 3.11 shows that the distributiétiseonormalised frictional mo-
ment at contacts near to the centre of pressure are higheagnitade. This result is consis-
tent with the graph shown on Figure 3.9, where the value ofrtbional force is minimum

favouring the motion of the nanobar as pure rolling.

Pure sliding motion of the nanobar can be seen from the nagethfrictional force for lo-
cations ofiCOR far from the centre of pressure as the value of the normalisgease at
it maximum. However, from Figure 3.11 the normalised footl moment magnitude de-
creases when th€OR is positioned far from the centre of pressure. Intermediatees on
theiCOR location present a combination of in-plane translationiarngane rotation in their

normalised frictional values.

Finally, these graphics can also be used to find the motiah, tbanslational and rotational,
that results for a given applied force and moment. This isaortgnt for the dynamic simu-
lation of manipulation tasks, and for planning and conimnglicontact tasks where the forces
need to be generated to complete the manipulation task.efdrer for any combination of
force or moment in the graphics there is an unigi®R associated, and thus the instanta-

neous motion of the contact is specified.
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Figure 3.10: 3D visualisation of the normalised frictiof@ice with iCOR location over the
contact area.
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3.4.4 Equations of motion of rectangular nanobar on rough stfaces

Using the expressions of friction Equation (3.45), Equali®.46), and Equation (3.47) into

Equations (3.26) full equations of nanobar motion are oleti Therefore,

mV,

m,

Tw

It should be noted that Equation (3.51) to Equation (3.56)ftictional terms are added to be

Fcos(B) + f(R, @)

Ve

Fsin(p) + fy(R, «)

F cos(B)

F xdcos(0 — 5+ ¢) + f.(R, )

w

(3.51)
(3.52)
(3.53)
(3.54)
(3.55)

(3.56)

positive as the sense of its value is characterised by Equé2i40). In addition, the values

of R anda depend on values af, §, andd. Therefore, the written program in Fortran, that

uses the numerical integration method described in se(@idi?), is updated with a function

that takes into account the geometrical parameters of itteofr and friction moment [76].
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3.4.4.1 Results from simulations

This section presents a detailed analysis of the frictidoie and frictional moment over
a contact area for a nanobar in sliding motion. Twenty graphmmarised in Figure 3.12
to Figure 3.32 give nanobar motion and frictional values. akiation in the coefficient of
friction p from zero t00.20 is simulated. All experimental values are in double precisi
arithmetic using Equation (3.51) to Equation (3.56) anahgishe developed programming
code in FORTRAN which is implemented in tBailirsch-Stoer method Simulations were
running on O.S. Linux environment (Ubuntu 12.04 LTS) on a G&D Turion64x2, 4Gb

in RAM and using double precision arithmetic.

Also, in all cases the nanobar’s initial orientation is zarmal the simulation parameters are
described in their respective labels. The first analysisesgnted in Figure 3.12. This case
corresponds to the case when the coefficient of frictionrg @®o frictional force). Thus, fric-
tional force and its moment are equal to zero as shown in €igur2(b) and Figure 3.12(c),
and the amplitude of the nanobar is at its maximum value assihoFigure 3.12(a) respec-

tively.

Nanobar orientation under different coefficients of friction

Figures 3.12(a) to 3.32(a) shows the orientation of the banim radians for different values
of coefficient of friction. These coefficients of frictioneataken fromu = 0.0 to . = 0.20 at
0.01 step increments while the pushing force magnitudegsd@nstant. It has been observed
from the orientation graphics that the nanobar orientati@as a decrement in its magnitude.
The decrement in this orientation became bigger as the valtlee coefficient of friction
increased (small oscillations). When the coefficient aftfon 1« was big enough, the nanobar
had no motion in it's orientation. Thus, the friction coeftict magnitude is related with the
decrement in the nanobar ocillation. Finally, the nanobat iits fixed and stable orientation

during the rest of the simulated period. Therefore, the bants in steady translation.
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Frictional moment

Figures 3.12(b) to 3.32(b) show the magnitude of the fri@ianoment\/, that exists at each
in-plane nanobar rotation. Low values of the frictional nerhare observed for different
values in the coefficient of frictiop. Small ripples are observed that correspond to each
amplitude during the oscillation of the nanobar. For highuga of frictional coefficient of
friction (i.e. u = 0.15), the ripples became less in amplitude approximating totdifia (no
rotation). It was also observed that the maximum value ofribonal moment occurs at the
start of nanobar rotation for all cases. In general, valdgbeobserved frictional moment

were less in magnitude than those shown in the componertie dfiction forcef, andf,.

Frictional force component in x

Figures 3.12(c) to 3.32(c) show the magnitude of the compiane of the frictional forcef,.

In all the simulated cases, the component of the frictioodd in x f,, has the biggest values.
This force component presents a consistent clock signgleshdth negative and positive
values. Negative values in its magnitude correspond t@ments of in-plane rotation (in an
anti-clockwise direction). After all, the direction ¢f should be in the opposite direction to
the motion. Thus, the nanobar is rotating from an initiaéotation of zer@, = O[rad] until

it will achieve its maximum orientation. The maximum origtond,,., is a function of the
coefficient of frictiony value. Whereas positive values in tlfigmagnitude corresponds to
clockwise motion of the nanobar (negative in-plane rotgtidtt has also been noticed that the

first peak in thef, graphs presents a small ripple which vanishes after that.poi

Constant values of, are observed for the rest of the peaks and its magnitude gragdhics

generated during the simulations. Furthermore, this gecapbduld introduce the stick-slip
motion. Stick-slip motion could appear for a missing parttod total frictional force, as
the measured forces could only represent a compofiemt the magnitude from the total
frictional force f for the manipulated system. In addition, these resultsgtyosuggest that
the nano-object goes into a combination of translation atation motion. Thus, the friction

force can be modelled using the Coulomb frictional model.
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Frictional force component iny

Figures 3.12(d) to 3.32(d) shows the magnitude of the compioof the frictional forcef,,.
Values less in magnitude than the frictional compongérand bigger in magnitude than the
frictional momentn ; are presented in all these graphics. Here the magnitude dfictional
forces with the frictional moment is being compared for aggpation of the contribution of
their magnitude in the nano-object’s motion, respectiv@lye frictional forcef, presents a
high value in magnitude which decreases after the nanolaaiges its orientation from anti-
clockwise (positive in-plane rotations) to clockwise (atge in-plane rotations) direction for
the first time in its corresponding orientation graphic (Fep 3.12(a) to 3.32(a)). Finally,
an increment in its magnitude force and a clock signal shapears for increments in the

coefficient of friction valug: when the nanobar is in slilding motion.

Frictional force magnitude

Frictional force magnitude is presented in Figures 3.18(e3.32(e). The magnitude is cal-
culated as the root square of the sum of the squares of compbiaion in thez andy
directions. This graphic shows the phases which the frnefiéorce go through. Also, it can
be compared with a classic model of friction where two phasespresent. These phases
correspond to static and kinetic phases. In the first paigiwtorresponds to the static case,
the nanobar is in rotation. The second phase, which cornesto the kinetic case, the nano-
bar is in in-plane translation. Finally, a comparison of fletional force and its moment is
shown in Figures 3.12(f) to 3.32(f), which summarises thgmitade of the frictional forces
involved when the in-plane nanobar rotation takes placea tmmparative magnitude analy-
sis. As observed before, the component of the frictionaldgt, is the major contribution of
the total frictional force present in the system. On the olttand, the frictional moment:
has the lowest influence onto the total friction. Therefarbigger value of frictional force is

atribuited to sliding displacements whereas low value efitictional moment to its rotations.
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Figure 3.12: Coordinates of Application Force: Xn= 0.276B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velity: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionz= 0.000000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m].
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Figure 3.13: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.100000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.D0&306[m] sc= 0.550000E-
07[m]
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Figure 3.14: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.200000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.15: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.300000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.16: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.400000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.17: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.500000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.18: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.600000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.19: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.700000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m]
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Figure 3.20: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.800000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.21: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionu= 0.900000E-01 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m]
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Figure 3.22: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionz= 0.100000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m]
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Figure 3.23: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.110000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.24: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.120000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m]
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Figure 3.25: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.130000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.26: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.140000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m]
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Figure 3.27: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.150000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m]
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Figure 3.28: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.160000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.29: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.170000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.30: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.180000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-

07[m]
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Figure 3.31: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionz= 0.190000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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Figure 3.32: Coordinates of Application Force: Xn= 0.278B@7[m] Yn= 0.450000E-
07[m]. Initial Coordinates of C.M: CMx= 0.00E+00[m] CMy=@DE+00[m]. Initial ori-
entation: Angle= 0.000000E+Q0Q[rad]. Initial velocity in ¥x= 0.000000E+00[m/s]. Initial
velocity in y: Vy= 0.000000E+00[m/s]. Initial angular velty: w, = 0.000000E+00[rad/s].
Pulling/Pushing Force Applied: F= 0.500000E-O5[N]. AdibesForce (VdW): Fvdw=
0.400252E-04[N]. Coefficient Frictionuz= 0.200000E+00 . Object mass: m= 0.623425E-
18[kg]. Object dimensions: sa= 0.550000E-07[m] sb= 0.00@306[m] sc= 0.550000E-
07[m]
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3.5 Summary

This Chapter presented the developed equations to chasactiee full motion of objects at
the nanoscale. Proposed models were simulated using higineay integration techniques
such as thaulirsch-Stoer Method, implemented on FORTRAN. It is been shown that in
general the motion of the objects is a combination of tramsiand rotation. This can explain
the stick-slip problem broadly observed for objects atedléht scales. Rolling and sliding
motion can still exist even if the frictional force is equalzero. The effect of adhesion is
greater for objects rolling than for those that slide. Thaes in terms of energy and force
to manipulate objects at te nanoscale, pushing or pullirgraifpns are preferred as they
minimise the energy necessary to move the nano-object. ©uottter hand, the location of
the applied pushing/pulling force has a direct relatiorhvtiite resulted motion of the nano-
object. Finally this chapter generated new values of saréaergy of some materials as well
as a corrected equation that can be used to calculate tlaEsw@hergy parameterwhich in

some cases was close to those experimentally obtained inettagure.
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Chapter 4

The instantaneous centre of rotation of

objects at nanoscale (ICOR)

4.1 Introduction

In this chapter a new analysis to calculate the location @inlstantaneous centre of rotation
(ICOR) for an object in quasi-static motion at nano-scale is preske The new model which
expands the proposed model by Pham and Cheung at macrasiteda developed for objects
at the nanoscale using continuum mechanics [77]. Also, dasimethodology is followed
because of its relevant and simplicity and the richness foirmmation that it provides. To

validate our model, the results are compared with thoserteghn the literature.

The motion of an object on a surface (plane) acting under tamread force can be described by
the instantaneous centre of rotati®@@R). Since the motion of the object may be expressed
in terms of translation, rotation or a combination of botltan be referenced to a fixed point
in space on the plane of motion that maintains a constardrdistfrom every point of the
object. This fixed point that exists at every instant of thgots motion and is called the

instantaneous centre of rotatigiCOR).
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From previous paragraphs, it could be inferred that theoailshexist a relation between the
ICOR and the location of the pushing or pulling force as well asntgynitude as applied to

the object. Also, given that this analysis is being used szdiee macro scale objects it raises
the question as to whether these models will predict theanaif objects at the nanometre
scale. Since the object’s size is almost the size of an el@neparticle that constitutes them,

this means that the forces at the nanoscale are more elaticas the origin.

The motion of nano-objects such as single-walled carbootu@esCNT, multi-walled car-

bon nanotub&WCNT and nanorods is mostly described by experiment. A study df-a d
ferent shape of nano-objects is presented by Sitti, whoedutle motion of spherical objects
(nano spheres) relative to their nano-tribological prapsr In his work, the dynamics of the
nano-objects are mixed with the dynamics of the manipulaibtaining values that could not
corespond in the totality to the dynamics of the manipulatgécts [52]. On the other hand,
only a few articles can provide consistent analytical medeldescribe the behaviour of the

manipulated nano-object and also they are restricted tmtiaeling of quasi-static motion.

Therefore, the analysis and development of equations ttiqgineano-objects’ motion which
describe the relation between iR location and the effective pushing force magnitude-
location being applied is presented. The properties of@i@&R are analysed and compared
with different developed models in the area for the questiesiotion of hanoscale objects.
This analysis is easily applied to different nano strudwsiech as nanorods, carbon nanotubes
CNT, nanobars, and nanocubes. All of them are assumed to hawtaagalar or square
contact area. It is also assumed that Coulomb’s law of énmcthodel is still a valid one to
describe motion at the nanoscale. In addition, the difiezdpetween shear stress and the

frictional force is discussed and clarified.
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4.2 Quasi-static motion at the nanoscale: methods to cal-
culate the instantaneous centre of rotation (iCOR) for
nano-objects

Quasi-static motionlescribes mechanical systems where the motion of the @sjgog under
an effective force is considered enough to start object'sanand at the same time the ef-
fects of the inertia i" = ma are negligible (mass or acceleration are sufficiently smiad].
Quasi-static conditions were assumed to exist in a verytgdaiod of time ( ~ 0 sec),
once the object started its motion. Furthermore, the aghjitiece is always balanced by the
frictional force acting on the contact between the objedtthe surface. The previously men-
tioned properties are very useful tools when calculatingrsinown pressure distribution on
the contact area with a uniform friction force when it is condal with high-precision inte-

gration algorithms.

The analysis of th&COR for objects at the nanoscale such as nanorods and carbotubaso
has been introduced and discussed in early works. Accotditigese works, methods to cal-
culate theCOR could be mainly divided in two methodologies; the first oneresponds to
calculate it byexperimentationwhereas the second methodology is based on continuum me-

chanics combined witthe minimum power principlstudied by Peshkin and Sanderson [78].

4.2.1 Method 1: Experimental determination of the ICOR

A series of experiments are arranged where the informagoeigted is analysed and char-
acterised to find the nano-objects motion. This charaetiois is achieved by applying a
curve fitting technique to the recorded force-displacena@ta obtained from the manipu-
lation process. An example of this method is presented bg-#un and Shuo-Hung [79],
where thaCOR for multi-walled carbon nanotub@dWCNT during lateral pushing opera-
tions was determined. Images were taken before and aftaVi'iE€NT manipulation was

done and, then the two images overlapped to determinECtBR location. Finally, a graph
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with the observedCOR location and the pushing point location was constructeddeoto
obtain a dimensionless fitting function. The derived relatafter applying the fitting curve

approximation to the obtained experimental dataset is shoWquation 4.1.

a=05yB—-05 ,8>05 (4.1)

wherea = £ andj3 = 7 are the normalized values for ti@OR and the lateral pushing
locations, respectivel\. is theMWCNT length, andz is the longitudinal distance from the
pushing point and the lower end of tMMVCNT . p is the longitudinal distance between the
lower end of theMWCNT and the determinetfCOR. In addition, the experimental condi-
tions and the schemes of manipulation can interfere withréémotion of the nano-object
providing results limited to the experimental set-up andle@ding as they overestimate the
parameters values, leaving a gap in knowledge of the truscobjotion and its tribological

properties.

4.2.2 Method 2: Frictional moment analysis and the minimum aergy
principle

In-plane rotations of objects were observed to occur abguirat of the object support. This
point of support can be associated with the location ofi@@R, as this point satisfied the
conditions mentioned by Huntington in [80]. On the otherdhahe minimum energy prin-
ciple stated the conditions when the motion of the object due tcetfetive force applied
is just sufficient to produce a motion as dissipative forces the frictional forces) are still
dominant. These two principles provide a useful tool fowsw the location of theCOR at

macro, micro and nano scale.
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4.2.2.1 Analysis of moments taken around the point of applaforce

Falvo et al. in [69] manipulateMWCNT by using arAFM probe to apply lateral forces at
different locations. This generated two types of motionsaMWCNT : rolling and sliding.

In dealing withMWCNT sliding motion, two additional motions were observed: lafe-
translations and in-plane-rotations. Particulav/CNT in-plane-rotations, he analysed the
relation between the point of manipulation and the obsepreat point oriCOR. Thus, by
taking moments around the applied point of the pushing farmksolving for the motion that

minimises the energy loss due to friction, the follows rielaresults

1
Gy =@y — \/ﬁ — 5201 = 1) (4.2)

wherelL is the length of theWCNT . i, = % is the calculatedCOR location measured
from the lower end of th&/WCNT and the location of th&COR. i; = % is the normalised

distance between pushing point and the lower end oMWéCNT . Equation 4.2 describes
the relation between the point of applied force and the alesipivot point as being in almost

good agreement with the observelVCNT in-plane rotations.

4.2.2.2 Analysis of moments taken around the iCOR

Taking moments around th€ OR is presented to model in-plane rotations of objects at macro
scale by Pham et al. [77]. In this strategy, the moments dtieetérictional force and the ef-
fective resultant force are taken with respect to an assu@@dR location. After solving

the equation of motion for the pulled/pushed force, the g#qnas derivated and equated to
zero by using the ‘minimum effort criteria’(minimum powenimciple). The calculatedCOR
locations values were similar with those reported when mumef forces are taken around

the point of applied force.

Li et al. presented a similar analysis to model the behawwdmanorods and nanowires [6].

Furthermore, in the case of nanowires it was noticed thathwia@mowires of a certain aspect
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ratio (diameter/length) they behaved as a rigid segmeaetlike nanorods. Thus, this devel-
oped analysis can describe in-plane rotations for bothstgieano-structures under lateral

pushing operations produced by ARM -probe geeEq. 4.3).

[+4/I2—IL+%£  whenl<

S = (4.3)
\/7

Ml

[—/2—IL+%  whenl>

Ml

wherel is the longitudinal distance between the left end of the nashand the location of the
pushing forcel is the length of the nanorod ai&ls theiCOR location measured referenced
to the left end of the nanorod. An extension of this methogpis used by Wu et al. [81] to
model the behaviour of manipulaté@WCNT and also to investigate their Young’s moduli
and tribological aspects. The manipulation is used to diayWVCNT onto pre-etched mi-

cro trenches in order to measure their Young’s moduli by tineg-point bending method.

All previously mentioned works are restricted to modellimgly in-plane rotations of the
nano-object, not providing a description of the nano-abgeeing pure sliding motion. In
addition, in these methodologies the challenge is to defiaertodel to describe the friction
force at the nano scale as friction is extremely debated akés, the use of the minimum
energy principle is only valid for frictional models thateJs the Coulomb friction model.
As a result, the above methods could validate the idea tea@tiulomb friction model is still

valid at the nano-scale.

Limitations in previous methodologies are covered in tegearch such as developed models
based on classic mechanics proposed by Pham and Chiezinigking moments around the
ICOR). The corresponding modelling forces atthe nanodca&eVan der Waals forces) are

introduced bellow.
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4.2.3 Developed Quasi-static motion analysis extensiontano scale

The proposed model for the sliding frictional force expatidsCoulomb’s friction model by
modelling the adhesion component due to the Van der Waaledat the load (normal force)
Fy = p(mg + Fyaw). This analysis was developed to determine the nano-objactson
behaviour in terms of thECOR position when a minimal force acts on it. Also, the minimum

force to be applied to the nano-object that causes in-platagion is calculated.

The effective forces modelled acting on a manipulated nigidorod and their parameter in-
terpretation are shown in Figure 4.1, whéres the pushing/pulling force applied at the point
Q. v, is the distance between the applied force and the nanorddecgihmass C.M.), f;
and f, are the resultant frictional forces acting in opposite cigns respectively2b is the
nanorod’s lengthR is the distance between th@OR (point C) and the nanorod centre of

massC.M., pointA andB representents the ends of the nano rod, respectively.

To start, theCOR position is assumed to be located at some poiabout the nanorod contact
length atR distance from the nanorod centre of m&»M.. The frictional force is assumed
to be uniform between the nanorod and the supporting surfats®, it obeys Coulomb’s
friction law. Thus, assuming the nano rod begins to turn aboulGEER, the frictions due to
each point of contact on opposite sides of BOR (sidesAC andCB) will act in opposite

directions.

The frictional forcesf; and f, represents the resultant frictional force on each line gf se
ment acting at its middle point a€B (b + R)/2 and middle point ofCA (b — R)/2, re-
spectively. Also, the frictional forces acting between pgwnt C and B have a resultant:

f = “;f’M(Toml Loaa), Which acts at the middle point &B. Similary the friction onCA

acts thorugh the middle point @A and its resultant magnitude ig; = “ 1(Tyra1 Loaa),

which acts at the middle point &A.
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Finally, arranging the frictional forces terms and sulbdiitg the total load value, their re-

spective magnitudes are defined by Equation 4.4 and Equéaton

fr="w|mg+ Fyaw | x [(zgg)] (4.4)
fg— M mg+FVdW X [(b@bl)%)] (45)

where,mis the mass of the nano-object (nanorod) which is calculxted the relationship
p = m/V ,wherep is the material density arid is its geometric volumey is the coefficient of
friction, g represents the constant of gravity of Earth takei&s[m /s%] , Fy 4w the adhesive
force due to the Van der Waals forcé&sandR represent the geometrical paremeters defined

in Figure 4.1.

The Van der Waals interaction force between a thin nanorddagiane is given by Parsegian
in[82] asFyqw = 2b(Hd1/2/16z§/2); where2bis the length of the nanorod,represents the
nanorod’s diametet,, represents the distance between the nanorod and the surfam#act
which can be considered equal to the interlayer spacingeo$tinface materiak(, = 0.2nm)

in contact with the surface, adirepresents the material's Hamaker constant.
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Figure 4.1: Analysis of forces and parameters descriptaratculate theCOR.
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In this Chapter, the developed analysis of the object’s omois presented without the use
of constrains by modelling the forces and moments actincghemano-object as defined in
Equation 4.6. Thus, Equation 4.6 provides a starting eqonat model theCOR position
under two different pressure conditions. These conditiansespond to unknown and known
pressure distributions between the nanorod and the plaeeswhotion takes place. For the
case of unknown pressure distribution, any pressure loligtoin could be assumed. Whereas

in the second case, a symmetric and distributed pressuridisn is assumed.

Taking moments about the assumEDR location for quasi-static motion (see Figure 4.1)

Fx(R+yn)—f1x(¥)—f2x(ﬂ):0 (4.6)

4.2.3.1 Location of the iCOR for known pressure distributian

The new equation to calculate the location of IB®R, when the pressure distribution is

known, is obtained by taking Equation 4.6 and solvingRor

bEF + \/b2F2 — p(mg + Fyaw) (u(mg + Fyaw)b* — 2by, F)

R= (4.7)

pu(mg + Fyaw)

From Equation 4.7, the value of R is the function of the pugipulling forceF, coefficient

of friction p, and the location of the applied forgg. So,R(u, y,, F') is a useful relationship
to explore in detail. Also, from Equation 4.7, the valueFofs unknown, but it could be
estimated by taking the inside part of the root-square. I8ityj solving for real values of the
root a value of the minimum magnitude foréethat starts object motion can be estimated.

For instance,

\/62F2 — pu(mg + Fyaw) (,u(mg + Fyaw)b? — 2bynF) >0
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and solving forF

p(mg + Fvaw)(\/yn + 0* — yn)
F(p,yn) = = (4.8)

Equation 4.8 provides a direct dependence with the locatidhe applied forcey, and the

coefficient of frictiony.

In addition, assuming that the applied force is acting pedpmilar to the pushed/pulled
nanorod during the manipulation, an extended equation eabtained ¥ Fyerpendicuar= 0,
see Equatiort.9). Then, by resolving the forces perpendicular to theoraohin order to
calculate the minimum pushing/pulling for€enecessary to start motion, a relationship that

locates the quasi-stati€OR in terms of the frictional force can be derived (EquatiorD.1

F—fl1+f2=0, (4.9)

ja
plmg + Fyaw) R (4.10)

F(p, R) = 7 :

Expression as in Equation 4.10 can be usefull when@i@R position and the pulled/pushed
magnitude force are known.€. experimental information) to approximate a value for the
coefficient of frictionyu. The frictional forces due to momenf$ and f2 are the values pre-

viously defined in Equation 4.4 and Equation 4.5, respélgtive
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4.2.3.2 Location of the iCOR for unknown pressure distribuion

A similar analysis is used taking Equation 4.6. In this cagedfion 4.6 is solved fdf (Equa-
tion 4.11). F represents the minimum pushing/pulling force necessasya the nanorod’s

motion.

(b + R?)
R+ vy,

p(mg + Fyaw)

F:
2b

: (4.11)

solving for the forces perpendicular to the nanordd Kpemendicuar= 0 See Equatiort.12 )

with the value ofF (Equation 4.11) in the bellow equation, and solvingRor

F—fl+4f2=0, (4.12)

R=/b+y2—vy, (4.13)

Equation (4.13) results in the same equation as theoneneltdly Pham et al. in [77] using
the minimum force principleat the macroscalesée appendipA.1). In this case, the fric-
tional parameters are absent representing the case of wnkm@ssure distribution. Also,
Equation 4.13 shows a direct relation between the pushing pbthe force and theCOR

position at quasi-static motion.

4.3 Results from simulations

This section presents results on the simulations for thpgeed developed models of equa-
tions to calculate theCOR position at quasi-static motion. First, a comparison is enad

between the resulted equation for unknown pressure disiviib and those found in the lit-
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erature. Second, the minimum pushing force magnitude to tsia nano object motion is
calculated and related with its applied location to study rélationship between a moment
of force and its frictional coefficient. Finally, th€OR location is calculated and related
to the applied pushing force magnitude to study the relatignbetween th&COR and the
nanorod frictional coefficient. Simulations were done faoramo-objects of graphite (carbon)
on graphite. Simulations were running under a Linux enviment (Ubuntu 12.04 LTS) on a

CPU AMD Turion64x2, 4Gb in RAM and using double precisiortfametic.

4.3.1 Location of Quasi-static iCOR for unknown pressure dstribution

using different techniques

Figure 4.2 shows the calculat@dOR positions using different methodologies described in
section 4.2.1 and section 4.2.2 without the use of constrimina thin carbon nanorod of
length L = 590[nm]. The pushing force is applied at different locatiops(x-axis) and its
correspondingCOR location is then calculated (y-axis). From the graphic shanvFig-
ure 4.2 it is noted that Equation (4.3) and Equation (4.2§ipced no variation in the calcu-
latediCOR position. In order to find the reason why these equations tieveame results,
an analysis which consists in a coordinate transformatias elone. The previous analysis
concluded that the differences in shape of the previoustemsas due to the localization of
the reference point from which all the longitudinal paraengtare defined (left side end or
right side end of the rod). Thus, Equation (4.3) and Equaio) are in essence the same,
with just a translation in its coordinates. Furthermore, developed Equation (4.13) using
the proposed methodology described in Section 4.2.3.2igisethe same results in com-
parison with the equations derived using the minimum energyiple (Equation (4.3) and

Equation (4.2)).
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Figure 4.2: Comparison using four different equations tiewdate theQuasi-staticiCOR
location for a thin carbon nanorod of length= 590[nm].
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Moreover, for the case of the method described in sectiorl 4tBe resulting curve from
Equation (4.1) shows a scale factor in the values ofi@@R position. A possible cause of
this can be attributed to some differences in the the exariahprocedure such as the type of
substrate used, te&kFM calibration process and ambient conditions during the madation.
Also, it may be because the motion is more approximate inyhamhic case as the measured

ICOR locations were taken after thd=M -probe lost contact with the nano-object.

In general, Equation (4.1), Equation (4.2) and EquatioB)(4vere obtained for an assumed
rigid cylinder MWCNT ) where the contact is only a line (there is no deformatiorgwelver,

these equations are still valid and can be used to descebadtion of a nanorod.

4.3.2 Location of Quasi-static iICOR for known pressure digtibutions

for line segment contact

When the material parameters of the nano-object being rakatgd are knowi(e. coefficient
of friction ) Equation (4.7) represents an equation that models theidocaf theiCOR.
Figure 4.3 shows the resulting graphs of iB®R locations for different values of the coef-
ficient of friction for a thin carbon nanorod of length= 590[nm| . Coefficient of friction
values were varied from 0.01 to 0.15. Pushing force valuas waken such as satisfied the

quasi-static motio” & u(mg + Fyaw ).

It is noted from the graph in Figure 4.3 that a family of pahturves was obtained. This
results in the location of thiE€OR being in accordance with the theory. No variation is pre-
sented in théCOR location as the method solves its location for every pusfange that will
keep quasi-static motion possible. Therefore, a variatidhe pushed force magnitude will

be more related with the frictional properties of the system
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On the other hand, the developed Equation (4.8) can be usedjanction with experimental
parameters obtained from the manipulation process to appabe the coefficient of friction
1. Figure 4.3 shows the family of curves where the minimum nitage of the pushed force
will move the nano-object. This magnitude has a dependeitbeites application pointy,)

and a coefficient of friction,(). The value of. varies from 0.01 to 1.00.

Therefore, Figure 4.4 may be used as a graphic map to appateiam estimated value for
the coefficient of frictionu of the system once the value of the magnitude of the pushed for
is known. The value of the magnitude of the pushed force magbib@ned from the experi-

mental datai(e. AFM force grapl).

Figure 4.5 shows the resulting graph using Equation (4 AB)p, with reference to the graph
on Figure 4.5 it is also noted that a consist&2®R point location is found atz 118 nm
(x-axis). This point is the location where the pushed orguliforce is minimised, but its arm
moment is maximised.€. on end of the nanorod). As a result, pushing or pulling onec¢nd
the nanorod will give the best location to approximate thHeeaf the coefficient of friction

1 from the system under manipulation.

Figure 4.4 and Figure 4.5 shows two different options to gaedrictional maps which can
approximate the coefficient of friction value using data suead directly from the manipula-
tion in process and using observed values in the locatioheofésultedCOR from experi-
mentation, respectively. Thus, the use of each map will iraaccordance with the preferred
data acquisition method. It is also noted that if both mapgeanerated, then an increment in
the prediction of the coefficient of friction value can be i@gled using the statistic mean of

the two obtained frictional coefficient values.
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y—axis: magnitude of the minimum pushing/pulling force
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Figure 4.4: Variation of the pulled/pushed magnitude fdfcer a thin carbon nanorod of
length L = 590[nm] with its application location.
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4.4 Discussion

It is worth establishing the difference between the sheasstforce and frictional force,
which the literature treats as equivalent. The shear faaue to the tensile or compres-
sive stress that an object will experience through and dt elment of its constituent body
(particles) as two different forces acting on it at the samepposite direction. Whereas
the frictional force is a tangential force which dependstmnlbad and a coefficient of fric-

tion 1 and is independent of the area of contact between the olnjd¢ha supporting surface.

4.5 Summary

This chapter introduced developed equations to descridejtiasi-static motion of nano-
objects being pushed/pulled by locating th€lOR position for unknown and known pres-
sure distributions. Also, this chapter presents two newlgramethods to approximate the
numerical value of the coeffcient of frictiom. These two graphic methods showed a rela-
tionship between theECOR location and the applied moment of the force. In the same way,
the correlation between values generated by the develogpeatiens and those developed
using the minimum energy principle strongly suggest thatftictional force for nanoscale
objects can be modelled using the Coulomb frictional moélisgo, that the frictional force is

uniformly distributed in the contact.
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Chapter 5

Location of the ICOR using a novel
minimum force principle and the use of

constraints

5.1 Introduction

This chapter presents a novel technique to calculatéX®&® position for in-plane rotations
when the nano-object is sliding. This developed analysimgsed on the use of constraints.
Constraints are those which limit the nano-object’s mobgradding or restricting its move-
ments. Therefore, motion constraints are defined and iedlul the previously modelled
equations for sliding motion. The equations are then solisdg a minimum force princi-
ple. Thus, to solve for a minimal pushed/pulled force thdk start the nano-object’s sliding
motion, a new model is generated. Results obtained usingridposed technique improved

accuracy from the methodology proposed in previous chapter

Moreover, this Chapter studies and analyses the corresppr@OR location for two dif-
ferent types of motion. The analysed motions are Impulsie Bynamic motion during

sliding.
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5.2 ICOR location combining a minimum force principle
and constraints of motion

From Chapter 4, the displacement or rotation of the naneetl$ controlled by the magni-
tude and location of the effective resultant force actingtolWWhen the effective resultant
force acts at the centre of mass of the object, the momentpeatin respect to it is zero and
the object will not rotate [see pp. 83, chap. 4]. Furthermdrthe effective resultant force

is perpendicular to the object’s orientation and overcothesvalue of the frictional force,

then the object will be on pure translation. For pure tramstatheiCOR is suggested to be
located at infinity in a plane parallel to the one where theative resultant force acts or to

exist in the imaginary solution plane [see pp. 75, chap. 5].

The instantaneous centre of rotati@OR is defined for different types of phases that the
object will have when its motion starts. The phases of mati@t an object has when it is
pulled or pushed are: Quasi-static, Impulsive and Dynaiach of these phases are related
to different conditions or constraints imposed by the systeder analysis. The analysis in
detail of each of these phases contributes to developingtieqs that in conjunction provide
a complete description of the object’s motion and also desthe properties of the system

(i.e. frictional force).

When the nano-object is subject to an effective force, it garthrough rotating (circular
trajectory) or sliding motion (tangential trajectory). Arcstraint is defined in this work as
‘a limitation on the space of motions over the which the instiaeous power is minimized
" [78]. For instance, in modelling rotation motion, a puralsig motion could be considered
as a constraint (a limitation on the space of motions). Orother hand, in modelling pure
sliding motion, rotation motion could be considered as ast@mt in the solution space. A
relation between tangential and circular motion is weltesiao follow the relatiorm; = ra,

wherear represents the tangential accelerationepresents the angular acceleration amni
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the distance from the particle or nano object rotating abdixked point [83].

5.3 Developed analysis to locate the ICOR position

This section describes the developed analysis using eonistr Essentially to solve for quasi-
static motion is equivalent to solving Newton’s equatiofhsiotion in equilibrium when there
are no external constraints (Equation (4.7) and EquatidiBft When constraints need to
be added, is necessary to take into account the inertial(partor /) and then minimise
the value ofF with respect toR (i.e. 6F'/6R = 0). This means to look for the minimum
force which produces the minimum change in the nano-olgjguisition for a sequence of

equilibrium states. Firstly, the set of equations whichcdiégs the nano-object’s motion are

defined as
Force Moments Tangential Forces Constraint
a
ZMO—Ioa ZFT—mCLT O[:ET
ar Z Fr
M, =1, =
Z ( R> ar m
I, =1+mR? ZFT:F_f1+f2

wherel, is the inertia moment of the nano-object taken around thenasdiCOR location,
ais the angular acceleratiom, is the nano-object mass; is the tangential acceleratioR,is
the distance between th@OR position and the nano-object’s centre of mass (C.M.and

f2 represents the frictional forces ahds the pushing/pulling force acting on the nano-object.
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Secondly, the above equations need to be manipulated intorgelude the relation between
translational and rotational displacemernts.(« = ar/R). This is achieved when the tan-
gential accelerationy is solved in terms of the tangential forces and the nanoetibjmass
(ar = > Fr/m). Then, the angular acceleration of the nano-objeyig expressed in terms
of tangential acceleration and ti@OR distanceR. Finally, the inertia moment, is defined
as expressed ih, = I + mR? and all the previous manipulated equations are substitoted
the moment equation. Thereby, Equation 5.1 remains as theifal equation to be solved

in terms ofR, thus

F(R+yn) — fi <¥) - fi (#) =1, <%§T) (5.1)

The manipulation of Equation 5.1 was done using the softwaokagevz M aximall.08.0
running under a Linux environment (Ubuntu 12.04 LT&).M axima is a graphical user in-

terface for the computer algebra system. Therefore,

(%1) f1(R:= ((ux(mg+F_{vdw}))=*(b+R))/(2xb);

p(mg+ Fuw) (b+ R)
2b

(%01) f1(R):=

(%2) f2(R):= ((ux(mg+F_{vdw}))*(b-R))/(2+Db);

p(mg+ Foaw) (b= R)
2b

(%02) f2(R) :=

(% 3) lo(R:=I+mR"2;

(%03) Io(R) :=I+m R>
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(% 4) Cl: F+(Rtyn)-f1(R) *((b+R)/2)-f2(R) *((b-R)/2)
= 1o(R *((F-fLR + 2(R))/ (mR));

(gm + Fuaw) M(b_R)z
4b

+ Fogw) 1t (R+ D)

2b 2b

mR

(% 5) factor(Cl);
(%05)

o gmp R+ Fogy p R =20 F R = 2byn F + b gm p +0° Fugu p
2b

(gmpR+ Foqupp R—0F) (mR*+1)
bm R

(% 6) solve(Cl, F);

As a result, the simplified equation of motion solved for thushgng/pulling forceF using

comand 'solve(C1,F)’ obtained is

1
r = 24 Fom) R (2 2 Fu) ]
Gbmy R—2b1) [(gm + Foawm) p B+ ((29m + 2 Foaw) p

(1 gm? = B Fuym) ) R (5.2)
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and minimising the forc€& in Equation (5.2) with respect R in the quasi-static approxima-

tion which is equivalent t6 /'//d R = 0, therefore

(% 7) diff(%6,R);
(%08)

2bmyn <(gm2 + Fugwm) p R® + ((29m+2dew) pl+ (=b* gm? — b* Fygm) u) R)

(2bmy, R—2b1)?

3(gm?+ Fogwm) uR*+ (2gm + 2 Fyq0) pl + (=0 gm?* — b Fyqm) 1
2bmy, R—2b1

(% 9) ratsinp(%8);

—1
(2bm?2y2 R?2—4bmy, I R+2b1?)

0F/6R = [(ng?’ + 2F qum®) y, R?

+(=3gm? =3 Fpgum)ul R? + (=2gm — 2 Fygy) pu I

+ (6% gm® + b Frgu m)uI] (5.3)

in the quasi-static approximatiort'/o R = 0, consequently solving Equation (5.3) under the

guasi-static conditions will yield the value Bfthat minimises-
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(2gm® + 2 Fygm?) pyn R + (=3 gm* — 3 Fygym) I R?

+(=2gm — 2 Fyqp) p I* + (B> gm? + b* Fygym) I =0

and simplifying,

(2gm® +2 Fygpm?) 4y, R* + (=3 gm?* — 3 Fygym) I R?

+(=2gm — 2 Fyq0) I+ (b gm? +b* Fpgym) I =0 (5.4)

where/ is the inertia moment of the nano-object andg, F 4., b, y,, are the parameters pre-
viously defined. Equation (5.4) is one dimensional (one petelent variable) and it can be
solved using root finding methodsd. Eigenvalues method, Van Wijngaarden-Deker-Brent

method.

5.3.1 Van Wijngaarden-Deker-Brent and Eigenvalues root fiding meth-

ods

In contrast to the root finding Eigenvalues method, the Vajm§diarden-Deker-Brent method
provides high accuracy in its solution because it searahaggiven solution space. This re-
duces the computing time required to find the solution anceases its accuracy. Thus, the
solution is restricted to a specific range in a solution spabes method combines root brack-

eting, bisection, and inverse quadratic interpolationdoverge from the neighbourhood of
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a zero crossing. By contrast, the eigenvalues method iesatemputing the eigenvalues of
the companion matrix defined by the polynomial [73]. Thus,gfgenvalues method requires

more computing time because it searches over a whole rargessible solutions.

5.3.2 Results from simulations

As theiCOR could be located at some point inside the area of contact tsidzuof it (.e.
iICOR located at infinity). Therefore, to be assured that all gmessolutions are included
(roots space), Equation (5.4) is solved by the two root figanethods mentioned in previous
section. The eigenvalues method is used to map for all pesshutions ((e. ICOR locations

outside the contact area i@OR locations at infinity).

CalculatedCOR locations for a thin carbon nano-rod of length= 590[nm] using the de-
veloped Equation (5.4) are presented on Table 5.1. FroneTlb| the eigenvalues method
produces the same results as those obtained by Van Wijregga&eéker-Brent method. Thus,

Equation (5.4) is able to map all possible solutions of tleatmn of the COR.
Finally, near the end of the Table 5.1, values bifurcatiomisostart to appear when the force

is near to the nano-objectG.M.. The bifurcation points represent a symmetric location of

values by having its positive and negative values.
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Table 5.1: iCOR location using two different methodologiesind the roots of the Equa-

tion (5.4)

yn Van Wijngaarden-Deker-Brent Eigenvalues method
meters meters meters
2.95e-007 7.93e-008 7.93e-008
2.85e-007 7.97e-008 7.97e-008
2.75e-007 8.012e-008 8.012e-008
2.65e-007 8.054e-008 8.054e-008
2.55e-007 8.098e-008 8.098e-008
2.45e-007 8.142e-008 8.142e-008
2.35e-007 8.188e-008 8.188e-008
2.25e-007 8.235e-008 8.235e-008
2.15e-007 8.283e-008 8.283e-008
2.05e-007 8.333e-008 8.333e-008
1.95e-007 8.384e-008 8.384e-008
1.85e-007 8.436e-008 8.436e-008
1.75e-007 8.49e-008 8.49e-008
1.65e-007 8.546e-008 8.546e-008
1.55e-007 8.603e-008 8.603e-008
1.45e-007 8.662e-008 8.662e-008
1.35e-007 8.723e-008 8.723e-008
1.25e-007 8.787e-008 8.787e-008
1.15e-007 8.852e-008 8.852e-008
1.05e-007 8.92e-008 8.92e-008
9.5e-008 8.99e-008 8.99e-008
8.5e-008 9.064e-008 9.064e-008
7.5e-008 9.14e-008 9.14e-008
6.5e-008 9.219e-008 9.219e-008
5.5e-008 9.302e-008 9.302e-008
4.5e-008 9.388e-008 9.388e-008
3.5e-008 9.479e-008 9.479e-008
2.5e-008 9.574e-008 9.574e-008
1.5e-008 9.673e-008 9.673e-008
5e-009 9.779e-008 9.779e-008
4e-009 9.789e-008 9.789e-008
3e-009 9.800e-008 9.800e-008
2e-009 1+9.811e-008 +9.811e-008
1e-009 1+9.822e-008 +9.822e-008
0.0e000 +9.833e-008 +9.833e-008
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5.4 iCOR location for quasi-impulsive motion

Impulsive motiordescribes mechanical systems where the motion of the dbjeatised by
an impulse force. An impulse force is a force whose value igeexely high in a very short
period of time. As a result, an impulse force has a tendeninctease without limitin a limit
period of time, overcoming finite forcesd. frictional force). This fundamental characteristic
results in an analysis describing the momentum of the oljaehg the period of time where
the impulse exists. Therefore, the Newton’s laws equatadmaotion must be presented in

terms of impulse-momentum equations.

The linear momentum is defined &= mV, ,,, wherem is the mass of the object ;.

is the linear speed of its mass object centre, and the anguarentum byH ey, = 1o w,
whereH ¢ ;. represents the moment of momentum caused by the impulsse, 1o ;. is the
inertia moment and is the angular speed of the rotating object. It is importargrhphasis
that previous equations should defined with reference tongtantaneous axis of rotation by

using the parallel axis theorem [83, 84].

Parameters are defined in Figure 5.1, wheis the impulse force applied at the po@f v,
is the distance between the applied impulse force and the-rahcentre of mas€(M.), 2b
is the length of the nano-ro®;,,,,..sive 1S the distance between the ImpulsiZOR location
and the nano-rod centre of maSdM. Also, the impulsive equation of motion is solved in
terms of the radius of gyratioky ys. (kc.ar. = Lo /m). Thus, by solving foR ., pursive, the

simplified equation results in Equation (5.5),

2 2
R o (KC.]M. + RImpulsive)
Impulsive + Yn = )
lepulsive

2
R _ KC.]\/I.
Impulsive —
Yn

(5.5)
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Figure 5.1: Analysis of forces and parameters descripwonmpulsive analysisifnpulsive
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5.5 ICOR location for quasi-dynamic motion

Dynamic motiordescribes a mechanical system that obeys Newton’s secasdfamotion

O F = miand) M = I ), whereF is the effective force applied: is the linear
accelerationyn the mass of the nano-objedt/ is the moment of the force produced by the
effective forceF, I, the moment of inertia and the in-plane angular acceleration of the
nano-object. Also, for the analysis of forces, a similauedior static and kinetic coefficient

of friction is assumed.

In dealing with the nano-scale case, the nano-object i®umlfy accelerated by an effective
force subject to the gravitational and Van der Waals fortés. effective force overcomes the
static forcesi(e. static friction force). Therefore, the motion is charaisted by the dynamic

friction force and the effective force magnitude which caercome friction and adhesional

forces to keep motion in the pushed/pulled nano-object.

To describe the quasi-dynamic behaviour of the nano-oljeetobtained group of algebraic
dynamic second order differential equations developedhapter 3, that describes a nano-
object’s motion, was integrated over a short period of time (0~!° seconds). The program
was coded in FORTRAN using the Bulirsch-Stooer integratartine which is then used to

solve for the quasi-dynamic motion case at very small irstégn steps of = 101V seconds.

5.6 Results from simulations

This section presents firstly the results of the simulationshe proposed developed models
of equations to calculate thH€OR position. Secondly, a comparison between the use of
constraints and when they are absent in the quasi-s@&D& analysis is explored. Finally,

a variation of the quasi-statiCOR and the impulsivéCOR is analysed. Simulations were
done for nano-objects of graphite (carbon) on graphite téidint sizes. These simulations

were run under a Linux environment (Ubuntu 12.04 LTS) on a GRD Turion64x2, 4Gb

150



in RAM and using double precision arithmetic.

5.6.1 Location of Quasi-static iCOR free of constraints vsdcation of

Quasi-static ICOR with constraints for line segment contat

The analyses developed in Section 5.2 and in Section 4 e&2used to generate Figure 5.2.
Figure 5.2 shows two graphs. A continuous line is used tordestheiCOR locations using
Equation (5.4), whereas a dashed line describesGfdR locations using Equation (4.13).
Negative values in the — axis are presented to descrifl@OR positions that are under the

nano-rod’s centre of gravityy(— axis origin).

The plotted graph using constraints in the nano-objectsangcontinuous line in Figure 5.2)
presents a bifurcation point when the pushing force actsean&norod’s centre of mass. The
bifurcation points are represented with two squares in tiaplg Bifurcation points were
being observed in nanomachines with translation in its omgi85, 86]. Also, another inter-
pretation of this particular solution is that the nanorodl e rotating in opposite directions
at the same time. Previous interpretation is also related, @uple of forces acting on the
nanorod, which makes it be in a equilibrium state. This éopiilm state is highly depen-
dent of the magnitude and direction of the force acting atnidnmgorod’s centre of gravity as
reported in experiments by Li et al. [6]. Li et al. concludedttattempting to manipulate the
nano-object through its centre of gravity provides highartainly in the resulting in-plane

rotation direction of the nano-object under manipulation.

Pulling or pushing through the nanorod’s centre of gravitthva force perpendicular to the
nanorod will produce translation (pure sliding). It is alsated that pushing near to the ob-
ject’s centre of gravity (a short moment arm) provides naggerotation to the nano-object
(ICOR location states closely). This is quite the opposite to #eeovhen the motion con-

straints are omitted (dashed line). Including the tangéntbtion constraint into the motion’s
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analysis will reduce the angular speed magnitude of thdingt@mano-object, as tangential
displacement generates some resistance, slowing dowratiegod’s angular motion. Then,
the accuracy in the quasi-static analysis is compared wijactis speed. For low speeds,
guasi-static analysis is more accurate, whereas for highdsji is less accurate. Therefore,
pushing near to the nano-object’s centre of gravity, theonaalis angular speed decreases as
the force moment reduces its magnitude. Thus, values af2®& locations are less than

those calculated without the use of constrains.

5.6.1.1 Anlysis of error

This section describes the calculated margin of error uai@§x level of confidence in the
iICOR locations for both methods. This level of confidence is rdydletween—2 and+2
times the standard error. Using the data generated by Bgu@til3), where the constraints
are not taken into account, a standard deviation of the n@etecomputed data is: 49.6987
and the number of locations (samples). The number of saroptessponds to the number of

different locations at which the force is applied to the maddnumber of samples = 296).

On the other hand, the standard deviation of the compg@@édR locations using the equation
with constraints is: 5.3950 for the same number of samples:{ = 296). The substantial

increment in the accuracy using the proposed methodologgnhwbnstraints are included is
more significant when the nano objects are pushed/pulleddntibns near to its centre of
mass. Thi is quite opposite to the case when constraintsaiteed and perhaps this could be

the reason why its standard deviation value is high.
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Figure 5.2:Quasi-statidCOR locations for a thin carbon nanorod of length= 590[nm)|
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5.6.2 Variation of quasi-static, dynamic and impulsive iCOR with the

point of application of force

The variation in theCOR location for the three different motion stagesiési-static, impul-

sive and dynamic motidis presented in Figure 5.3.

Quasi-static motion shows its particular bifurcation geito express translation of the nano-
rod (the two squares at the— axis). These results strongly favour the presence of pure
translation of the nanorod, and as it is the same zone of pg$tcation for the dynamic and
impulsive motion {,, values near to zero), the values of iIkEOR have a tendency to be at
infinity. This is a condition observed and described to expteanslations of rigid bodies in

a manipulation task of objects at the macroscale.

Pushing at the nanorod’s end (hanorod’s extreme), impaigsid dynami€COR locations are
quite similar. This could result because pushing or puléibhthe end of the nanorod produces
a big moment of the force which mean similar conditions fothbmethods. Moreover, a
pushing point where th€OR location for these two different motions are consisterisid.
After this consistent point (at approximately ~ 1.77 x 10~7) a separation of each stages is
better appreciated. Thu€;OR values for dynamic motion are less in magnitude than those
corresponding to impulsive motion. In addition, from thepimsive and dynamic graphics is
noted that the tendency of the nanorod to rotate is high, mraset to the quasi-static case.
Therefore, a relation between magnitude force, its posdind thaCOR can be found which
can produce fine and large nano-object displacements. Dgrsamulation was done with a
coefficient of frictiony = 0.1 for a thin carbon nanorod of 590 nm and radius of 13.5 nm,

and using the parameters and technique described at SBdiion
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Figure 5.3: Comparative in th€OR locations for a thin carbon nanorod of length

590[nm] for different stages of motions: Quasi-Static, Dynamic angulsive.
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5.7 Summary

Based on previous results, this chapter introduced a neatiequio describe the quasi-static
motion of nano-objects being pushed/pulled using comgaiDefined motion constraints
and a minimal force principle were used to develop a novehoulogy compared with
those found in the latest literature. This methodology wsesito generate a new mathemat-
ical analysis and to characterise the motion of nanoscaéetbfor the quasi-static motion.
The results from simulations showed an accurate and imgdrowethod to locate thEZEOR
position. Moreover, simulations and analysis of nano-tfgebeing pushed for different
stages of motion suach as quasi-static, impulsive and dignarotion were presented and

analysed in detail.
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Chapter 6

Conclusions

In this chapter, the contributions and conclusions of thesis are listed and suggestions for

future work provided.

6.1 Contributions
The main contributions of this thesis are:

1. Defining new parameters for surface energy for differeatemals. Trustful param-
eters in properties of materials are a critical factor torapphing and understanding
their behaviour. In particular, a corrected factor valuamequation that can be found
in the literature and defines the surface energy was intextlutsing this corrected

parameter, new values on some materials can be obtained.

2. Mapping the coefficient of frictiop for nanoscale objects with different geometries.
Scanning probe microscop&PM are able to measure the total forces acting at the
atomic level. For this reason, it is worthwhile providingtable techniques than can
be used to extract the major parameters to characterisaitmges under analysis. This
research provides, by means of developed equations th#ieiferce and theCOR of

the manipulated object, a suitable tool to approximate tiedfcient of friction.

3. Location of thaCOR for unknown pressure distribution equation. Unknown puess
distribution means the motion is described approximatathaut the knowledge of

tribological parameters. Therefore, using a proposed odetlogy, an equation that
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models theCOR position for quasi-static motion of nano-scale objects prasented.
This equation results in the same one when used for maceosbg@cts. A relation to
approximate théCOR location betwween macroscale models and nanoscale without

fitting parameters was found.

. Location of thaCOR using a minimum force principle and constraints. A novelaqu
tion that improves the accuracy of the previous equatiomd¢ate thaCOR position
for objects was developed. This proposed equation imprasesracy when calculating
theiCOR location in quasi-static motion by expressing the motiothef nano-object

as a combination of in-plane translation and in-plane rmadisplacements.

. Analysis of motion for different stages of motion. Thisafysis evaluates the location
of the iCOR for Quasi-static, Quasi-dynamic and Impulsive motion. sT$tudy and
analysis of the different stages of motion that nanoscajectd will experience can
help to understand and estimate the best method for matipykaem. Furtherore,
a consistent pushing point for Impulsive and Dynamic mot@s found. This point
open the posiblility of providing a consistent motion wiés$ force and ca analyse
deformations that could appear on the material/nano-objataces (wear) when the

nano-object is manipulated under such magnitude forces.

. Analysis of the Coulomb frictional model over a contactaar Before this research
was conducted, there were no models in the literature tloatige a detailed analysis
of friction over a contact area for a nano-object resting @uidace using continuum
mechanics. Frictional force and frictional moment were wshtases characterised by
experimentation. This model relies on a macroscale modkissextended when forces
at the nanoscale are introduced. Moreover, the analysispgemented in a different
nano-structure such as a nanobar whose geometry provatds sonditions for sliding
motion and also applies for cylinder geometry suctCall that takes into account a

deformation area betweem the contact with the surface.
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6.2 Conclusions
The key conclusions for each topic analysed are:

» The location of the applied force and its magnitude hasectirelation with theCOR
location. Furthermore, th€OR location could be used to describe and determine the
real motion of the nano-object, coping with the problem @idreal time manipulation
monitoring at the nanoscale. Therefore, it opens the posildf providing a reliable
manipulation of nano-objects. A reliable manipulation lz¢ hanoscale is desirable
when assambling objects into more complex structures atiteagame time studying

the properties and behaviour of different materials anéabjat the nanoscale.

* It was shown and demonstrated that pure translation caegresented by a bifurca-
tion point. Nevertheless, this point introduces uncettedin the manipulated object’s
direction. This uncertainly in the manipulated objectisedtion is highly dependant on
the manipulated system conditions, as for any change inaitee fdirection the body
will rotate according to the applied force angle, appliedédocation and applied force
magnitude. In addition, this uncertainly in the object’stran can be attribuited to any
topographical feature on the surface in both particle arubstsate, wear during the
manipulation processes and external ambient conditioss,Ahese uncertainties can

interfere with the true frictional force being measured gy $ystem.

* Quasi-staticmotion can be modelled not only by solving the Newton’s eigqunat of
motion in equilibrium. In addition, it can be solved using tilynamic system by min-
imising the force, which is the equivalent to having smatlederations, as the forcé
is defined according t6" = ma. On the other hand, introducing the mass of the object
into the equations of motion produced an accurate pictuteeforces acting on the

objects, as the particle momentum of interia depends ondheje mass.

* The equations which usiie minimum poweprinciple to locate theCOR position

shown good agreement with the reported manipulation exyggris at the nanoscale.
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This opens the idea that Coulomb’s friction model is stilidat the nanoscale. More-
over, theminimum power principlés only valid for models that obey Coulomb’s model
of friction F iction = 1 % (Normalload)™, as the relation is lineai.¢. n=1). In
dealing with the frictional force magnitude, rolling frighal force value is higher than
sliding frictional force. This value in its magnitude isa&d with the arm length of
the induced moment and with the surface value of the masanatontact (adehsion).
Therefore, sliding is a desirable motion in terms of the rpalaition of the nano-object

over the surface using a minimum force value.

» The data generated from the frictional force analysis &tbthat the sliding motion
in the nano-objet is a motion composed of in-plane trarsiaéind in-plane rotation
displacements. Also, these results could imply that thek-stiide motion observed in

objects at the nanoscale corresponds to in-plane rotagiothin-plane translations.

6.3 Suggestions for future research

Future area of research can be orientated in two areastrol systemsnd path planning
algorithms In the area of contro] results and analysis generated in this research can be
implemented to derive new feedback control strategies.ohtrol the motions of the nano-
objects by pushing or pulling operations, control systenoaugl be fast, accurate and precise
in order to deliver and sense the correct amount of forcegoapplied. Such capabilities
still needs more attention. Also, better SPM calibratioocesses that can ensure to increase

sense/feedback force could also be included in this tewtatiea of research.

Path planningis an area of research that can be assisted using the dededoply/sis and

equations to automate the manipulation at the nanoscalgoritims which can generate
paths to position and orientate nanoscale objects whilsinmsing the necessary force and
also the requested time are essential and not yet fullydoted in nanoscale manipulation

schemes.
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On the other hand, although the models and simulation pregémthis research are in good
agreement with the expected dynamics that can be found wisirg/pulling nano-objects,
more models using the proposed methodology might be depetbfExtensions to this work
can be done by introducing other interactive forces at th®seale, using different contact
models {.e. DMT or Bradley models), attraction potentiaise( Leonard-Jones potential) and

different conditionsi(e. temperature, relative humidity).
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Appendix A

A.1 ICOR location.

Using the methodology developed by Pham et al. [77] and Eopua(A.1) and (A.2) to model

the quasi-static motion of the nanorod.

Fy = p(mg + Fyaw) (A.1)

where,mis the mass of the rodj represents the constant of gravity of Earth dngy the
adhesive force due to the Van der Waals forces. The Van dels\iéraes interaction for a

rod and a plane [82] is defined as

Hd>
Fy= L( ) (A.2)
1622

Taking moments abow€OR, for motion to be possible:

Fx(R+yn)—Mc>0 (A.3)

In the quasi-static casé; x (R + yn) — Mc¢ = 0, thus solving for F as:

163



Me
(R+yn)

defined), as the frictional moment. ThelY, is defined as

(b+ R) (R—10)

2

Mc:flx +f2><

(A.4)

(A.5)

where f; and f, are assumed to be uniform and to be the frictional force gamthe rod.

Substitute Equation (A.2) in Equation (A.1), then frictédiorces are:

Subsititute Equation (A.6) and Equation (A.7) in Equatiérb) results

1
e sl -]
l —_ —_
+u mg+L($§)] x [“ngfj)] x [“’QR)]

Simplify above equation results in
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1 2 2
M, = p|mg+L Hd5 o | EE) (A.8)
1622 (20)
Subsititute Equation (A.8) into Equation (A.4) results in:

Hd? (b2+R2)

It mg+L(16Z§)] X [ @) ]
F= A9
(R+yn) (A9)

Factorising the above equation before derivating it resualthe following equation

Hd> d
mg+L( z)
1622

dR

b’ + R?
R+yn

Then finding the derivate as

dF Hdz>
o _ " I i
R~ 2 lmg+ (16Z§)] :

Thus for quasi-static motiogﬂ% = 0 and solving forR results in the equation below.

2R(R +yn) — (b* + R?)
(R +yn)?

0=1L

2R(R +yn) — (b* + R?)
2b

(R +yn)?

Hdz
mg+L<——?>]x
1624
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2R(R+yn) — (V¥ + R*) =0

2R* + 2Ryn — b* — R* =0

R* 4+ 2Ryn —b* =0

The final solution to this equation is then:

R=+\/b>+yn?—yn (A.10)

Equation (A.10) results in the same equation as the oneatedvn section 4.2.3.2. Although
the adesive forces due to the Van der forces were includdteimbdel, they have not influ-

ence on the location of th€OR for quasi-static motion of the rod.
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B.1 f = [ Jssin(y)rdrdy

In particular to the Figure B.1, the limits of the integraleothe regiorns are:

fr <v <Py for hi/sin(y) < r < ha/ cos(y) (B.1)
Pa < v < B3 for ha/ cos(y) < r < ha/ cos() (B.2)
Pz <7 < P for ha/ cos(y) < r < hg/sin(v) (B.3)

Therefore, the limits of the integral over the regismare:

Bo ha/ cos(vy) B3 ha/ cos(v)
/ / sin(y)rdrdy = / / sin(~y)rdrdy + / / sin(~y)rdrdry
1 h1/sin(vy) 2 ha/ cos(v)

Ba  phs/sin(y)
/ / sin(y)rdrdy (B.4)
s Jh

4/ cos(
Solving the first integral results

1 B2 ha/ cos(7y) B3 ha/ cos(7y)
sin(~v)rdrdy =— / |:T2] sin(~)d~y + / |:T2] sin(~)d
/L (y)rdrdy 2{ 1 o <ino) (7)dy 2 o) cont) (7)dy

+ /54 [TQ} ol sn) sin(y)dry } (B.5)

ha/ cos(vy)
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Evaluating the first integral limits

//s sin(y)rdrdy Z%{/TQ (h% sin(y)/ cos?(y) — h%/sin(*y))dfy
T /53 (h% sin(y)/ cos®(y) — i Sin(’}/)/COSQ(”y))d’y

+ / ) (hi/ sin(y) — hisin(v)/ 0082(7))d7 } (B.6)

Solving the second integral results

" [/ costr) — 12/ cost)] ]

1

//s sin(y)rdrdy :%{ [hg/ cos(y) — h3 Infesc(y) — cot(fy)]] ’

+ [hg In[esc(y) — cot(y)] — hi/ COS(W)E: } (B.7)

Evaluating the second integral limits

:% {h;/ cos(By) — h3/ cos(B1) — kT In|(csc(By) — cot(By) )/ (csc(By) — cot(ﬁl))]
+ h3/ cos(Bs) — h3/ cos(B2) — hi/ cos(Bs) + i/ cos(Ba)

+h In| (esc(Ba) — cot(Ba) )/ (ese(Bs) — cot(Bs )| + hi/ cos(Bs) — hi/ cos(Ba) }

(B.8)
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Grouping and fartorising terms

:1{—h§/ cos(f31) + h3/ cos(Bs) + h2/ cos(32) — h3/ cos(Bs)

2
— h} ln{ (csc(ﬁg) - cot(ﬁg))/<csc(61) — cot(ﬁl)ﬂ
+ h3 ln[ (csc(64) — COt(ﬁ4))/(CSC(63) - COt(53>>:| } (B.9)

Substituting trigonometrics functions for their corresgdrigonometric value according with

Figure B.1

:%{h% (1/005(63) - l/cos(ﬁl)> + hi(l/cos(ﬁg) - 1/COS(54)>
—h? m{ (/13 + 2 /ha = hafh) /(13 + 1 hz/hl)}

+h2 m[ (, /B2 + h2/hs — h4/h3)/(\ [h2 4 h2/hy — hQ/hy,)} } (B.10)

1
:5{;@( W31 03/ hs h§+h3/h2)+hz< ey - h§+h3/h4)
—h%ln[( h%+hi/h1—h4/h1>/( h%+h§/h1—h2/h1>}

+ R h{ (, /B2 + h3/hs — h4/h3)/(,/h§ 4 h2/hy — hg/hg)} } (B.11)
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Finally, the resulted equation is:

f :%{}@(\/h% N hg) + h4<\/h§ N hg)
2 m{ (/12 + 12 — ha) (/12 + 1 — hg)]
+ h3 ln[(\/h§+hi—h4)/(\/h§+h§—h2)] } (B.12)

for lim |- In(})| =0

—0
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B.2 j’ [[scos(y)rdrdy

In particular to the Figure B.1, the limits of the integraleothe regiorns are:

b1 < v < PBo for hy/sin(y) < r < hy/ cos(v) (B.13)
Po < v < B3 for hy/ cos(y) < r < hy/ cos(7) (B.14)
Pz <7 < b for ha/ cos(y) < r < hg/sin(v) (B.15)

Therefore, the limits of the integral over the regismare:

B2 ha/ cos( B3 ha/ cos(v)
// cos(y)rdrdy = / / cos(y)rdrdy + / / cos(y)rdrdry
1 h1/ sin( 2 ha/ cos(v)

Ba h3/ sin(
/ / cos(y)rdrdy (B.16)
s Jh

4/ cos(v)
Solving the first integral results
1 B2 ha/ cos(y) B3 ha/ cos(7)
cos(v)rdrdy == / [7“2] cos(v)d +/ |:T2} cos(v)d
/L (v)rdrdy 2{ 1 o) (v)dy 2 e cos(o) (v)dy

fBa hs/sin(7y)
+/ [TQ} ! cos(y)dy } (B.17)

ha/ cos(v)
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Evaluating the first integral limits

//s cos(y)rdrdy :% {/f2 (h%/ cos(7y) — h?cos(v)/ Sin(’y))dfy
+ / 53 (hi/ cos(y) — hi/ COS(fy))dfy

+ /ﬂ4 (h§ cos(7)/sin?(y) — h2/ cos(y))dv } (B.18)

Solving the second integral results

B2

//s cos(y)rdrdry :%{ {h% In [sec(fy) + tan(fy)} + 2/ Sin(’y)}

B

B3

+ [h% In[sec() + tan(v)] — h3 In[sec(y) + tan(v)]] ;

Ba
_ [hg/ sin(v) + h3 In[sec(y) + tan(fy)]} ; } (B.19)
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Evaluating the second integral limits

:% {hf/ sin(Ba) — b1/ sin(f) + I ln[( sec(f2) + tan(B2) )/ (sec(B1) + tan(f))

+ h2ln [( sec(3) + tan(f3) )/ (sec(B2) + tan(BQ))]

— 2 In| (sec(f) + tan(dy) )/ (sec(Bz) + tan(By) |

—hiln [( sec(fy) — tan(5y) )/ (sec(fB3) — tan(fs ))] + h3/sin(B3) — h3/ cos(Bs) }

(B.20)
Grouping and fartorising terms
:% {hf (1/ sin(fBs) — 1/ sm(ﬁl)) 42 (1/ sin(f;) — 1/ sin</34))
+ h3 ln[ (sec(ﬁg) + tan(ﬁ;;))/(sec(@) + tan(ﬁl)ﬂ
—h? ln{ (sec(@l) + tan(&))/(sec(@) + tan(ﬁg))} } (B.21)
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Substituting trigonometrics functions for their corresgdrigonometric value according with

Figure B.1

1
zé{hf( h2 + h2/hy — h%+h§/h1>+h§(\/h§+h§/h3— h§+hi/h3)

+ R m{( h2 + h2/hs +h3/h2)/< h2 + h2/h, +h1/h2)}

s m{ ( h2 + h3/hy — hg/h4)/< h2 + 2/ hy — hl/h4)} } (B.22)

Finally, the resulted equation is:

f, %{hl(ﬁ% N RO L L)
+ R h{ (,/hg s +h3>/(,/h§ TR 4 hlﬂ
s ln[(w/h%+h§+h1>/(\/h§+hi+h3>} } (B.23)

for lim |- n(})| =0

h—0
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B.3 my= [[s(Rcos(a— ) —r)rdrdy

In particular to the Figure B.1, the limits of the integraéfiding the regiorb are:

1<y <[y for hyi/sin(y) < r < hy/ cos(y) (B.24)
Po < v < [ for hy/ cos(v) < r < hy/ cos(7) (B.25)
Py < v < By for hy/ cos(y) < r < hg/sin(y) (B.26)

Also,

//S(R cos(aw — ) — r)rdrdy = //S(R cos(a) cos(y) + Rsin(a) sin(y) — r)rdrdy

=R cos(a) //Scos(fy)rdrd’y—i-Rsin(a) //Ssin(fy)rdrdfy
— / /S r2drdy (B.27)

The first tow integrals of the Equation (B.27) were solvediisas B.1 and B.2). Therefore,

the limits of the remining integral over the regiSrare:

B2 ha/ cos( B3 ha/ cos( Ba hs/ sin(7)
// r?drdy = / / 2d'r’dfy - / / 2d'r’dfy + / / r2drd-y
1 h1/sin(y > h 3 h

4/ cos( 4/ cos(v)

(B.28)

Solving the first integral results

ha/ cos(7y)

) 1| P2 gqhe/cos(z) B3 1 qha/cos(z) Bt gqhs/sin(y)
redrdy == [r ] dy + [r ] dy + |:T ] dry
s 3| /s ha/ sin(7) X ha/ cos(7) X

(B.29)
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Evaluating the first integral limits

: (13 cos*(7) = B}/ cos’(7) ) dy

2

I%{/f (hi/ cos’(v) — h‘i’/sin?’(v))d%L/

+ /ﬁ4 (hg/ sin®(y) — h3/ COSg(’}/))d’}/ } (B.30)

Solving the second integral

B2

:é{ {hi’ sin(7)/ cos®(7) + In[sec(7) + tan(y)] + Ay cos(v)/ sin(y) — Infese(y) — COt(m] ,

B3

+ {hg sin(v)/ cos*(y) + hiIn [sec(”y) + tan(fy)] — hisin(y)/ cos*(y) — hiln [sec(’y) + tan(fy)}L

Ba
+ {hg In [csc(fy) — cot(7y) — h3 cos(v)/ sin2(fy)] — hisin(y)/ cos*(y) — hiln [sec(”y) + tan(fy)]] ; }

(B.31)
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Evaluating the second integral limits

:é{hZ’(Sin(ﬁQ)/Cos?(ﬁQ) - sin(51)/0052(51)) + 13 1n

+ 13 cos(a)/ sin®(B) — cos(1)/ sin?(B1) ) — hiln
o+ 13 ((sin(s)/ cos®(Bs) — sin(f)/ cos*(5) ) + hi n
— 1 ((sin(fs)/ cos®(Bs) — sin(f), cos® (%) ) — K n
— 13 ((cos(Bs)/ sin®(B) — cos(Bs)/ sin®(s) ) + hiIn
— 13 ((sin(8)/ cos*(B) — sin(Bs) cos* () ) + i n

|

(sec(B2) + tan(Bz) )/ (sec(B1) + tan(ﬁ1))]

csc(fa) — cot () /(csc p1) — cot (3 )]

[ )

(sec Bs) + tan(Bs) )/ (sec(B2) + tan(Bs )}
(sec (Bs) + tan(Bs) ) / (sec(Ba) + tan(3y) )]
(csc (Bs) — cot(Ba) )/ csc(Bs) — cot(Bs )]

( sec(B4) + tan(B4) ) / (sec(Bs) + tan(Ss ))] }

(B.32)

:é{h?<cos<52>/Sin2<52) N COS(BI)/SHP(@)) + hg(Sin<53)/0052(53) - sin(ﬁz)/%s%ﬁz))

— 13 (cos(B0)/ sin*(8) — cos(h)/ sin? (%) ) — i (sin(B)/ cos*(By) = sin(8), cos’ ()

— h3n :(Csc(ﬁg) — cot(fs) )/(csc(ﬁl) — COt(ﬁl)):|
(seo(Bs) + tan(fk) )/ (see(By) + tan(5))]

:(csc(@l) — cot(By) )/(csc(ﬁg) — cot(ﬁg))]

+ h3In

+ hg In

— hiln

( sec(fy) + tan(fy) )/(sec(ﬁg) + tan(ﬁg))] }

(B.33)

Substituting trigonometrics functions for their corresgdrigonometric value according with

Figure B.1
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hy/

hg/

hy/

[
[
[
[

— h3 In
+ h3 In

+ h3 In

[
[
[

— h3 In

{hl(hﬂ/ h2 4 h2 — hoy/ B2 + 2
—hg(hm/ h2 4 B2 — hoy/h3 + h2

— h3In
+ ki 1n
+ h3ln

— hiln

+13)
+15)
h2+h2)/ h3/(h3 +

( h2 4 h2/hy — h4/h1>/( h2 4 h2/hy — ho/hn

h2 + B2 hy + hg/hQ)/
)
)

h3 + h3/hy+ h3/hy )/

hi + hi/hy — ha/hs )/

2 hd) = (ho/\/B2+03) /(W (03 + 1)

30 02) = (Ia/y/02 4+ 13 )/ (13/ (03 + 1)

h4> (hz/ h2+h)/(h /(13 + h2)
)

)
h2 + h2/hy + hl/hQ)_
)
)

h? + h3/hy + hy/hy

h2 + h2/hs — ha/hs

(
(
(

T

+h2< h2 — hy

X

i)

_|_

)
)
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1
:6{ —2hyho\/h3 + h3 4 2hohs\/h3 + h3 — 2hghyy/h3 + h3 + 2hihyy/ B3 + h3
= nin| (/B3 2= )/ (\/03 4 B3 =)

+ k3 In

(Jitiin)
+ i3 (\/R3+ 3= ha )/
R ln-( ) } (B.36)

Therefore, the solution for the third integral is:

1
//rzdrdfy :g{_hlhm/hg+h3+h2h3,/hg+h§—h3h4,/h§+h3+h1h4,/h§+hg }
S
1
+—{ h31n /( h2 + h2 — mﬂ

+h3n ( +h2+h3)/

T

( h? + h2 — hy

(@}

It

+h2+h1)

- ( Z
—l—hgln_( Py 03— ) /(13 + G~ )
(

1

+
o

+hiln-( +h2+h1>/ h2 +h3)—} (B.37)

for lim [ In(4) | = 0.

h—0

Finally, the complete solution for the integral that defittesfrictional momentn; = [ [ (R cos(a—

v) — r)rdrdyis given as:

//S(R cos(aw — y) — r)'r’d'r’d”y =R cos(a) //Scos(’y)rdrd’y + Rsin(«) //Ssin(fy)'rd'rdfy
- //STQdeW (B.38)
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m, =) {hl(m 02— 02 (i 02— \Ja )
+ h3 ln[(,/hg+h§+h3)/(\/h%+h§+h1>}
+ 2 ln{(\/h%+hi+h1)/(\/h§+hi+h3>} }

. Rsi§<a>{h2(JM— i 18) (it 06— o )
(0 (0 )
08 ] (08— 1)/ (18478 ) }
- () (- )
et (g ng )/ (g0 )
() ()]
ot (e ) (i) Lol mh] <o

(B.39)
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